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Preface

It is an interesting and even exciting experience to be the editor of a scientific book.

After the decision of producing the book has been made together with the publisher,

the first step is to establish the list of topics to be covered and the list of potential

authors. Regarding the latter, the editor is in the same situation as the director of a

movie in that he wants to have as much stars in the field as possible to contribute a

chapter. For that, the potential authors have to be contacted and invited. They can be

subdivided into three groups: (1) those who reply and accept to write a chapter, (2)

those who reply but do not accept to write a chapter, and finally (3) those who do not

even reply. In my case, I was lucky that the vast majority of authors I contacted with

my request were in group 1, and so I did not face too many difficulties in filling the

table of contents. However, there was a small subgroup containing one author who

first submitted his chapter but subsequently decided to publish it in another book.

In group 2, people claimed that they were too busy, which is a valuable argument.

In any case, I am very grateful to all the authors who contributed for the time and

energy they spent in doing so.

Why publish a book about NK cells in 2009? Simply because they are still,

nearly two decades after becoming fashionable, at the forefront of modern immu-

nology. Nearly every month, new and exciting findings about NK cells are pub-

lished, and they have not yet revealed all their secrets. They are by far not only of

academic interest, as it becomes increasingly clear that they can be exploited in the

therapy of human diseases, in particular in the fight against cancer and infections.

This book covers the state of the art of most aspects of NK cell biology,

including most recent topics like NK cell development and education, NK cell

trogocytosis, NK cells and allergy, regulatory NK cells and interactions between

NK cells and regulatory T cells, another type of immunological forefront actors.

I am confident that the book will be useful to everyone who is interested in those

fascinating NK cells.

April 2009 Jacques Zimmer
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Natural Killer Cells: Deciphering Their Role,

Diversity and Functions

Vicente P.C. Peixoto deToledo, Renato Sathler-Avelar, Danielle Marquete

Vitelli-Avelar, Vanessa Peruhype-Magalhães, Denise Silveira-Lemos, Ana

Carolina Campi-Azevedo, Mariléia Chaves Andrade, Andréa Teixeira-

Carvalho, and Olindo Assis Martins-Filho

Abstract Natural killer (NK) cells represent the third largest lymphoid cell popu-

lation in mammals and are critical in innate immune responses. These cells express

a large repertoire of receptors, named inhibitors and activators that mediate their

function. NK cells occur naturally, do not require previous sensitization to engage

their activity and are distributed to blood, as circulating cells, and to other organs of

the body as resident cells. No longer considered simple “killing machines,” NK

cells have gained recognition for their abilities to secrete cytokines/chemokines that

influence the differentiation of the adaptive immune responses, control viral/para-

sitic infections and participate in pathological and physiological mechanisms such

as transplant rejection and the vascularization of implanting embryos during preg-

nancy. Here, we describe in detail the ontogeny of NK cells, their role in innate

immunity from the point of view of their phenotypic features and functional

activities as well as their function in health and disease. We also discuss the role

of NK cells in immunological events in murine models. This review aims to

highlight what is currently known and what remains to be understood about these

essential innate immune cells.
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A. Carolina Campi-Azevedo, M. Chavs Andrade, A. Teixeira-Carvalho and O. Assis Martins-Filho
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1 Introduction

Natural killer (NK) cells represent the third largest lymphoid cell population in

mammals and are critical in innate immune responses [1]. They are characterized by

the expression of a varied repertoire of receptors, named inhibitors and activators,

that mediate their function [2]. These cells are large, granular, bone-marrow- as well

as lymph node-derived lymphocytes. However, NK cells are distinct from T cells or

B cells and have distinct morphologic, phenotypic and functional properties. These

cells occur naturally and unlike T cells or B cells, do not require sensitization for the
expression of their activity [3]. NK cells are distributed to blood as circulating cells

and to other organs of the body as resident cells. In peripheral blood, they are

characteristically described as having the morphology of large granular lympho-

cytes (LGL) [4], whereas in tissues, the microenvironment of the organ has influence

on phenotype and activity of NK cells as demonstrated in lung and spleen [5].

NK cell functions can be classified in three categories: (A) Cytotoxicity – NK

cells can kill certain virally infected cells and tumor target cells regardless of their

MHC expression [6]. NK cells possess relatively large numbers of cytolytic gran-

ules, which are secretory lysosomes containing perforin and various granzymes.

Upon contact between an NK cell and its target, these granules travel to the contact

zone with the susceptible target cell (the so-called immunological synapse), and the

contents are extruded to effect lysis. Perforin-dependent cytotoxicity is the major

mechanism of NK cell lysis, although NK cells can also kill in a perforin-indepen-

dent manner utilizing FAS ligand, TNF or TNF-related apoptosis-inducing ligand

(TRAIL), albeit less efficiently and in a slower time kinetic; (B) Cytokine and
chemokine secretion – NK cells are best noted for their ability to produce IFN-g but
also produce a number of other cytokines and chemokines including TNF-a, GM-

CSF, interleukin(IL)-5, IL-13, CCL3/MIP-1a, CCL4/MIP-1b and CCL5/RANTES

[7–9]. Killing and cytokine secretion are probably mediated by two different

subsets of human NK cells characterized by the intensity of expression of CD56

on their surface; and (C) Contact-dependent cell costimulation: NK cells express

several costimulatory ligands including CD40L (CD154) and OX40L, which allow

them to provide a costimulatory signal to T cells or B cells [10, 11]. Thus, NK cells

may serve as a bridge in an interactive loop between innate and adaptive immunity.

Dendritic cells (DC) stimulate NK cells, which then deliver a costimulatory signal

to T or B cells allowing for an optimal immune response.

The current model for NK cell activation and inhibition is one based upon the

balance of function between specific activating and inhibitory receptors. If the

balance favors inhibitory signaling, then intracellular events leading to cell function

will not progress. If the balance favors activation signals, NK cells can then

progress through a series of intracellular stages and checkpoints to exert their

function. The balance of inhibitory and stimulatory signals received by a NK cell

determines the outcome of interactions with target cells. Normal target cells are

protected from killing by NK cells when signals delivered by stimulatory ligands

are balanced by inhibitory signals delivered by self MHC class I molecules.

2 V.P.C.P. de Toledo et al.



If, however, a target cell loses expression of self MHC class I molecules (as a result

of transformation or infection), then the stimulatory signals delivered by the target

cell are unopposed, resulting in NK-cell activation and target-cell lysis (known as

missing-self recognition). Transformation or infection might also induce expression

of stimulatory ligands such that constitutive inhibition delivered by inhibitory

receptors is overcome (known as induced-self recognition). In many contexts, it

is probable that both missing-self and induced-self recognition operate simulta-

neously to provide NK cells with the maximal ability to discriminate between

normal cells and transformed or infected target cells [12].

In the past, the main function of NK cells was associated with their capacity to

kill susceptible virus-infected or tumor target cells. Currently, these cells have been

also shown to play key roles in host defense against intracellular pathogens as

well as parasitic diseases, rejection of bone marrow transplants, reproduction and

maternal tolerance of the fetus [3].

2 Human Natural Killer Cell Development

2.1 Development of Human NK Cells

Despite the fact that our knowledge of human NK cell development lags far behind

that of other hematopoietic cells, as T and B cells, research focused on this area in

the last decades has brought new light for this incomplete picture. NK cells are

believed to be relatively short-lived, and at any one time there are likely more than

2 billions circulating in an adult [13]. Thus, one would think that these cells must be

continually replenished to maintain homeostasis [14]. While it is clear that NK cells

are derived from the same CD34+ hematopoietic progenitor cells (HPC) as B and T

cells, the sites of their development/maturation have not yet been totally elucidated

[15, 16], although recent observations do indicate that both the bone marrow (BM)

and lymph nodes (LN) are important [17, 18].

2.1.1 NK Cell Development in the Bone Marrow

For the past three decades, it has been a general consensus that NK cell develop-

ment primarily occurs within the BM and that its milieu (other hematopoietic cells

and stroma) is crucial to promote their survival, apoptosis, proliferation, and/or

differentiation into cellular intermediates [14, 19]. In this context, human BM

analyses have demonstrated an enriched microenvironment with CD34+ HPC,

including a fraction of NK cell precursors (pre-NK) [20]. Furthermore, it has

been noted that long-term BM cultures with BM-derived CD34+ HPC and BM

stroma were able to support the differentiation of NK cells [21, 22], although the

critical factors necessary for development are unknown.

Natural Killer Cells: Deciphering Their Role, Diversity and Functions 3



In parallel to the identification of several phenotypic and functional stages of NK

cell development, recent studies have shed new light on the role of stromal cells in

driving functional maturation of NK cells [23]. It is important to note that the cytokine

milieu is crucial for cell development in BM. IL-2 has been used extensively to study

NK cell development fromCD34+ HPC in vitro [20, 24, 25]; however, this cytokine is

produced exclusively by antigen-activated T cells and is not found within the BM

stroma [24, 26, 27], suggesting that other factors that bind to the IL-2R are critical for

NK cell development. Studies focusing on IL-15 function have demonstrated that this

cytokine, produced by human BM stromal cells, facilitated the differentiation of

cytolytic NK cells from CD34+ HPC derived from fetal liver, BM, thymus, cord

blood (CB), adult blood or LN [27–29]. These findings were further clarified by

experiments that used IL-2 to generate NK cells from HPC on the basis that IL-15

shares common signaling receptor subunits with IL-2, including the IL-2/IL-15Rb
and common g chain (CD122), which together form an intermediate-affinity hetero-

dimeric receptor complex, IL-2/IL-15Rbg [30]. In this manner, Fehniger and Cali-

giuri [31] also confirmed that IL-15 is a critical physiological cytokine present in BM,

which mediates its effects through the IL-15R complex. Consistent with the essential

role of IL-15 and its receptor in NK cell development, mice deficient in components

of the IL-15R signaling pathway, such as Jak3 and STAT5a/b, exhibit defects in pre-

NK [32–34]. Although the expression of IL-2/IL-15Rbg complex is confirmed as a

pre-NK marker in mice [29], CD122 expression on human CD34+ cells is not easily
detectable, necessitating the use of surrogate antigens (such as CD7, CD10, and/or

CD45RA) to distinguish CD34+ pre-NK from other CD34+ populations [24, 35, 36].

It has been demonstrated that only the CD34+CD45RA+ phenotype is all-inclusive for

human IL-2/IL-15-responsive pre-NK cells [35, 37].

Other BM stromal cell factors, c-kit ligand (KL) and flt3 ligand (FL), the ligands

for members of the class III receptor tyrosine kinase family that includes c-kit and

flt3, have been shown to enhance significantly the expansion of NK cells from

CD34+ HPC in combination with IL-15, but alone have no effect on NK cell

differentiation [27, 31, 38]. Yu et al. [24] have explored the mechanism by which

FL induces IL-15-mediated NK cell development. This group found that FL

induces CD122 expression on CD34+ HPC. The CD34+CD122+ cell coexpressed

CD38, but lacked expression of CD7, CD56, NK cell receptors (NKR) or the ability

to mediate cytotoxic activity in the absence of IL-15. Altogether this suggests that

human NK cell development may be divided into an early phase in which FL acts

synergistically with IL-15 to generate a unique CD34+CD122+CD38+ NK cell

intermediate from CD34+ HPC, and that IL-15 is also required to stimulate the

mature NK cell features such as CD56 and NKR expression, cytotoxic activity and

the ability to produce abundant cytokines and chemokines [24].

2.1.2 NK-Cell Development in Lymph Nodes

Despite the observation that BM is a well-defined NK-cell development site, recent

research also suggests that LN may be another important compartment for NK cell
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differentiation. Recently, Freud et al. [35] have observed that LN are also naturally

and selectively enriched with CD34dimCD45RA+ HPC and are capable to differen-

tiate into CD56bright NK cells in the presence of either IL-2 or IL-15 [35]. In addi-

tion,CD34dimCD45RA+ HPC express a high density of adhesion markers (L-selectin

and alpha4/beta7-integrin). These investigators also demonstrated that CD34dim

CD45RA+ HPC constitute approximately 1%, 6% and 95% of CD34+ HPC pool

from BM, blood and LN, respectively [35]. Furthermore, within LN CD34dim

CD45RA+ HPC are colocalized with CD56bright NK cells, in the parafollicular T

cell-rich area [31, 35]. Based on this data [35], coculture of LN activated T cells

with autologous LN CD34dim HPC induced the emergence of CD56bright NK cells

after 7 days. Moreover, Fehniger et al. [39] showed that endogenous T cell-derived

IL-2 may trigger, through the NK high-affinity IL-2 receptor, CD56bright NK cells to

secrete IFN-g. Thus, this selective enrichment of both CD34dimCD45RA+ HPC and

CD56bright NK cells within LN compared with the BM or blood suggested that LN

may be a site for NK cell development in vivo.

There are two distinct blood subsets of human NK cells identified by cell surface

density of CD56 [40]. The majority of human NK cells are CD56dim and express

high levels of CD16 and killer cell immunoglobulin-like receptor (KIR), whereas a

minority are CD56brightCD16dim/neg, with low cytotoxic activity and higher cyto-

kine secretion, such as IFN-g, in response to monokine costimulation [40]. This NK

cell subset also expresses c-kit, a molecular marker typically present on CD34+

HPC cell surface that enhances IL-2-induced proliferation and stimulates the

upregulation of the bcl-2 antiapoptotic protein [41, 42]. It is important to note

that CD56bright NK cells appear to be the only lymphocytes with constitutive

expression of the high-affinity IL-2R, while CD56dim NK cells express only the

intermediate affinity IL-2R and do not express c-kit [40]. These data could explain,

in part, why CD34+ HPC in LN differ preferentially in CD56bright NK cells, but not

CD56dim NK cells that proliferate weakly in response to high doses of IL-2 [43, 44].

Since the discovery of CD56bright/dim NK cell subsets, it has been postulated that

CD56dim NK cells may represent a subsequent stage of CD56bright NK cell matura-

tion. This hypothesis is supported by some data, as mentioned above that only

CD56bright NK cells express the c-kit immature cell marker. Furthermore, Romag-

nani et al. [45] have demonstrated that CD56dim NK cells from peripheral blood

display shorter telomeres than peripheral and LN-derived CD56bright NK cells.

Along this line, Ferlazzo et al. [46] have observed distinct NK cell subset distribu-

tion, with more than 95% blood CD3�CD56+ cells being CD56dimCD16+ NK cells,

while in LN approximately 90% of those cells have mainly a CD56brightCD16�

phenotype. Together, these data allowed to presume a mechanism by which the NK

cells may develop. However, this does not reject a contribution from the BM to

generation of the later mature CD56+ NK cells, mainly in the resting state. Thus, the

initial stage of NK cell development occurs in the BM under the influence of

stromal cell factors that drive the early CD34+ HPC differentiation, generating

CD34+CD45RA+alpha4/beta7+ NK cell precursors. These cells, expressing cellular

adhesionmolecules promptly travel to LNwhere under the influence of IL-2 secreted

by T cells they differentiate into CD56bright NK cells that may further differentiate

Natural Killer Cells: Deciphering Their Role, Diversity and Functions 5



into CD56dim NK cells. This journey from BM to LN seems to be important for NK

cell differentiation, since the development of higher numbers of mature CD56bright

NK cells from peripheral blood CD34+ HPC culture than from BM was observed in

the presence of IL-2 or IL-15, suggesting that peripheral blood contains a much

higher percentage of pre-NK cells than BM [35] (Fig. 1).

The NK-cell development stages in human are not yet well established. Since

human NK cells can give rise from CD34+ HPC in vitro, such stages of differentia-

tion could be elucidated. In this context, some investigators have hypothesized that

NK cells developed from CD34+ HPC and like T- and B-lymphocytes present a

different expression kinetics of surface markers that could define the distinct stages

of their development [14, 17, 18]. Freud et al. [47] based on the premise that (1)

more than 99% of NK cells within LN express at least CD34, CD117, and/or CD94;

(2) CD34 and CD94 are independent antigens, indicating that NK cells intermediate

stages would first lose CD34 and then express CD94; and (3) NK cell functional

maturity (cytotoxic and IFN-g secretion) as well as acquisition of surface CD56 in

Bone Marrow

HPC

CD34dim

CD45RA+

Pro-NK

CD34bright

CD45RA+

Dendritic lineage

DC

Pre-NK

CD34dim

CD45RA+

integrinβ7+

Lymph node

L-selectin

CD122+

integrinβ7+

CD161+

iNK
CD122+

CD161+

CD56+/-
CD56+/-

CD117+ CD117+

IL-2andIL-15

IFN-γ

CD56dim

NK 

CD122+

CD161+

CD56+

CD16+

KIR+

CD56bright

NK

CD122+

CD161+

CD56+

CD117+

CD94/NKG2A
+Cytotoxicity

CD34+

CD45RA+

HPC

Fig. 1 As proposed by Freud et al. [47], this figure represents the developmental stages of in vivo

human NK cell ontogeny. The cells are believed to mature from BM-derived HSC to last stages

NK cells within LN. As NK cells progress from stage 1 to stage 3, they become committed to the

NK cell lineage and lose the capacity for T cell or DC development. From stages 3–5, NK cells

undergo functional maturation and transitioning, such that in vivo stage 3 iNK cells may produce

growth factors, stage 4. CD56bright NK cells may preferentially contribute with IFN-g secretion,

and stage 5 CD56dim NK cells are mainly cytotoxic.
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humans are acquired at a later stage of development [48, 49], have proposed a

marker panel set using the combination of CD34, CD117, and CD94 to differentiate

the functionally distinct stages of human CD56bright NK cell development within

LN as following: stage 1 – NK cell progenitor (CD34+CD117�CD94�), stage 2 –

Pre-NK cell (CD34+CD117+CD94�), stage 3 – Immature NK cell

(CD34�CD117+CD94�), stage 4 – CD56bright NK cell (CD34�CD117+/�CD94+),
and stage 5 – CD56dim NK cell (CD34�CD117�CD94+).

The differentiation of the first stages of NK cells is dependent of concomitant IL-

15 responsiveness [19]. As mentioned above, the BM stromal cell factors KL and

FL may stimulate CD34+CD122� progenitor NK cells (pro-NK) to upregulate

CD122 expression, a prerequisite for those cells to give rise to CD34+CD117+

pre-NK cells, which can differentiate into the following stages after stimulation

with IL-15 [19, 47]. Furthermore, it is important to note that not all CD34+

CD117+CD94� cells are compromised with NK cell lineage. It has been proposed

that CD34dim human HSC are committed progenitors to the type 1 IFN-g-producing
plasmacytoid DC, while CD34bright cells are more involved to lymphoid lineage, as

confirmed by CD2, CD7, CD10, HLA-DR and integrin b7 expression [15, 35]. In

addition, Freud et al.[47] have observed that CD34+CD117+/�CD94� cells in

appropriate cultures also may differentiate into immature T cells. On the other

hand, CD34�CD117+/�CD94+/� cells (stage 3 and stage 4) did not give rise to

them. These data suggest that stromal milieu and membrane antigen expression are

crucial to drive the lineage plasticity cell (stage 2) toward subsequent NK cell

differentiation stages within LN (Fig. 2).

Immature NK cells (iNK cells), different from the first developmental NK cell

stages, are completely incapable to generate T cells and DC and have been com-

mitted with NK cell lineage [18, 47]. Those cells express NK cell antigens including

CD2, CD7, CD56, CD161 and NKp44, besides lack of CD10, integrin b7 and HLA-
DR which further distinguishes the iNK cell phenotype from pre-NK cells.

(Pro-NK)

Stage 1

CD34 (+)

CD117 (–)

CD94 (–)

CD16 (–)

(Pre-NK)

Stage 2

CD34(+)

CD117 (+) 

CD94 (–)

CD16 (–)

(iNK)

Stage 3

CD34 (–)

CD117 (+)

CD94 (–)

CD16 (–)

(CD56brigh)

Stage 4

CD34(–)

CD117 (+/–)

CD94 (+)

CD16(–)

(CD56dim)

Stage 5

CD34 (–)

CD117 (–)

CD94 (+/–)

CD16 (+)

Enrollment to NK-cells lineage 

NK-cell maturation 

Cytotoxicity acquisition

Fig. 2 Phenotypic features used to discriminate the main NK cell subsets during the ontogenic

process. This figure brings the more important markers acquired during the five ontogenic stages

Natural Killer Cells: Deciphering Their Role, Diversity and Functions 7



Despite that iNK cells fall into an exclusively NK cell branch they are not yet

capable to produce IFN-g or mediate perforin-dependent cellular cytotoxicity

against MHC-I negative target cells [47]. In addition, Grzywacz et al. [50] described

the importance of CD117 and CD94 in the segregation of distinct intermediate NK

cell stages. They demonstrated that CD56+ cells can express different levels of

CD117 and are subdivided in CD56+CD117high and CD56+CD117low/� subsets.

These populations are considered different since the latter expresses NKp30,

NKp46, NKG2D, NKG2A and CD94, while CD56+CD117high cell do not. It is

important to note that the fact of CD94 to be expressed exclusively on

CD56+CD117low/� cells allowed its combination with CD117 to distinguish two

discrete subsets of differentiating CD56+ NK cells. These authors showed that

CD56+CD117high CD94� cells are not cytotoxic, whereas CD56+CD117low/�

CD94+ effectively kill target cells and express high levels of FasL and IFN-g,
representing differentiation at stage 4, as proposed by Freud et al. [47]. It is important

to emphasize that, despite Grzywacz et al. [50] having demonstrated an effective

killer profile for CD56+CD117low/� CD94+ cells, Freud et al. [47] did not observe the

same pattern for all CD56+CD117low/�CD94+ mature NK cells in LN, suggesting

different cell subsets within stage 4 or their presence at a subsequent stage.

It has been hypothesized for the past two decades that CD56bright and CD56dim

NK cells represent different stages of NK cell differentiation, and that CD56dim NK

cells could derive directly from CD56bright [51]. However, until recently, evidence

for this development has been lacking because there was no approach to analyze a

complex set of markers. The advance of new tools that allow us to evaluate a more

detailed cellular antigen panel, brings some light on the developmental differences

between CD56bright and CD56dim human NK cell subsets. Freud et al. [47] assessing

the expression of CD16 and CD94 within the total CD3�CD56+ populations cells

from LN and peripheral blood, could support the theory that the CD56dim cell subset

represents the last developmental NK cell stage (stage 5), since blood CD56bright

NK cells are CD94+CD16+/� and blood CD56dim NK cells are mainly CD94+/

�CD16+. In addition, KIR+ NK cells are primarily within the CD56dimCD94+/

�CD16+ fraction of cells in both LN and peripheral blood, whereas the

CD56brightCD94+CD16+/� do not express KIR, which is consistent with evidence

indicating that KIR acquisition is rather a late event during NK cell maturation both

in vitro and in vivo [52–54].

Interestingly, the CD56bright NK cells are dominant in LN (75% median value),

whereas in peripheral blood and spleen, the majority of NK cells are CD56dim (95%

and 85%, respectively) [46]. Furthermore, while the CD56dim subsets in the spleen

and in the peripheral blood express CD16, CD56bright NK cells in LN are negative

for CD16 and express low levels of activation markers (HLA-DR and CD69) [46].

Cooper et al. [40] have also shown that CD56brightCD16+/� NK cells represent the

minority within human peripheral blood CD56+ NK cells, whereas CD56dimCD16+

NK cells are the majority. These data together suggest that the CD56bright cells are

more immature and may give rise to CD56dimCD16+ NK cells (the last stage of NK

cell life) inside the LN and then go to peripheral blood. It is important to mention

that despite these stages representing a possible developmental NK cell pathway, it
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is still possible that some cells from each stage may still be terminally differentiated

with essential functions for body homeostasis.

3 NK Cells in Innate Immunity

3.1 Phenotypic Features of NK Cells

3.1.1 Human NK Receptors: Recognition and Killing of Target Cells

NK cells, morphologically classified as large granular lymphocytes (LGL), in

contrast to cells of the adaptive immune system, can quickly lyse target cells

without prior sensitization. Although first identified by their cytotoxic activity

against tumor and virally infected cells [55], there is now increasing evidence

that NK cells are important mediators of the innate resistance to a variety of

pathogenic microorganisms, including intracellular bacteria [56]. Functionally,

they exhibit cytolytic activity against a variety of allogeneic targets in a nonspecific,

contact-dependent, nonphagocytic process, which does not require prior sensitiza-

tion to an antigen. NK cells express a variety of receptors that serve to either activate

or suppress their cytolytic activity. These receptors bind to various ligands on target

cells, both endogenous and exogenous, and have an important role in regulating the

NK cell response [57]. These cells also have a regulatory role in the immune

system through the release of cytokines, which in turn stimulate other immune

functions [58].

NK cells and T cells similarly express CD2 and utilize LFA-1 surface antigen to

enhance effector cell adhesion to target cells. However, human NK cells can be

distinguished from T lymphocytes by the expression of distinct phenotypic markers

such as CD56 and CD16 and the lack of rearranged T cell receptor gene products

and CD3. Once considered relatively homogeneous, it is now known that NK cells

are highly diverse. Within an individual, expression of different combinations of

receptors creates a diverse NK cell repertoire, which exhibits some specificity in the

immune response [59].

It has been shown that almost 80% of human NK cells express the CD2

antigen, and a CD2-negative population resides within peripheral blood NK

cells [60]. In addition to its adhesive properties, CD2 also acts as a costimulatory

molecule on NK cells [61]. LFA-1 is an integrin and is expressed as a hetero-

dimer of aL (CD11a) and b2 (CD18) polypeptides. LFA-1 binds intercellular

adhesion molecule (ICAM)-1 through ICAM-5 [62, 63]. Although NK cells

express other integrins, LFA-1 is believed to play a dominant role in target cell

lysis [64]. Antibody blocking of LFA-1–ICAM interactions impairs Antibody

Dependent Cellular Cytotoxicity (ADCC) and natural cytotoxicity by human

NK cells [65]. Studies suggest a signaling role of LFA-1 in perforin release by

a subset of IL-2-pulsed primary NK cells [66], and in cytolytic granule polariza-

tion in long term IL-2-cultured NK cells [67].
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CD16 is expressed on a large subset of peripheral blood NK cells, which also

express intermediate levels of CD56 (CD56dim). A phenotypically and functionally

distinct CD56brightCD16� subset of NK cells constitutes <10% of peripheral blood

NK cells [40]. CD56dim NK cells mediate ADCC through engagement of CD16.

3.1.2 Receptors on Resting NK Cells

Studies of Warren and Skipsey [68] demonstrated that resting NK cells are small

cells unresponsive to high concentrations of IL-2. The resting subpopulation of NK

cells contained two distinct populations based on the intensity of CD16 expression,

namely CD16dim and CD16bright. Both populations expressed similar levels of

CD56. These authors showed that the differentiation of resting NK cells does not

involve the CD16 molecule. Thus CD16 interaction using solid-phase bound-linked

anti-CD16 mAb did not induce proliferation of resting NK cells in the presence of

IL-2, and neither enhanced nor inhibited the differentiation process triggered by the

stimulator cells and IL-2. However, CD16 interaction did reduce the cytotoxic

activity of the culture-generated cells, and did stimulate them to produce IFN-g.
These results are consistent with the studies of others showing that the effector

functions of NK cells are influenced by CD16 interaction [69, 70], but that such

interaction does not induce NK cell proliferation [71]. Thus, it can be concluded

that CD16 functions only as an effector stage molecule for NK cells. Like resting T

cells resting NK cells express the p70 IL-2R but do not respond to high concentra-

tions of IL-2 [68]. Freshly isolated, resting NK cells are generally less lytic against

target cells than in vitro IL-2-activated NK cells [72]. These authors showed that

target-cell lysis by IL-2-activated NK cells in a redirected, ADCC assay was

triggered by a number of receptors. In contrast, cytotoxicity by resting NK cells

was induced only by CD16, and not by NKp46 or NKG2D.

Bryceson et al. [73] demonstrated that resting NK cells were induced to secrete

TNF-a and IFN-g, and to kill target cells by engagement of specific, pair-wise

combinations of receptors. Therefore, natural cytotoxicity by resting NK cells is

induced only by mutual costimulation of activating receptors, revealing distinct and

specific patterns of synergy among receptors on resting NK cells. NK cells use

specific receptors to mediate killing through the recognition of distinct ligands

expressed on target cells. These receptors fall into two functional types, inhibitory

and stimulatory [74].

3.1.3 Activating NK Cell Receptors

A number of structurally distinct receptors have been implicated in activation of

NK cell effector functions. It is not yet clear if any one receptor is necessary or

sufficient to activate NK cells and if activation receptors may be redundant.

Activation receptors are grouped in three categories: receptors that signal through

immunoreceptor tyrosine-based activation motif (ITAM)–containing subunits
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(e.g., CD16, NKp46, NKp44), the DAP10- associated receptor NKG2D, and

several other receptors (e.g., 2B4, CD2, DNAM-1) that signal by different pathways

[73, 75].

ITAM-Bearing NK Receptor Complexes

NK cells are unique among hematopoietic cells in that all mature NK cells consti-

tutively express FceRI-g, CD3-z and DAP12 type I transmembrane-anchored

proteins that exist as either disulfide-bonded homodimers or, in the case of

FceRI-g and CD3-z, as disulfide-bonded heterodimers. All have minimal extracel-

lular regions comprising only a few amino acids, principally the cysteine residues

through which they dimerize. Most importantly, these proteins contain ITAM

motifs, defined by the sequence (D/E)XXYXX(L/I)X6�8YXX(L/I) (where X6�8

denotes any 6–8 amino acids between the two YXX(L/I) elements) in their

cytoplasmic domains. DAP12 and FceRI-g have a single ITAM, and CD3-z has

three ITAM per chain [75]. ITAM-receptor activation induces actin cytoskeleton

reorganization, which is required for cell polarization and release of the cytolytic

granules containing perforin and granzymes, and results in the transcription of

many cytokine and chemokine genes.

CD16 (FcgRIII), a low-affinity receptor for IgG, is associated with the ITAM-

containing FceRI-g chain and T cell receptor (TCR) z chain. NKp46 and NKp30 are
associated with the TCR z chain [55]. NKp44, KIR2DS, and CD94/NKG2C are

associated with the ITAM-containing DAP12. Natural cytotoxicity receptors

(NCR), which include NKp46, NKp44, and NKp30, play a major role in NK-cell

cytotoxicity against transformed cells [58]. Although ligands of NCR have not been

identified, antibodies against NCR have been used to block lysis of tumor cells by

IL-2-activated and resting NK cells [76, 77]. However, in the mouse, Syk/ZAP70-

independent natural cytotoxicity by NK cells was observed, implying that natural

cytotoxicity can occur independently of ITAM-based activation signals [78].

NKG2D–DAP10 Receptor Complexes

A single gene with little polymorphism encodes the C-type lectin–like superfamily

member NKG2D [79], which is a type II transmembrane-anchored glycoprotein

expressed as a disulfide-bonded homodimer on the surface of NK cells, gd T cells

and CD8+ T cells [80]. An arginine residue centrally located within the transmem-

brane region of NKG2D associates with the aspartate residue within the transmem-

brane domain of the DAP10 signaling subunit [81]. NKG2D can signal through

both DAP10 and DAP12 in mice [82, 83] whereas human NKG2D associates only

with DAP10 [81, 84, 85]. DAP10 is a signaling subunit that carries a phosphatidy-

linositol-3 kinase-binding motif [81]. Ligands for NKG2D, such as MICA and

ULBP, are expressed on some tumor cells and on infected or stressed cells [86].

Experiments have suggested that NKG2D signals are sufficient to activate NK-cell
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functions [87, 88]. Lysis of certain tumor cells by resting NK cells and by IL-

2-activated NK cells can be blocked by antibodies to NKG2D [76, 89]. The

importance of ligands for NKG2D in immune defense is underscored by strategies

developed by viruses to interfere with their expression [86, 90, 91]. The cytoplas-

mic domain of DAP10 is very small, with only 21 amino acids, and contains only

one known signaling motif: the sequence YINM, which when phosphorylated is

able to bind either the p85 subunit of phosphatidylinositol-3-OH kinase (PI (3) K,

through YXXM) or the adaptor Grb2 (through YXNX). Because these two binding

sites overlap, a single DAP10 chain will bind either p85 or Grb2, but not both.

Unlike the ITAM-containing receptors in NK cells, NKG2D–DAP10 receptor

complexes do not require Syk family kinases or LAT (linker for activation of T

cells) for signaling, as demonstrated by biochemical studies [88] and by the ability

of NK cells from mice lacking both Syk and ZAP-70, or LAT and NTAL (non–T

cell activation linker), to mediate NKG2D-dependent cytolysis [92]. Another

candidate proposed for the phosphorylation of DAP10 is the kinase Jak3 [93].

Recent data suggest that IL-15 stimulates Jak3-mediated phosphorylation of

DAP10 and that this process is necessary to enable the NKG2D receptor to initiate

killing of NKG2D ligand–bearing targets [93]. Bryceson et al. [94] had previously

demonstrated the necessity for human NK cells to be “primed” by stimulation with

cytokines before certain NK cell receptors, including NKG2D, are competent to

trigger cytotoxicity. Similarly, the ability of human CD8+ T cells to kill when

activated through the NKG2D receptor also requires previous stimulation by high

concentrations of IL-2 or IL-15 [95].

Although there is a consensus that engaging the NKG2D–DAP10 receptor

complex on NK cells efficiently initiates cell-mediated cytotoxicity, the influence

of NKG2D–DAP10 complexes on other effector functions, such as cytokine pro-

duction, is less well understood [75]. In human NK cells, cross-linking of NKG2D

triggers cytotoxicity but not cytokine secretion [88]. In contrast, human NK cells

stimulated with soluble recombinant NKG2D ligands (MICA, ULBP-1, or ULBP-

2) secrete cytokines, including IFN-g, GM-CSF and CCL4/MIP-1b [96].

CD48: A Non-MHC Class I Ligand for 2B4 (CD244)

Receptor 2B4 generally is considered as a coactivator of NK cell cytotoxicity,

because it enhances NK cell responses under limiting ITAM-mediated activation

[97, 98]. 2B4 is a member of the CD2 family of immunoglobulin-related proteins

and its ligand, CD48, is a glycosylphosphatidylinositol-linked also CD2-related

molecule expressed widely on haematopoietic cells [98–100].

Although 2B4–CD48 interactions influence activation of leukocyte effector

function, the outcomes are not clearly understood. NK cell activation through 2B4

is accompanied by phosphorylation of tyrosine-based motifs in the cytoplasmic

tail and recruitment of signaling by activation molecule associated protein and the

Src-family kinase Fyn [101, 102]. However, it is still unclear how 2B4 provides co-

activation signals in the context of other receptor and ligand interactions and
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whether 2B4 is capable of triggering cytotoxicity independently of other receptor

signals. In human NK cells, 2B4 can activate cytotoxicity and IFN-g production

through SLAM associated protein (SAP), an SH2 domain-containing adaptor mol-

ecule, which results in severe immunodeficiency when defective [103]. In contrast,

in the absence of SAP, 2B4 delivers inhibitory signals in murine and human NK

cells [103].

NCR Receptors: Receptors that do not Recognize HLA class I Ligands

The activatory NCR and NKG2D receptors have received most recent attention

[104]. Their expression is predominantly restricted to NK cells, and they have the

ability to activate NK cells in the absence of additional stimuli. NKp46 [105] and

NKp30 [77] are expressed by all NK cells, while NKp44 [106] expression is

restricted to activated NK cells. Although not an absolute phenomenon, NK cell

clones can be identified as NCRbright or NCRdull based on the surface receptor

densities and high levels of NCR correlated with high natural cytotoxicity against

many target cells [77, 105]. Indeed, a complementary relationship between NCR

and NKG2D appears to exist, and NCRdull clones kill tumor cells in an NKG2D-

dependent manner [58]. Together, NCR and NKG2D accounted for virtually all

cytotoxicity mediated by NK cells against a wide variety of tumor target cell types.

While the ligands for NKG2D are known to be the stress-induced antigens MICA,

MICB [80] and ULBP, the endogenous ligands for the NCR remain to be identified

[58]. It appears, however, that NCR may have been coopted by NK cells to

recognize pathogen-specific moieties, as both NKp46 and NKp44 recognize

virus-specific haemagglutinins and facilitate NK cell lysis of virally infected cells

[107, 108]. In contrast, NKp30 appears to have been targeted by the pp65 protein of

human cytomegalovirus (HCMV), which binds NKp30 and inhibits NK cell cyto-

toxicity [109]. The selection of NK cell receptors by the immune system for specific

recognition of pathogen and their targeting by specific viral proteins highlight their

importance in the immune response to these infections [110].

TLR: Direct and Indirect Pathogen Recognition

TLR are a recently described family of innate immune receptors which recognize

conserved pathogen-associated molecular patterns (PAMP) [111]. TLR3, TLR7,

TLR8, and TLR9 have been identified on NK cells [112, 113]. TLR3 recognizes

double-stranded RNA (dsRNA) produced during viral replication [114]. TLR7 and

TLR8 recognize single-stranded RNA (ssRNA), whereas TLR9 recognizes

unmethylated CpG motifs [115]. Indeed, a role for TLR agonists in NK cell

activation has been demonstrated recently with reports that TLR2 [116], TLR3

[113, 117, 118] and TLR9 [113] agonists stimulate NK cell functions.

It is interesting that despite the obvious importance of TLR in viral infection, the

first evidence for TLR function in NK cells came from models of parasitic and

bacterial infections. Lipophosphoglycan from Leishmania major stimulated NK
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cells to produce the proinflammatory cytokines IFN-g and TNF-a through cell

surface ligation of TLR2 [116]. Subsequently, NK cells were shown to respond to

the outer membrane protein A from Klebsiella pneumoniae and flagellin from

Escherichia coli through TLR2 and TLR5, respectively.

The discovery that TLR3 is a receptor for polyinosinic-polycytidylic acid (poly

I:C – a synthetic analog of dsRNA) [114] and the observation that poly (I:C)

activates NK cells in vivo [119, 120] clearly implicate it as a possible receptor

through which NK cells are activated. While the original study reported direct

activation of human NK cells by poly (I:C) [118], a second study reported that

IL-12 was required for this to occur, i.e., there was a requirement for accessory cell-

derived cytokine [113]. O’Connor et al. [110] showed both a direct and an indirect

role of poly (I:C) activation through TLR3.

NK cells respond to the TLR7/8 agonist R848 and demonstrate increased

cytotoxicity and cytokine production. While NK cells required priming with cyto-

kine to directly transduce signal in response to R848, they were potently activated

by accessory cell-derived cytokines. In fact, IFN-g production by NK cells in

response to R848 was entirely IL-12, and therefore accessory cell dependent. The

increased cytotoxicity observed was also partly attributable to the accessory cell

involvement [112].

TLR9 is activated by double-stranded unmethylated CpG motifs which are

present in bacterial and, occasionally, viral genomes [111] . CpG has been reported

to activate human NK cells in vitro, although this is a dependent accessory cell as

IL-12 is required for this effect [114]. When the immune response to MCMV was

examined in vivo, it was surprising to find that infections were more severe in

TLR9–/– than TLR3–/– mice [121, 122]. In fact, although TLR3–/– mice did have an

impaired immune response to MCMV, IFN-g production by NK cells was relatively

normal while it was almost completely absent in TLR9–/– animals [122].

3.1.4 Inhibitory NK Cell Receptors

NK cells express a variety of inhibitory receptors that recognize MHC class I

molecules and block NK cell-mediated cytotoxicity [123]. In humans, these recep-

tors include the KIR family, the leukocyte immunoglobulin-like receptor (LILR)

family, and the family of CD94/NKG2 lectin-like receptors [124]. All known

ligands for these inhibitory receptors are MHC class I or molecules of host or

pathogen origin that are homologous to MHC class I. Ligation of such molecules by

MHC I on target cells results in inhibition of the NK cytotoxic activity through the

immunoreceptor tyrosine-based inhibitory motifs (ITIM) [58]. These ITIM are

defined by the sequence (I/L/V/S)XYXX(L/V), where X represents any amino

acid, and slashes separate alternative amino acids that may occupy a given position.

Phosphorylated ITIM in the cytoplasmic tails of such inhibitory receptors recruit

the tyrosine phosphatases SHP-1 and SHP-2 [124, 125]. These tyrosine phospha-

tases suppress NK cell responses by dephosphorylating the protein substrates of the

tyrosine kinases linked to activating NK receptors [126].
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Killer Immunoglobulin-Like Receptors (KIR)

KIR belong to a multigene family of more recently-evolved immunoglobulin-like

extracellular domain receptors in human and are the main receptors for classical

MHC I. KIR are specific for certain HLA subtypes (HLA-A, HLA-B, HLA-C)

[127].

KIR may have long or short cytoplasmic tails (L or S forms, respectively). The L

form KIR has two or more tyrosine-based inhibitory motifs within its cytoplasmic

domain and sends a transient inhibitory signal to the NK cell upon binding its

cognate ligand. The S forms of KIR (KIR2DS and KIR3DS) lack these domains and

send an activating signal following ligand binding [58, 127]. In general, KIR2D

receptors recognize HLA-C alleles, whereas KIR3D receptors recognize HLA-A

and HLA-B alleles.

Inhibition by KIR blocks NK cell activation at a very proximal step, which

precedes actin-dependent processes [124]. For instance, binding of inhibitory KIR

to MHC class I on target cells prevents the tyrosine phosphorylation of activation

receptors 2B4 and NKG2D, as well as their recruitment to detergent-resistant

membrane microdomains [128]. Engagement of ITIM-containing inhibitory recep-

tors blocks the accumulation of filament of actin at NK cell immune synapses

[129]. Reorganization of the actin cytoskeleton is essential for the cytotoxic

activity of NK cells. Inhibitors of actin polymerization prevent cytolytic activity,

hinder accumulation of receptors at activating immune synapses and block

phosphorylation of NK cell activation receptors [128, 129]. Given that actin

cytoskeleton rearrangement is inhibited by ITIM-containing receptors, it is gener-

ally assumed that KIR engagement at an inhibitory event prevents the delivery of

activation signals by blocking the cytoskeleton-dependent movement of activating

receptors.

Heterodimeric C-Type Lectin Receptors (CD94/NKG2)

CD94 is expressed as a disulphide-linked heterodimer with members of the NKG2

family, including NKG2A, which transduces inhibitory signals, and NKG2C and

NKG2E, which transduce activating signals [130]. CD94/NKG2 is a C-type lectin

family receptor, conserved in primates and identifies nonclassical (also nonpoly-

morphic) MHC I molecules like HLA-E. As with KIR molecules, the inhibitory

receptor has a higher binding affinity and inhibition dominates mediated via the

cytoplasmic ITIM [131, 132].

As CD94/NKG2 complements KIR functionally, this is an indirect way to

survey the levels of classical (polymorphic) HLA class I molecules, because

expression of HLA-E at the cell surface is dependent upon the presence of classical

MHC class I leader peptides [133, 134]. Consequently, downregulation of MHC I

expression leads to a reduction in HLA-E expression at the cell surface. Accor-

dingly, the interaction between CD94/NKG2 and HLA-E represents a central innate
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mechanism by which NK cells indirectly monitor the expression of other MHC I

molecules within a cell [133].

NK cells can kill activated T cells, unless the T cells express sufficient amounts

of classical or nonclassical MHC class I molecules. As a consequence, blockade of

CD94/NKG2A inhibitory receptors leads to NK cell cytotoxicity against activated

CD4+ T cells, suggesting the use of blocking antibodies to NKG2A to prevent CD4+

T cell–dependent autoimmunity [135].

3.2 Functional Characteristics of NK Cells

3.2.1 Cytokine Production and Killing

The cytokines play a crucial role in NK cell activation. As these are stress

molecules, released by cells upon viral infection, they serve to signal to the NK

cell the presence of viral pathogens. NK cell cytokine production may be governed

in part by the monocyte-derived cytokines induced during the early proinflamma-

tory response to infection and by the subset of NK cells present at the site of

inflammation.

NK cells produce a range of cytokines, including haematopoietic factors such as

IL-3 and granulocyte–macrophage colony-stimulating factor (GM-CSF), TNF-a
and regulatory cytokines such as transforming growth factor (TGF-b) and IFN-g
[56]. In both viral and bacterial models of infection, IFN-g production by NK cells

has been shown to be a key event in successful resolution of infection [136]. As a

general rule, IL-12, produced very early in infection, is responsible for driving NK

cells to produce IFN-g [137]. The CD56bright NK cell subset produced significantly

more IFN-g following IL-18 and IL-12 stimulation compared with CD56dim NK

cells [137].

Isolated NK cells from human lymphoid tissues that express CD4 molecule on

their surface efficiently mediate NK cell cytotoxicity and CD4 expression does not

appear to alter lytic function. CD4+ NK cells are more likely to produce the

cytokines IFN-g and TNF-a than are CD4� NK cells [138].

3.2.2 Steps in NK Cell Activation, Adhesion and Degranulation

Signals are required to activate normal, resting NK cells to migrate to sites of

infection and to acquire effector functions, such as production of IFN-g and cellular
cytotoxicity [119]. The rapid response of resting NK cells to cytokines is well

documented. Type I IFN, produced during virus infections, stimulates the prolifer-

ation of NK cells and augments their cytotoxic activity. IL-15, secreted by a number

of different cell types, activates NK cell proliferation, cytotoxicity, and cytokine
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production [31]. NK cells secrete large amounts of IFN-g in response to IL-12 and

IL-18, which are produced during infections by various intracellular pathogens

[40]. In addition to signals received from soluble mediators, NK cells are also

activated through cell contact by receptors that recognize ligands on other cells.

T and B cells possess a single antigen receptor that dominates their development

and activation. Signals initiated through these antigen receptors are augmented by

costimulatory molecules. In contrast, NK cells do not possess one dominant

receptor, but instead rely on a vast combinatorial array of receptors to initiate

effector functions. Several structurally distinct activation receptors have been

implicated in NK cell cytotoxicity, a complex process that involves adhesion,

synapse formation, and granule polarization and exocytosis. The first contact

between an NK cell and its target is a cellular association that may be similar to

tethering. The early interactions could then result in a longer-lasting association

that leads to initial adhesion. These events probably contribute to NK cell activa-

tion, as receptors that are potentially engaged at this point, such as CD2, may

participate in activation signaling [138]. The next step in the formation of the lytic

synapse is firm adhesion, which is facilitated by receptor–ligand interactions of

higher affinity. The integrin family of adhesion molecules is important in firm

adhesion. Some of the integrins that are expressed by NK cells are well studied and

include lymphocyte function-associated antigen 1 (LFA-1; CD11a–CD18) and

macrophage receptor 1 (MAC-1; CD11b–CD18). Although these integrins rapidly

cluster at the NK cell synapse following initiation [139–141] ,they probably

function in adhesion and participate in signaling (even in resting NK cells) before

their rearrangement to the synapse [142]. Integrin signaling can fully activate some

NK cells [142] and partially activate others [72]. Several in vitro assays have

indicated an essential role for the aLb2 integrin LFA-1 and b1 integrins in the

conjugation of NK cells with target cells. LFA-1 transduces signals that induce

tyrosine phosphorylation and activation of the guanosine triphosphate (GTP),

guanosine diphosphate (GDP) and exchange factor (GEF) Vav1 [142], leading to

actin polymerization, cytoskeletal rearrangements, and clustering of lipid rafts.

These LFA-1-mediated signals not only promote adhesion but also can be sufficient

to trigger NK cell-mediated cytotoxicity [67]. Engagement of b1 and b2 integrins

also induces phosphorylation and activation of the proline-rich tyrosine kinase-

2 (PYK-2) [143]. Moreover, PYK-2 activates extracellular signal-regulated kinases

1 and 2 (ERK1/2), which trigger cytotoxicity through an as yet undefined pathway

[144]. NK cells derived from patients with leukocyte adhesion deficiency I carry a

genetic mutation of the b2 integrin (CD18) and exhibit defects in cytotoxicity

[145]. Recent studies have shown that human NK cells express additional adhesion

molecules, called CD226 (DNAX accessory molecule 1), CD96 (Tactile), and

CRTAM, which recognize nectins and nectin-like (Necl) molecules on target

cells [146]. Therefore, genetic deletion of individual adhesion molecules may not

ultimately lead to defects in cytotoxicity, if other adhesion molecules remain intact.

The main pathway of NK-cell mediated cytolysis is dependent on perforin and

granzymes. However, other mechanisms triggered by FasL (CD178) and tumor-
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necrosis factor-related apoptosis-inducing ligand (TRAIL)-dependent receptors

may occur [147].

3.2.3 Antibody Dependent Cellular Cytotoxicity

Cytotoxicity is probably the best characterized effector function of NK cells, and

targets include tumor cells, virally infected cells, cells infected with intracellular

bacterial pathogens and as more recently reported, immature DC (iDCs) [56]. NK

cells, along with macrophages and several other cell types, express the FcR

molecule, an activating biochemical receptor that binds the Fc portion of antibo-

dies. This allows NK cells to target cells against which a humoral response has been

mobilized and to lyse cells through ADCC [148].

Several activating receptors, including CD16, NKG2C, NKG2D, LFA-1, 2B4

and the NCR (NKp30, NKp44, and NKp46) exist on NK cells, and ligation of these

receptors can also lead to activation and increased cytotoxicity. ITAM-receptor

activation induces actin cytoskeleton reorganization, which is required for cell

polarization and release of the cytolytic granules containing perforin and gran-

zymes, and results in the transcription of many cytokine and chemokine genes [58,

104]. Recent studies suggest that CD16 signals for degranulation, and engagement

of CD16 and LFA-1 leads to efficient target cell lysis. Coengagement of 2B4 and

CD16 enhances the number of degranulating NK cells, and can induce cytotoxicity

in the absence of LFA-1–ICAM-1 interaction [72] (Fig. 3).
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Fig. 3 Activating and inhibitory receptors in human NK cells and their ligands. Resting NK cells
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eceptor tyrosine-based activation motif (ITAM) and (c) inhibitory receptors with an immunor-

eceptor tyrosine-based inhibition motif (ITIM)
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4 Role of Human Natural Killer Cells in Health and Disease

4.1 The Role of NK Cells in Health

Any discussion of the normal physiology of NK cells is incomplete if mention is not

made about their ‘putative role’ in pregnancy. It has long been recognized that large

granular lymphocytes of NK cell origin are the major lymphocyte population lining

the pregnant uterus. The potential role of NK cells in pregnancy is suggested by the

fact that approximately 70% of lymphocytes residing in the pregnant decidua are

NK cells. These are phenotypically distinct from peripheral blood NK cells and

may result from a distinct NK cell lineage or unique microenvironment which is

CD56+bright/CD16�/CD3�, has low direct cytotoxicity [149, 150], and proliferates

through production of IL-15 by placental macrophages and the IL-15 receptor on

CD56+bright uterine NK cells [151].

Proposed functions of NK cells in the gravid uterus are: (A) Production of
cytokines to facilitate decidualization and control of the invading trophoblast
(13) – IFN-g modulates the NK cell pool resident in the uterus. The uterine NK

cell-derived IFN-g is not necessary for initiation of decidualization but appears

essential for decidual maintenance in the second trimester; (B) Protection of fetal
tissues from maternal immune attack [152] – Since NK cells have receptors for

nonclassical MHC class I molecules, some authors have hypothesized that HLA-G

protects fetal cells from lysis by maternal NK cells through this mechanism. In this

regard, trophoblasts express the nonclassical MHC class I molecule HLA-G [153],

which can ligate the KIR2DL4 receptor expressed on almost all NK cells [154].

KIR2DL4 is particularly interesting in that it can inhibit NK cell cytotoxicity but

promote NK cell cytokine production upon ligation [155, 156]. Recent reports

suggest that unfavorable combinations between maternal KIR and fetal HLA

expression may be associated with preeclampsia [157] and recurrent miscarriage

[158]; and (C) Protection of the fetus from infectious diseases – Acute or chronic

infection of the uterus during pregnancy needs active innate immunity to rapidly

prevent spreading of pathogens to the fetus and possible, subsequent spontaneous

abortion. Virus-infected uterine cells might be recognized by some activating

uterine NK receptors through as yet undefined protein ligands, leading to the killing

of infected target cells. Other uterine NK activating receptors when triggered by

specific ligands may also play a role in local antiviral immunity by inducing the

secretion of proinflammatory cytokines. During viral infections, NK cells were

shown to produce IFN-g, CCL3/MIP-1a and CCL4/MIP-1b important to generate

an inflammatory environment by recruiting eosinophils, macrophages, and acti-

vated DC [159]. Dendritic cells are likely to interact with uterine NK cells, priming

innate immunity by triggering NK cell effector functions and thus providing a link

between innate and adaptive immune responses [160]. Furthermore, NK cell inhib-

itory receptors that trigger dominant negative signals in normal pregnancy can be

targeted by viral immune evasion strategies [94, 161]. Moreover, some NK cell

activating receptor ligands can be upregulated in cells infected with CMV [161].
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In addition, abnormal functions of NK cells in women with recurrent spon-

taneous abortions have been postulated. There seems to be a correlation with

recurrent spontaneous abortion and increased NK cell cytotoxicity and an abnor-

mally high decidual CD56+/CD16+ to CD56+/CD16� ratio compared to normal

pregnancies [162]. A better understanding of NK cells in pregnancy may lead to

important new therapies to prevent fetal loss.

4.2 The Role of NK Cells in Infections

4.2.1 NK Cells and Viruses

Although NK cells were initially identified in the 1970s on the basis of their ability

to kill tumor cells, soon thereafter, activated NK cells were also detected in virus-

infected hosts. Studies from several laboratories showed that NK cells isolated after

infection with any of several different viruses had increased cytolytic activity

in vitro against tumor-cell targets, and that viral infection can result in NK cell

proliferation and recruitment to the infected tissues and organs [86, 163]. In many

cases, the increased NK–cell-mediated killing was attributed to activation of the

NK cells by the production of type I IFN induced in the host by viral infection,

because it was known that NK cells could be directly stimulated by exposure to

IFN-a or IFN-b. Although type I IFN are not mitogenic for NK cells, they do induce

the production of IL–15 [164], in addition to augmenting the cytotoxicity and

cytokine production of NK cells. Hence, the induction of type I IFN and IL–15

by viral infection could well account for the presence of activated NK cells in virus-

infected hosts.

The first clear evidence indicating cognate recognition of a viral pathogen by NK

cells that is important to host protection emerged from studies with HCMV. A

patient selectively lacking NK cells, but with normal B and T cells, was found to

suffer life-threatening illness after infection with HCMV [165]. There are intriguing

hints that NK cells expressing DAP12-associated CD94/NKG2C receptor complex

preferentially proliferate after coculture with HCMV-infected cells [166]. Both the

activating CD94/NKG2C receptor complex and the highly related inhibitory CD94/

NKG2A receptor complex recognize HLA-E as their ligand [133], although these

functionally diverse receptors might discriminate between different peptides pre-

sented by HLA-E [167], potentially allowing the selective activation of CD94/

NKG2C-bearing NK cells to mediate immunity against HCMV. However, the

leader peptide derived from the HCMV protein UL40 can assemble into the peptide

binding groove of HLA–E and when this UL40 peptide is over-expressed with

HLA–E it can engage the inhibitory CD94/NKG2A receptor complex and suppress

NK cell activation [168–170]. UL142 has been shown to block the expression of

proteins encoded by some, but not all, alleles of MICA [171]. The extraordinary

polymorphism of the genes encoding MICA (61 alleles) and MICB (30 alleles)

might reflect the host’s attempt to counter the viral immune-evasion strategies that
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thwart NKG2D-mediated immune responses. UL18 engages the inhibitory ILT2

receptor and suppresses immune responses against HCMV-infected cells that have

downregulated their expression of MHC class I proteins. The UL141 protein

encoded by HCMV specifically targets and prevents the expression of CD155, a

cell-surface glycoprotein that functions as a ligand for the activating NK cell

receptors DNAM1 (CD226) and CD96 [172]. The HCMV structural protein pp65

has been reported to interact with the activating NKp30 receptor on NK cells and

dissociate the receptor from its CD3z signaling adaptor protein, thereby preventing

NK cells from recognizing and attacking HCMV-infected cells [109]. NK cells also

participate in immune responses against other herpesviruses. It has been observed

that a patient lacking NK cells suffered from severe infections not only with

HCMV, but also with varicella zoster virus (VZV) and herpes simplex virus

(HSV) [165]. Although there is extensive older literature documenting the activa-

tion of NK cells during HSV–1 infection [163], it remains unclear whether there is

cognate recognition of the HSV-1-infected cells by NK cells or whether the effects

of HSV-1 on NK cells are an indirect result of the high-level production of type I

IFN and other cytokines that are induced by HSV infection. Epstein–Barr virus

(EBV), another human herpesvirus, transforms B cells, causing B cell lymphomas

in immunosuppressed patients. EBV-transformed B cell lines are relatively resis-

tant to NK cell-mediated attack, mainly owing to their high level of expression of

MHC class I molecules. However, a recent study showed that when latent EBV was

reactivated in transformed B cells, they became susceptible to NK cell-mediated

lysis, which was partially inhibited by blocking the activating NKG2D and DNAM-

1 receptors on NK cells [173]. In addition, a patient with a selective immunodefi-

ciency of NK cells, caused by a mutant gene mapping to chromosome 8, has been

reported to have an EBV-associated lymphoproliferative disorder [174]. Epidemio-

logical studies have indicated a protective effect for the activating KIR2DS1 and

KIR3DS1 genes in patients with EBV-associated Hodgkin’s lymphoma [175],

although there is as yet no direct evidence for the involvement of these receptors

in the recognition of EBV-transformed cells.

In the immunity to poxviruses, human NK cells lyse vaccinia-virus-infected

cells and this can be partially blocked by antibodies specific for NKp30, NKp44

and NKp46 [176]. On infected cells, vaccinia virus seems to cause downregulation

of HLA-E, but not of other MHC class I proteins, thereby causing the preferential

lysis of these target cells by NK cells that express the inhibitory CD94/NKG2A

receptor [177].

In influenza virus infection, the NK cells are activated and produce IFN-g when

cocultured with autologous DC infected with influenza A virus, and this NK cell

activation is blocked in the presence of neutralizing antibodies specific for NKG2D

and NKp46 [178]. The activation of NK cells by influenza A-virus-infected DC

also depends on the secretion of IFN-a and IL-12 by the DC, which promotes NK

cell-mediated cytotoxicity and IFN-g production, respectively.

Epidemiological studies have shown an intriguing relationship between the

highly polymorphic HLA and KIR genes and the resolution of hepatitis C virus

(HCV) infection [179]. Previous studies reported that many of the inhibitory KIR
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proteins expressed by NK cells bind to HLA-C proteins on the surface of target cells

and thereby prevent killing of these targets. HLA-C proteins have been divided into

two categories, group 1 and group 2, on the basis of a dimorphic polymorphism in the

a1 domain of the HLA-C heavy chain. These group 1 and group 2 HLA-C proteins

are specifically recognized by different members of the KIR family [180]. Khakoo

and colleagues observed that the ability to clear HCV infections is associated with

individuals possessing the KIR2DL3 and HLA-C group 1 alleles [179]. Although

functional studies to precisely detail the mechanism have not yet been reported,

these investigators speculate that an individual expressing an inhibitory KIR with

low affinity for its ligands (as is the case with KIR2DL3 and HLA-C) might mount a

stronger attack against viral infection, thereby resolving the disease. That HCV

might be trying to evade NK cells is also indicated by the finding that E2, the main

HCV envelope protein, binds to CD81 on the surface of human NK cells and

suppresses NK cell cytokine production, proliferation and cytotoxicity [181, 182].

As for HCV, KIR and HLA polymorphisms have been reported to significantly

influence the progression to AIDS in HIV-infected individuals [183]. Previous

studies had shown that HIV-infected individuals expressing HLA-B alleles with

the Bw4 epitope have delayed onset of AIDS [184]. However, protection is

significantly increased when the individual concerned also possesses certain alleles

of the KIR3DL1 locus [183]. Different alleles of the KIR3DL1 gene either encode

inhibitory KIR3DL1 receptors with ITIM that suppress NK cell activation when

encountering target cells expressing an HLA-Bw4 ligand [185], or encode an

activating receptor, designated KIR3DS1, that lacks ITIM and transmits activating

signals through its association with the ITAM-bearing DAP12 adaptor [186, 187].

Possession of either an inhibitory KIR3DL1 receptor or the activating KIR3DS1

receptor, together with an HLA-Bw4 allele encoding an isoleucine residue at

position 80 (HLA-Bw4-I80) significantly slows progression to AIDS [183]. HIV-

infected individuals with this compound KIR3DS1 plus HLA-Bw4-I80 haplotype

are protected against opportunistic infection, but not AIDS-associated malignancies

[188]. The inhibitory KIR3DL1 molecules clearly recognize HLA-Bw4 proteins

[185, 189], but attempts to show direct interactions between KIR3DS1 and HLA-

Bw4 proteins have failed [186, 190]. Although evidence for the direct binding of

KIR3DS1 to HLA-Bw4 was lacking, Alter and colleagues have reported that

KIR3DS1+ NK cells, but not KIR3DS1– NK cells, suppress HIV replication in

HLA-Bw4-infected cells in vitro [191]. However, how the inhibitory KIR3DL1

confers protection is counterintuitive. Remarkably, the KIR allele shown to be most

protective, KIR3DL1*004 [183], encodes a protein that cannot be expressed on

the cell surface of NK cells and is probably degraded intracellularly [192]. Intere-

stingly, the Nef (negative factor) protein encoded by HIV has been shown to

preferentially downregulate the expression of HLA-A and HLA-B, but not HLA-

C [193]. Potentially, this provides a mechanism for HIV-infected cells to avoid

recognition by HLA-A and HLA-B restricted HIV-specific CTL, but to engage the

inhibitory KIR expressed by NK cells in the infected individual. A recent study has

shown that Nef might also downregulate expression of NKG2D ligands [194],

which indicates another potential evasion mechanism.
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4.2.2 NK Cells and Intracellular Mycobacteria

NK cells represent an important cellular population that has been implicated in

early immune responses to a variety of intracellular pathogens and is capable of

rapidly producing IFN-g and other immunoregulatory cytokines, as well as lysing

specific target cells in the absence of prior activation. In vitro studies showed that

NK cells from peripheral blood contribute for protective immunity through IFN-g
or through cytotoxic mechanisms [195], these being highly bactericidal against

Mycobacterium tuberculosis.
The role of NK cell receptors contributing to cytotoxic-mediated killing of

mononuclear phagocytes infected with an intracellular bacterium has been reported

[196]. Human NK cells are known to directly lyse M. tuberculosis-infected mono-

cytes and macrophages in vitro [196, 197]. The recognition is thought to be

mediated by NKG2D and the NCR NKp46 that bind to the stress-induced ligands

ULPB1 and vimentin, respectively [196, 198]. Another recent study showed direct

binding of NKp44 to the mycobacterial surface [199], suggesting that ligands for

other NK cell receptors may play a role in the specific NK-mediated recognition of

M. tuberculosis. Human NK cells not only lyse M. tuberculosis-infected cells but

also actively restrict mycobacterial growth in an apoptosis-dependent but Fas/FasL

independent manner [200, 201] and killing can be further enhanced by addition of

IL-2, IL-12 and glutathione [200].

Consistent with the protective role of NK cells in tuberculosis (TB), reduced

activity of NK cells has been reported in pulmonary TB patients who are ill [195].

In addition, higher levels of pre-NK cells were observed in both positive tuberculin

skin test (TST+) and TB patients; TST+ subjects presented particularly higher levels

of these cells in comparison to TB [202]. Moreover, mainly putative activated NK

cells selectively increase in TST+ individuals. This observation could be important

in the immunopathogenic context, since these cells would contribute for protective

mechanisms considering their great ability to proliferate and their potential to

differentiate into CD3�CD16+CD56+ cells with higher cytotoxic activity. It has

been proposed that NK cells can be activated by cytokines (IL-12, IL-15, and

IL-18) or by exposure to M. tuberculosis-stimulated monocytes [203]. Indeed,

interplay betweenM. tuberculosis, antigen-presenting cells and NK cells triggering

IFN-g are thought to play a beneficial role in TB by helping to maintain a type 1

immune profile [203]. Barcelos and colleagues [202] demonstrated for TST+ and

TB patients an outstanding distinct correlation profile between NK cells and

macrophage-like monocytes, suggesting that high levels of activated NK cells

aside macrophage-like monocytes may be involved in protective mechanisms in

putative TB-resistant individuals.

4.2.3 NK Cells and Intracellular Protozoan Infections

Destruction of protozoa by NK cells could occur either by the lysis of extracellular

organisms or by the destruction of infected cells. Both types of NK cell activity
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have been described. Functional studies have demonstrated that CD16�CD56+ cells
showed higher proliferate capacity and synthesized increased cytokine levels,

whereas CD16+CD56+ cells were mainly cytotoxic [204].

In the context of Trypanosoma cruzi infection, the activation of the innate

immune response during early stages of the disease in human, through recruitment

of pre-NK cells (CD16+CD56�), could be an important bridge that might control

the transient immunological events during acute and chronic infection. It has been

observed an equivalent number of IFN-g+, TNF-a+ and IL-4+ NK cells were

detected in infected children when compared with uninfected. These results

revealed that the ex vivo innate immune compartment at the peripheral blood of

the early-indeterminate chagasic patients resembled one of healthy, uninfected

children. On the other hand, the infected children’s cytokine pattern displays a

shift towards a mixed immune profile with high levels of IFN-g+, TNF-a+ and IL-4+

CD16+ cells upon in vitro stimulation with T. cruzi antigens. These findings may

suggest that CD16+ cells (NK and NKT cells) could provide protection against T.
cruzi not only in the acute phase but also in the early-indeterminate [205, 206].

Recently, it was demonstrated, in a pioneering study, that an increased frequency of

circulating NK cells (CD3–CD16+CD56–/+) can be found also in the peripheral

blood of all patients chronically infected with T. cruzi bearing distinct clinical

forms of the disease. However, only indeterminate patients (IND) showed a higher

percentage of CD3–CD16+CD56+dim NK cells [207]. The authors hypothesized that

the higher cytotoxic activity of these NK cell subsets in IND patients could be

important in helping to suppress parasitism to very low levels, resulting in avoid-

ance of the development of a strong acquired immune response against parasite-

specific antigens and the outcome of severe chagasic disease.

NK cell effector functions in leishmaniasis are cytokine-mediated rather than

cytotoxicity-mediated. It has been demonstrated that the NK cells of healthier

individuals, after Leishmania donovani and L. aethiopica stimulation produce

high levels of IFN-g, nevertheless, in the active visceral leishmaniasis (ACT), the

antigen-specific activation occurs in the absence of IFN-g-producing NK cells

[208]. This finding might contribute to the inefficient immune response, favoring

the parasite growth. Other authors observed that ACT individuals had lower

frequency of circulating NK cells and that the IFN-g expression by these cells

after soluble L. chagasi antigen (SLA) stimulation was increased in asymptomatic

individuals (AS) and cured individuals (CUR). Furthermore, AS and ACT groups

had significant numbers of IL-4+ cells. The data demonstrated a type 2, type 1/type

2 and type 1 immune response in ACT, AS and CUR individuals, respectively

[209]. Individuals who carry the ACT presented a functional deficiency in NK cells

[210]. It is known that the NK cells are regulated by IL-4, IL-10 and TGF-b. These
cytokines inhibit the IL-12 and TNF-a synthesis by macrophages and inhibit

indirectly, the IFN-g and TNF-a synthesis by NK cells [211]. Manna and colleagues

[212] showed that the plasmatic constituents of ACT carrying individuals suppress

the lytic activity of NK cells, and this effect is owing to the presence of high levels

of circulating immunoglobulins, rheumatoid factor and triglycerides in patients

with ACT. Chakrabarti and colleagues [213] also described that the monocytes
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from ACT carrying individuals suppress the NK cell function, reinforcing the

hypothesis that IL-10 and TGF-b participate as suppression mediators of this

mechanism.

In nonimmune donors, NK cells are among the first cells in peripheral blood to

produce IFN-g in response to Plasmodium falciparum-infected red blood cells

[214]. In this in vitro setting it was observed that NK cells are activated during

the first 18 h of exposure to infected erythrocytes. This activation was dependent on

IL-12, and to a lesser extent IL-18, released from accessory cells [214]. The results

of a study in children with acute P. falciparum infection suggested a positive

correlation between the lytic activity of NK cells towards the human leukemia

line K562 ex vivo and the extent of parasitaemia [215], and Orago and Facer [216]

have provided evidence that purified NK cells from both healthy and P. falciparum-
infected individuals directly lyse parasitized erythrocytes in vitro. Parasitized red

blood cells undergo massive structural alterations during trophozoite and schizont

development [217], characterized by abnormal exposure on the cell surface of

erythrocyte membrane components such as spectrin and Band 3 [218] and surface

expression of parasite-encoded neo-antigens [219]. Thus, it is of interest that lysis

by NK cells of erythrocytes harboring schizont-stage P. falciparum was found to be

significantly more efficient than killing of uninfected erythrocytes, suggesting a

specific recognition of the altered erythrocyte surface [216]. In support of this idea,

it was demonstrated that optimal activation of NK-derived IFN-g production

in vitro requires contact between NK cells and P. falciparum-infected erythrocytes

[214, 220]. Thus, the activation of human NK cells by blood stages of P. falciparum
appears to depend on at least two signals, i.e., cytokines released by bystander cells

such as monocyte–macrophages or DC and direct recognition of the infected red

blood cell by NK cell receptors. The ability for specific recognition of malaria-

infected erythrocytes could be explained by the abnormal expression of ligands for

stimulatory NK cell receptors, e.g., activating KIR, NCR or TLR, or alternatively

by the downregulation or complete loss of a ligand for inhibitory receptors such as

Siglec-7.

4.3 The Role of NK Cells in Cancer

The major function of NK cells in fighting cancer is likely to be in surveillance and

elimination of cells that become malignant before they can cause a tumor. A large

body of evidence argues that enhancement of NK cell numbers and function in

human cancer patients is associated with increases in tumor clearance and duration

of clinical remission. How can NK cells distinguish between tumor cells and

untransformed autologous cells in cancer patients?

The “missing self” hypothesis proposed by Ljunggren and Karre [221] suggests

that NK cells recognize self MHC class I molecules and are thus inhibited from

killing host cells. The recognition of self MHC class I molecules by KIR inhibits

NK cell killing of autologous cells, even in the presence of activating signals.
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On the other hand, downregulation of MHC class I molecules in transformed cells

removes the inhibitory signal and killing occurs, provided that activating signals

are present. In support of this concept, human NK cells kill Epstein–Barr virus-

transformed B-lymphoblastoid cell lines lacking class I, whereas re-expression of

class I in these lines inhibits cytolysis [222].

Alternatively, in the setting of HLA haplotype-mismatched hematopoietic stem

cell transplantation (HSCT), incompatibility between KIR on donor NK cells and

MHC class I on tumor cells of the recipient results in killing in the presence of an

activating signal [223].

NK cells can eradicate tumors through multiple killing pathways, including

direct tumor lysis and apoptosis. In addition, NK cells coordinate the innate and

adaptive immune responses to tumor cells via the production of cytokines.

ADCC may enhance the activity of NK cells to specifically recognize and kill

their targets. A large proportion of human NK cells express CD16, the low-affinity

Fcg receptor IIIa (FCGR3A), which binds to the constant (Fc) region of immuno-

globulin. Thus, CD16 enables NK cells to recognize antibody-coated tumor cells,

resulting in NK cell degranulation and perforin-dependent killing [224]. This

ADCC is one proposed mechanism for the efficacy of tumor-directed antibody

therapies, such as rituximab (a-CD20) and trastuzumab (a-Her2/Neu) [225].
NK cell killing of tumor cells is mediated by exocytosis of cytotoxic granules

containing perforin and granzymes and also by NK surface expression of ligands

that engage death receptors of the TNF superfamily on tumor cells, thereby

triggering apoptosis. The role of perforin in NKG2D-dependent cytotoxicity was

established. The tumoricidal effects of IL-2 and IL-12 have been shown to require

NK cell NKG2D and perforin [226]. In contrast, the antimetastatic effect of IL-18

relies principally on the expression of FasL (CD95L) by NK cells and is indepen-

dent of NKG2D [226]. Predictably, the combination of IL-12 and IL-18 synergisti-

cally activates perforin-dependent and FasL-dependent killing and produces potent

metastasis suppression [226]. NK expression of a related TNF family member,

TNF-a–related apoptosis-inducing ligand (TRAIL), is implicated in the suppres-

sion of liver metastasis by resident NK cells [227].

Considering the observations described above, the eradication of tumor cells by

NK cells is achieved directly by cytolytic activity or indirectly through the produc-

tion of cytokines such as IFN-g and TNF-a. TNF-a has been implicated in NK

eradication of peritoneal tumors [228]. IFN-g is the principal NK-derived cytokine

implicated in tumor surveillance and the suppression of growth and metastasis by

established tumors. Administration of IL-12 and low-dose IL-2 has been proved to

increase IFN-g production in patients with melanoma and renal cell carcinoma

[229]. Finally, the combination of IL-12 and trastuzumab results in increased IFN-g
levels in patients with HER2+ breast cancer [230].

On the other hand, TGF-b has been associated with failure of NK cells in killing

tumor cells. Regulatory T (Treg) cells, defined in humans as CD4+CD25high-

FOXP3+, are enriched in tumors [231], and have been shown to exert a profound

inhibitory effect on NK cell function, in part via their membrane-bound expression

of TGF-b.
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5 NK Cells in Mice

Currently, it is known that there is a vast heterogeneity of NK cells in mice

determined by morphology, antigenic phenotype and functional activity [232]. In

a brief history, the murine diversity of NK cells was first inferred by Roeder and

colleagues in 1978 in studies of the mechanism of killing in vitro comparing cold-

target inhibition of lysis of tumor cells and a variety of other susceptible cells [233].

Afterward, Stutman and colleagues demonstrated a capacity of cytolysis inhibition

of susceptible target cells mediated by NK cells from mice using simple sugars

[234] and a few years later Gorczynski and his research group described a hetero-

geneity of NK effector functions by panel analysis with a variety of simple sugars in

spleen fragment cultures which was a characteristic of the strain of mice under

investigation [235]. At this time, the mechanism of inhibition of NK lysis by sugars

was not elucidated. In another work, these authors also demonstrated that the

repertoire of NK cells is influenced by mouse development and that there is

considerably less diversity in neonates than in adults [232].

The first nomenclature of murine NK cells was based in the identification of cell

surface antigens selectively expressed in the plasmatic membrane using alloanti-

sera. Based on the chronology of their discovery, these markers were designated

NK1.1, NK2.1, NK3.1 and NK 4.1 [236], and are expressed in different strains of

mice, with no distinct function when analyzed in the same organ. Two major

inhibitory receptors, CD94/NKG2A and Ly49, are expressed in mouse NK cells.

The acquisition of the CD94/NKG2A receptor seems to be an early event, whereas

Ly49 receptor expression is considered a relatively late event during NK cell

ontogeny [237].

Other membrane molecules have an important role on NK cell functions by

mediating adhesion in susceptible tumor targets. During cell-to-cell contact, supra-

molecular activating clusters (SMAC) or supramolecular inhibitory clusters

(SMIC) accumulate at the contacting plasma membrane between NK cells and

target cells [238]. The Ly5 expression intensity, a surface glycoprotein expressed

by NK cells, has its production induced by IFN-a and -b and is highly related with

cytolytic mechanisms against certain targets [239].

5.1 Phenotypic Properties of Mouse NK Cell Subsets

In humans, CD16 and CD56 are surface markers to identify subpopulations of NK

cells. However, CD56 is not expressed in rodents and subsets have proven difficult

to identify [240]. Recently, Hayakawa and Smyth [241] identified CD27 as a

molecule that distinguishes subsets of mature mouse NK cells. These authors

showed that the mature Mac-1high NK cell pool can be divided into two functionally

distinct CD27high and CD27low subsets. These subsets have distinct effector func-

tions, proliferative capacity, tissue organization and response to chemokines related
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with different intensity of inhibitory receptors expressed on the cell surface.

Comparatively, the Mac-1highCD27low NK cell population contained a greater

proportion of Ly49 when compared with Mac-1highCD27high subset. The latter

demonstrated greater effective cytotoxicity against tumor target cells even in the

presence of MCH class I expression, besides greater responsiveness to DC and

produced higher amounts of IFN-g upon in vitro stimulation. This research group

has also verified that CD27high and CD27low subsets with distinct cell surface

phenotypes also exist in human peripheral blood. The majority of peripheral

blood human NK cells were CD27lowCD56dim NK cells, whereas the minor

CD27high NK cell population correspondingly displayed a CD56bright phenotype.

Distinctions between CD27low and CD27high NK cells in their receptor expression

and typical NK cell functions such as cytotoxicity and cytokine production can be

easily delineated [240].

5.2 NK Cell Receptors in Mouse

In contrast with B and T lymphocytes, NK cells do not possess one dominant

receptor but vast combinatory receptors to initiate effector functions. A balance

between negative and positive signals mediated by a repertoire of inhibitory

receptors specific for MHC class I and stimulatory receptors, respectively, regulate

the activation of NK cells [75].

Inhibitory receptors bind classical and nonclassical MHC class I molecules and

may inhibit NK cell killing of MHC class I-bearing target cells. These receptors are

crucial for maintaining tolerance to self. Cells that reduce the expression of MHC

class I in plasma membranes are targets for NK cells. In mouse, these inhibitory

receptors are represented by Ly49 and CD94/NKG2 molecules, which use a

common strategy to inhibit NK cell activation [242]. The inhibitory receptors

mediate their effects through one or more ITIM motifs, which are located in the

cytoplasmic domain of the receptor. When ITIM-bearing receptors engage their

ligands, the tyrosine residues are phosphorylated resulting in the recruitment of

phosphatases to the interface between the NK cell and its potential target cell

suppressing NK cell responses by dephosphorylating the protein substrates of the

tyrosine kinases linked to activating NK receptors [75, 242].

The discovery of MHC class I-specific inhibitory receptors clarified the molecular

basis of this important NK cell function. However, the triggering receptors responsi-

ble for positive NK cell stimulation remained elusive until recently. CD16 is able to

elicit cytolytic activity and cytokine secretion. However, association of CD16 with

other receptors induces additive effects on NK cell activation. These coactivating

receptors are constitutively expressed in all mature NK cells and are represented by

FceRI-g, CD-3z, and DAP12 type I-transmembrane anchored proteins, which contain

ITAM motifs. Engagement of these receptors causes the phosphorylation of the

ITAM tyrosines, which bind the Syk tyrosine kinases. The activation induces cyto-

skeleton reorganization, which is required for cell polarization and release of cytolytic
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granules containing perforin and granzymes, and results in the transcription of many

cytokine and chemokine genes [75].

5.3 Development of Mouse NK Cell Subsets

NK cells are generated by the lymphoid branch during hematopoiesis, a tightly

regulated process involved in the production of blood cells. There appear to be two

layers of regulation: the first layer of control has been referred to as basal hemato-

poiesis, regulated by cytokines produced within the microenvironment of bone

marrow. The second regulatory layer is called amplified hematopoiesis, regulated

by endocrine system caused by physiological stress [243]. The multiple stages of

NK cell development have been proposed on the basis of their function, phenotype

and proliferative capacity [241]. Progenitor cells in the fetal blood, with a pheno-

type of NK1.1+CD117+ (c-kit) can give rise to NK cells. The expression of the b
subunit of IL-2 and IL-15 receptor occurs early in their development. IL-15 is

required for NK cell differentiation and, in addition, stimulates expression of at

least one of the inhibitory receptor families expressed by NK cells [244]. This phase

is highly dependent of lymphotoxin a (LTa), a cytokine belonging to the TNF

ligand superfamily. LTa can be secreted or can form a membrane-bound LTa1b2
heterotrimer that signals through the LTb receptor (LTbR) [245] Mice LTa knock-

out (LTa�/�) and LTbR�/� mice present reduced percentages of NK cells in

spleen, bone marrow and blood. It is possible that a contact of membrane-bound

LTa1b2-expressing hematopoietic progenitor cells with bone marrow stromal cells

activates the latter, which in turn induce IL-15 receptor expression on NK precursor

cells. This cytokine would be sufficient for the IL-15-responsive precursors to

differentiate to immature NK cells [246]. The acquisition of NK1.1 and CD94/

NKG2 receptors are sequential events, and following this step, NK cells then

express Ly49 molecules [241]. It is possible that NK cells in mice can mature in

other organs as shown Veinotte and colleagues [247] who identified two popula-

tions of NK progenitors, one in the thymus and the other in the LN.

5.4 Tissue Distribution and Functional Diversity of Mouse NK
Cell Subsets

Mature NK cells which express Mac-1+ are predominantly found in peripheral

organs such as the spleen and continually increase in number from birth until

they reach a constant level at adulthood due to homeostatic expansion [1] .When

compared with Mac-1highCD27low , the subset Mac-1highCD27high are preferential

distributed in lymphoid organs and have a predominant role in cross talk with other

immune cells, particularly DC [241].
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In recent years, a number of studies have highlighted the novel concept that the

actual role of NK cells is not only confined to the destruction of virus-infected cells

or tumors. Although NK cells reside in naive LN at a very low frequency, they can

be recruited into LN draining sites of infection, inflammation, or immunization

where they potentially influence adaptive immunity [248]. Interaction of NK cells

with myeloid DC during the early phases of inflammation, appear to play a crucial

role in shaping both innate immune reactions (within inflamed peripheral tissues)

and adaptive immune responses (in secondary lymphoid compartments) [249]. NK

cells have also been shown to affect adaptive immune responses by their production

of both pro- and antiinflammatory cytokines. It has been proposed that NK cells are

the main source of IFN-g that supports either Th1 or CTL priming [248].

5.5 Different Functions of the Murine and Human Receptors
on NK Cells

2B4 (CD244) was initially discovered on murine NK cells and T cells displaying

non-MHC dependent cytotoxicity. Human 2B4 was cloned based on sequence

homology with mouse 2B4. Recent evidence suggests that the function of this

receptor might be different in the two species [250]. In mature mouse NK cells,

2B4 reportedly has the capacity to either stimulate or inhibit NK cell activation

[247]. In vitro and in vivo studies using 2B4-deficient mice suggest that the major

function of mouse 2B4 is to inhibit murine NK cell functions when triggered by

CD48, a high affinity ligand, on target cells, although there are reports of activating

function of murine 2B4 [250]. Engagement of 2B4 on NK cell surfaces with

specific antibodies or CD48 can trigger cell-mediated cytotoxicity, IFN-g secretion,
phosphoinositol turnover and NK cell invasiveness [251]. The inhibitory function

of murine 2B4 is mediated by EAT-2, ERT and possibly other phosphatases like

SHP-1 and SHIP. 2B4-SAP interaction in mouse NK cells might be a low affinity

one and might not be physiologically relevant considering the inhibitory function of

2B4 [250]. As an inhibitory receptor, 2B4 is unconventional as it is not regulated by

MHC class I molecules.

6 Future Challenges

NK cells represent a lymphoid cell population in mammals critical in innate

immunity and crucial for surveillance against pathogens and tumors. Although

the basic mechanisms through which NK cells work have been well established,

many questions are still unresolved. Are all NK cells equal or can we identify

subsets with distinct developmental origin and function? How do NK cells interact

with other components of the immune system, such as DC, regulatory/effector T

cells to elicit effective immune responses? How do NK cells become tolerant to self
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and preclude autoimmunity? Can we design novel therapeutic avenues for cancer

treatment and transplant procedure based on NK cells? Answers for these issues

represent future perspectives in research involving this cell-type. Although we have

gained valuable insights about the processes orchestrating NK cell diversity, we are

still faced with many serious challenges in understanding how NK cell functional

diversity integrates into innate and adaptive immune responses as well as nonin-

fectious inflammation and tissue remodeling and as tissue environments affect

the development, homeostasis and biological roles of distinct NK cell subsets

[252–259].
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Immunol 28:2854

169. Tomasec P, Braud VM, Rickards C, Powell MB, McSharry BP, Gadola S, Cerundolo V,

Borysiewicz LK, McMichael AJ, Wilkinson GW (2000) Science 287:1031

170. Ulbrecht M, Martinozzi S, Grzeschik M, Hengel H, Ellwart JW, Pla M, Weiss EH (2000)

J Immunol 164:5019

171. Wang EC, McSharry B, Retiere C, Tomasec P, Williams S, Borysiewicz LK, Braud VM,

Wilkinson GW (2002) Proc Natl Acad Sci USA 99:7570

172. Chalupny NJ, Rein-Weston A, Dosch S, Cosman D (2006) Biochem Biophys Res Commun

346:175

173. Tomasec P, Wang ECY, Davison AJ, Vojetesek B, Armstrong M, Griffin C, McSharry BP,

Morris RJ, Llewellyn-Lacey S, Rickards C, Nomoto A, Sinzger C, Wilkinson GWG (2005)

Nat Immunol 6:181

174. Pappworth IY, Wang EC, Rowe M (2007) J Virol 81:474

175. Eidenschenk C, Dunne J, Jouanguy E, Fourlinnie C, Gineau L, Bacq D, McMahon C, Smith O,

Casanova JL, Abel L, Feighery C (2006) Am J Hum Genet 78:721

176. Besson C, Roetynck S, Williams F, Orsi L, Amiel C, Lependeven C, Antoni G, Hermine O,

Brice P, Ferme C, Carde P, Canioni D, Brière J, Raphael M, Nicolas JC, Clavel J, Middleton

D, Vivier E, Abel L (2007) PLoS ONE 2:406

177. Chisholm SE, Reyburn HT (2006) J Virol 80:2225

178. Brooks CR, Elliott T, Parham P, Khakoo SI (2006) J Immunol 176:1141

179. Draghi M, Pashine A, Sanjanwala B, Gendzekhadze K, Cantoni C, Cosman D, Moretta A,

Valiante NM, Parham P (2007) J Immunol 178:2688

180. Khakoo SI, Thio CL, Martin MP, Brooks CR, Gao X, Astemborski J, Cheng J, Goedert JJ,

Vlahov D, Hilgartner M, Cox S, Little AM, Alexander GJ, Cramp ME, O’Brien SJ,

Rosenberg WM, Thomas DL, Carrington M (2004) Science 305:872

181. Vilches C, Parham P (2002) Annu Rev Immunol 20:217

182. Crotta S, Stilla A, Wack A, D’Andrea A, Nuti S, D’Oro U, Mosca M, Filliponi F, Brunetto

RM, Bonino F, Abrignani S, Valiante NM (2002) J Exp Med 195:35

183. Tseng CT, Klimpel GR (2002) J Exp Med 195:43

184. Martin MP, Qi Y, Gao X, Yamada E, Martin JN, Pereyra F, Colombo S, Brown EE, Shupert

WL, Phair J, Goedert JJ, Buchbinder S, Kirk GD, Telenti A, Connors M, O’Brien SJ, Walker

BD, Parham P, Deeks SG, McVicar DW, Carrington M (2007) Nat Genet 39:733

185. Flores-Villanueva PO, Yunis EJ, Delgado JC, Vittinghoff E, Buchbinder S, Leung JY,

Uglialoro AM, Clavijo OP, Rosenberg ES, Kalams SA, Braun JD, Boswell SL, Walker

BD, Goldfeld AE (2001) Proc Natl Acad Sci USA 98:5140

186. Litwin V, Gumperz J, Parham P, Phillips JH, Lanier LL (1994) J Exp Med 180:537

187. Carr WH, Rosen DB, Arase H, Nixon DF, Michaelsson J, Lanier LL (2007) J Immunol

178:647

188. Trundley A, Frebel H, Jones D, Chang C, Trowsdale J (2007) Eur J Immunol 37:780

189. Qi Y, Martin MP, Gao X, Jacobson L, Goedert JJ, Buchbinder S, Kirk GD, O’Brien SJ,

Trowsdale J, Carrington M (2006) PLoS Pathog 2:79

190. Gumperz JE, Litwin V, Phillips JH, Lanier LL, Parham P (1995) J Exp Med 181:1133

191. Gillespie GM, Ashirova A, Dong T, McVicar DW, Rowland-Jones SL, Carrington M (2007)

AIDS Res Hum Retrovir 23:451

192. Alter G, Martin MP, Teigen N, Carr WH, Suscovich TJ, Schneidewind A, Streeck H,

Waring M, Meier A, Brander C, Lifson JD, Allen TM, Carrington M, Altfeld M (2007)

J Exp Med 204:3027

193. Pando MJ, Gardiner CM, Gleimer M, McQueen KL, Parham P (2003) J Immunol 171:6640

194. Cohen GB, Gandhi RT, Davis DM, Mandelboim O, Chen BK, Strominger JL, Baltimore D

(1999) Immunity 10:661

36 V.P.C.P. de Toledo et al.



195. Cerboni C, Neri F, Casartelli N, Zingoni A, Cosman D, Rossi P, Santoni A, Doria M (2007)

J Gen Virol 88:242

196. Nirmala R, Narayanan PR, Mathew R, Maran M, Deivanayagam CN (2001) Tuberculosis

81:343

197. Vankayalapati R, Wizel B, Weis SE, Safi H, Lakey DL, Mandelboim O, Samten B, Porgador

A, Barnes PF (2002) J Immunol 168:3451

198. Denis M (1994) Cell Immunol 156:529

199. Vankayalapati R, Garg A, Porgador A, Griffith DE, Klucar P, Safi H, GirardWM, Cosman D,

Spies T, Barnes PF (2005) J Immunol 175:4611

200. Esin S, Batoni G, Counoupas C, Stringaro A, Brancatisano FL, Colone M, Maisetta G,

Florio W, Arancia G, Campa M (2008) Infect Immun 76:1719

201. Millman AC, Salman M, Dayaram YK, Connell ND, Venketaraman V (2008) J Interferon

Cytokine Res 28:153

202. Brill KJ, Li Q, Larkin R, Canaday DH, Kaplan DR, Boom WH, Silver RF (2001) Infect

Immun 69:1755

203. Barcelos W, Sathler-Avelar R, Martins-Filho OA, Carvalho BN, Guimarães TMPD, Miranda
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Dissecting Human NK Cell Development

and Differentiation

Nicholas D. Huntington, Jean-Jacques Mention, Christian Vosshenrich,

Naoko Satoh-Takayama, and James P. Di Santo

Abstract Our understanding of human NK cell biology lags behind that of the

mouse NK cell biology; this is in a large part because of the ethical and logistical

restrictions to the access of healthy human lymphoid tissue and the experimental

manipulation in vivo. Nevertheless, in-depth analyses in genetically modified mice

have provided us withmodels for NK cell development, differentiation, and function

that guide our thinking about the role of NK cells in immune defense. Collectively,

mouse and human studies have unveiled a number of conserved transcription

factors, cytokines, cell surface receptors, and associated signaling proteins that are

essential for normal NK cell development. Still, human and mouse NK cells differ

with regard to expression of several key cell surface receptors, kinetics of develop-

ment, and frequency in adult lymphoid organs (Huntington ND, Vosshenrich CA, Di

Santo JP. Nat Rev Immunol 7:703–714, 2007). Accordingly, the specific biological

roles for NK cells in human immune responses remain poorly described. New

preclinical animal models that allow the analysis of human immune system devel-

opment in function may provide a means to further our understanding of the biology

of human NK cells in vivo.

1 General Introduction

1.1 Transcription Factors and NK Cell Lineage Commitment

Like all haematopoietic cells, human NK cells are derived from CD34+ haemato-

poietic stem cells (HSC). During fetal life, HSC are predominately found in the

liver but they begin to seed the bone marrow towards the end of the first trimester.
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HSC from both these locations can generate NK cells in vitro and in vivo

provided adequate growth factors are available [1–4]. Nevertheless, the molecular

mechanisms that guide the development of NK cells remain poorly understood.

Transcription factors (TFs) play a critical role in specifying lymphoid cell fates, and

can reinforce identities of differentiated lymphoid cells subsets [5–8]. The concept

that “master” TFs can play a dominant role in determining lymphoid fate finds

support in the T cell lineage (Notch1, Gata3), B cell lineage (EBF, Pax5), and NK-T

cell lineage (PLZF; [5–7, 9]. Does a specific transcriptional program determine NK

cell development or do NK cells result as a default pathway when other lymphoid

fates fail? The only TF that appears to strongly affect NK cells but not other

lymphocytes is Id2 [10–13], but as Id2 is a transcriptional repressor, the only

conclusion that can be taken is that E-box proteins act as strong negative regulators

of NK cell development in the mouse [10–13]. Still, the “toxicity” of E-box proteins

for NK cells appears conserved in man as over-expression of Id3 can convert bi-

potent fetal thymus T/NK precursors towards the NK cell lineage at the expense of

T lymphopoiesis [14]. Other TFs are known to promote early lymphoid precursors

in general (PU.1, Ikaros), while a distinct set of TFs appears important for NK cell

maturation in the BM (IRF-2, Gata3, Tbx21, Dlx) [15–18].

As IL-15 is essential [19] and CD122 marks NK precursors in mouse [20] and is

highly expressed by immature NK cells in man [21], knowledge on the TFs that

regulate CD122 or its signaling components may provide clues to NK cell commit-

ment and lineage specification. Several different stromal cell-derived signals have

been suggested as major inducers of commitment to the NK cell lineage, including

cytokines (Flk2L/Flt3L), growth factor (osteopontin), and inflammatory mediators

(LTa). Nevertheless, it has not been formally demonstrated that lineage commit-

ment (for NK cells or other lymphocytes) is altered in the absence of these factors.

As such, the reduction in overall NK cell homeostasis that has been reported in

mice deficient in Flk2L/Flt3L [22], LTa [23], or OPN [24] may reflect a mainte-

nance role for these soluble factors during different stages of NK development.

Alternatively, these factors may promote homeostasis of multiple hematopoietic

precursors, with a stronger relative effect in the NK lineage. Along these lines, it

should be noted that hematopoietic lineages other than NK cells are affected by

these mutations [22–24].

1.1.1 Cytokines Driving NK Cell Development

In adults, the bone marrow is the predominant site for NK generation, although it

cannot be ruled out that NK cell development can occur to some degree outside of

the bone marrow (lymph node, thymus, liver, gut) [25]. In order to appreciate the

when and where of human NK cell development, it is first important to reflect on the

soluble factors responsible for driving this development.

Starting at an immature stage, NK cells require the expression of the common

gamma chain (gc) and IL-2Rb chains of the IL-2/IL-15 receptor as well as their

associated signaling proteins (Jak1/Jak3 and STAT5a/b) in order to survive,
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expand, and differentiate [26]. This homeostatic requirement of IL-15 continues for

mature NK cells in the peripheral tissues [27]. An absence of either IL-15 or the

alpha chain of its receptor (IL-15Ra) prevents NK cell development from HSC,

with little effect on the generation of most conventional B and T cells. [28–32].

Curiously, transfer of IL-15- or IL-15Ra-deficient HSC allowed for a large degree

of NK cell development, suggesting a role for both IL-15 and IL-15Ra “in trans”

[28–32].

Initial in vitro experiments suggested that IL-15Ra might act as a molecular

chaperone that brings IL-15 to the cell surface [30]. This initial model of “IL-15

transpresentation” has been subsequently confirmed by an elegant series of murine

studies using gene targeting and bone marrow chimeras [28–32]. IL-15 expressing

stromal cells or myeloid cells use IL-15Ra to bring IL-15 to the cell surface where it

is bioactive and significantly more potent in inducing activation and proliferation of

IL-15-dependent cells [33].

In light of the obvious absence of gene targeting technology in humans, naturally

occurring mutations do arise within the human genome and have provided insight

into factors involved in human NK cell development. In man, mutations in IL-15 or

IL-15Ra have not been reported; however, NK cells are dramatically reduced in

severe combined immunodeficiency patients carrying mutations in CD132 (gc, used
in IL-15 as well as IL-2, -4, -7, -9, and -21 receptors), Jak3 or CD122 (IL-2Rb).
As NK cells develop in IL-7Ra deficient patients who are largely devoid of mature

T cells, it is likely that IL-15 is a key regulator of human NK cell development

[34, 35] as has been documented in mice.

Several hematopoietic and nonhematopoietic cells express IL-15, including

stromal cells, monocytes, macrophages, and dendritic cells (DC) [19, 31, 36].

While these various cell types are found in human bone marrow, they also reside

in many other tissues. Thus, extra-marrow NK cell development could be driven by

these cells that “transpresent” IL-15/IL-15Ra. To this end, it has been previously

shown in vitro that CD34+ HSC can respond to IL-15 with differentiation into

immature NK cells [37, 38]. Nevertheless, while IL-15 is likely the major factor for

human NK cell development, the critical demonstration of this is still lacking.

Other growth factors, such as stem cell factor (SCF or c-kit ligand) and IL-7,

could synergize with IL-15 to promote NK cell survival and/or differentiation. The

ability of SCF to synergize with IL-15 and IL-7 in enhancing NK cell development

from CD34+ cells may involve distinct mechanisms (for example, through prolifer-

ation of stem cells, survival of developing NK cells, or other mechanisms). Indeed,

it has been shown that while SCF alone does not promote proliferation of a subset of

human NK cells with the CD56hic-kit+ phenotype, it does increase expression of the

antiapoptotic factor Bcl-2 in the case of growth factor withdrawal [39]. Thus, SCF

may indirectly enhance the IL-15-induced expansion of NK cells derived from

CD34+ precursors in man [38]. Notch signaling in human progenitor cells is thought

to be critical for T-lineage commitment and if constitutively expressed, suppresses

NK cell development [40]. Other studies have shown that the presence of TEC-

derived soluble factors could inhibit NK cell development and differentiation from

CD34+ thymocytes in the presence of IL-15 [41].
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2 NK Cell Precursors and Immature NK Cells in Man

Committed NK cell precursors (NKP) are defined as cells that have the potential to

become NK cells but no other hematopoietic cell lineage. Unlike the situation in

mice, where CD122+ and IL-15-responsive NKP have been identified and char-

acterized [20], lineage-CD122+ hematopoietic precursors that are enriched for NK

cell potential have not been found in human fetal liver or adult bone marrow

(Huntington et al., unpublished). Moreover, IL-15-responsive hematopoietic pre-

cursors in man appear to lack CD122 expression when examined by flow cytometry

(Huntington et al., unpublished). Thus, the precise phenotype of NKP in humans

remains undefined. Early work reported that CD7 expression within the adult

CD34+Lin� bone marrow cells identified a population with enhanced NK cell

cloning efficiency with the level of CD7 expression being proportional to their

NK precursor potential [42]. In contrast, CD34+Lin� bone marrow cells expressing

CD10 appear to be preferentially restricted to the B cell linage [21, 43–45]. Still,

neither CD10, nor CD7 identifies a homogeneous precursor population in the bone

marrow with NK cell restricted potential.

A population of apparently “immature” human NK cells with the CD3�CD161+

CD56� phenotype can be induced from Lin� CD34+ cord blood cells in vitro

[3, 46–48]. These cells lack expression of mature NK cell markers, and show poor

cytolytic activity compared with the more mature CD161+CD56+ cells. When

further cultured with IL-2 and IL-12, these immature NK cells acquire CD56

expression and high levels of natural cytotoxicity [46, 48]. A similar population of

CD161+CD56� immature NK cells could also be identified in umbilical cord blood

[49], although their ability to differentiate into other cell types has not been thor-

oughly tested. We also observe Lin�CD161+CD56� cells in human fetal bone

marrow ex vivo and IL-15 stimulated fetal bone marrow in vitro, with these cells

often expressing other NK cell surface antigens such as CD122 and NKp46

(Huntington, unpublished). Collectively, these results are consistent with a model

of human NK cell development that involves lineage-restricted lymphoid precur-

sors that acquire functional capacities through a stepwise differentiation process

(Fig. 1).

3 NK Cell Education

Both murine and human NK cells express polymorphic inhibitory receptors that

recognize MHC class I ligands or peptides derived from MHC class I molecules.

These inhibitory receptors include the C-lectin receptors of the Ly49 family in

mice, the KIR (killer cell immunoglobulin-like receptors) in humans, and the

CD94/NKG2A complex in both species [50–52]. The identification and functional

characterization of these receptors provided a molecular explanation for Kärre’s

“missing self hypothesis” [53] that stated that NK cells are poised to scrutinize

target cell MHC expression and only target cells lacking the expression of MHC I
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Fig. 1 Scheme for human NK cell development. Human NK cell development can be considered

as a linear process. For each stage of development, the expression of surface markers used to

distinguish different stages is shown. HSC and NK progenitors can also be found outside the bone

marrow, such as the thymus, lymph node (LN), and intestine and in the presence of IL-15, these

cells have the potential to develop into NK cells
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will evoke a response from host NK cells [53]. In contrast, MHC-competent target

cells would be spared from NK cell-mediated destruction as a result of engagement

of the relevant inhibition receptor. KIR expression in human NK cells (and Ly49

expression in the mouse) generates a “repertoire” with NK cells expressing varying

numbers of different inhibitory receptor alleles. KIR are predominantly expressed

on the CD56loCD16+ subset of NK cells that harbor abundant intracellular perforin

and granzymes and display potent spontaneous cytotoxicity [25, 54]. Given the

importance of KIR expression in regulating NK cell function, knowledge of

elements influencing KIR acquisition would improve our understanding and clini-

cal approaches to diseases where KIR and HLA haplotypes influence susceptibility,

progression, or outcome such as autoimmune/inflammatory disease, cancer,

infections (HIV, HCV), and bone marrow transplants/graft versus leukemia effects

[55, 56].

While much effort has been directed to understanding the molecular mechan-

isms that control KIR expression [57], we still lack essential information in this

area. While some TF have been identified that control Ly49 expression (Tcf1) [58],

the transcriptional control of KIR expression remains enigmatic. Moreover, the

ligands (cell surface expressed or soluble) that are implicated in the induction or

regulation of KIR/Ly49 expression are basically unknown. While IL-15 regulates

inhibitory receptor expression in both man and mouse [59–61], definitive proof that

IL-15 directly induces KIR/Ly49 expression, rather than acting indirectly through

maintenance of cell proliferation, has yet to be provided. As such, our knowledge of

NK cell “education” is still in preschool.

The mechanisms involved in NK cell receptor repertoire formation have recently

received increasing attention, as engagement of inhibitory KIR by self-MHC class I

ligands has been shown to influence the functional maturation of developing NK

cells [62–64]. Evidence fromMHC I-deficient mice and humans first suggested that

MHC ligands were important for the functional differentiation of NK cells. NK

cells from a TAP-1 deficient patient showed no cytotoxicity against target cells

lacking MHC I molecules despite the presence of class I-recognizing NK receptors

[65]. In a similar fashion, NK cells from MHC I deficient mice fail to be activated

when triggered through activating receptors [63, 64]. Studies from the Yokoyama

lab showed that engagement of Ly49 receptors in developing mouse NK cells was

associated with increased functionality (cytokine production and cytotoxicity).

Curiously, the ITIM motif present in the cytoplasmic domain of the Ly49 inhibitory

receptor was required for acquisition of higher functional activity, although the

mechanism through which the SHP1 phosphatase that binds the ITIM motif confers

this activity is not known. Around the same time, a population of MHC I inhibitory

receptor negative NK cells was reported in both mice [63, 64] and man [62]. Human

KIR�NKG2A� NK cells are distributed evenly between the CD56hiCD16� and

CD56dimCD16+ NK subsets, and they are less sensitive to activation by cytokines or

activating receptors compared to the KIR+NKG2A+ NK cells as determined by

induction of CD107a and IFN-g expression [62]. Thus, NK cells that had not “seen”

self-MHC class I were clearly less functional compared to NK cells in the same

individuals that expressed inhibitory receptors for self-MHC.
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These observations form the foundations of “licensing” or “education” models

for achieving NK cell tolerance, where an inhibitory receptor/MHC I interaction

will either activate directly or modify other signals to developing NK cells,

allowing them to gain full functionality [52, 62, 64–66]. Accordingly, NK cells

expressing at least one inhibitory receptor recognizing self MHC-I would have a

lower threshold of activation and appear more functionally active than NK cells

expressing no self-MHC receptors or those only expressing inhibitory receptors

recognizing non-self MHC-I ligands [62, 67].

4 Functional Diverse NK Cell Subsets in Man

Once their functional maturation is finished, NK cells take up residence in the

peripheral lymphoid tissues and circulate through the blood and lymph. Mature NK

cells represent a substantial fraction of the circulating lymphocytes in humans (up

to 20%) [68–70]. Lanier and colleagues first proposed the notion of subsets of

human peripheral blood NK cells (on the basis of differential CD16 expression)

[71], and subsequently an extensive functional and phenotypic analysis has been

compiled (reviewed in [72, 73]). Two human NK cell subsets can be defined by the

differential cell surface expression of CD16 (FcgRIII) and CD56 (N-CAM) on

circulating CD3� lymphocytes : CD56loCD16+ NK cells represent ~90% of blood

NK cells, while the remainder are CD56hiCD16� NK cells [54]. Phenotypically,

CD56hiCD16� NK cells express CD94/NKG2A, CCR7, CD62L, CD25, and

CD117 but mostly lack KIR expression, whereas CD56loCD16+ NK cells are

CD94/NKG2A+/� and KIR+ but fail to express CCR7, CD62L, CD25, or CD117

[74–81]. These two NK cell subsets also show differential functions as CD56hi

CD16� NK cells produce greater amounts and a wider range of cytokines (IFN-g,
TNF-a, granulocyte/macrophage colony-stimulating factor (GM-CSF), IL-13, and

IL-10) than CD56loCD16+ NK cells [75, 82, 83]. In contrast, CD56loCD16+ NK

cells possess abundant intracellular perforin and granzyme and display enhanced

cytotoxicity [54, 78, 83]. While these two subsets are often contrasted as “cytokine

producers” (CD56hiCD16�) versus “killers” (CD56loCD16+), it should be empha-

sized that both subsets have clearly demonstrable capacities to make IFN-g and to

lyse NK-sensitive targets [54]. The functional distinction between these two subsets

is therefore only relative.

Whether these two well-defined human NK cell subsets share a precursor–product

relationship or are the result of independent pathways of NK cell development is still

being debated. Several lines of evidence suggest that CD56hiCD16� NK cells are

precursors of CD56loCD16+ NK cells. First, the proportion of CD56hiCD16� is

elevated in the blood of patients shortly after bone marrow transplantation and

declines over time in these patients, when the CD56lo population becomes more

prominent [84–86]. Second, telomere length, which progressively diminishes with

cell division and “age”, is significantly decreased in CD56loCD16+ NK cells com-

pared to that in CD56hiCD16� NK cells from the same donor [87]. Third, transfer of
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CD56hiCD16� NK cells into NOD/SCID mice generates mostly CD56loCD16+ NK

cells [88]. This is also observed (albeit to a lesser extent) in vitro where

CD56hiCD16� NK cells adopt the CD56loCD16+ phenotype and demonstrate

increased perforin expression with CD62L downregulation upon coculture with

fibroblasts [88]. Taken together, these findings strongly suggest that CD56hiCD16�

NK cells are precursors to CD56loCD16+ NK cells; however, a common precursor

that gives rise to both of these subsets cannot be excluded.

Understanding the factors that regulate the differentiation of CD56hiCD16� NK

cells to CD56loCD16+ NK cells in vivo could help tailor human immune therapies

to certain diseases, for example by modulating the relative ratios of “cytotoxic” to

“cytokine-producing NK cells.” In a similar fashion, NK cells expressing at least

one KIR to self MHC-I ligand appear more functional than NK cells expressing no

KIR or NK cells expressing KIR to non-self MHC-I ligands [62, 63, 67] indicating

that KIR-self MHC-I interactions regulate NK cell function. With further knowl-

edge of molecular mechanisms influencing NK cell differentiation, one could

envisage future therapeutic modalities that would allow modulation of NK cell

function in vivo that might impact on our clinical approaches to human diseases.

5 NK Cell Development and Differentiation Outside

of the Bone Marrow

While the bone marrow is acknowledged as a primary site for NK cell development

[26], recent evidences from mouse and human systems indicate that NK cells may

develop via a local process of differentiation within various tissues, including the

thymus, lymph node (LN), and intestine. In some cases, this tissue-specific NK cell

differentiation results in the generation of functionally distinct NK cell subsets that

could play unique roles during immune responses [89].

5.1 NK Cells in Tissues: Lymph Nodes

In humans, recent evidence suggests that signals present in the LN may provide

an appropriate environment for development of CD56hiCD16� NK cells [90, 91].

LN-resident hematopoietic precursors were identified with the Lin�CD34lo

a4b7
+CD117hiCD56�CD94�CD16� phenotype that could develop in a stepwise

manner into CD56hi NK cells with classical NK-cell markers (CD122, CD11b,

NKG2D and NKp46) [91]. One intermediate in the identified developmental

process included cells with the CD161+CD117hiCD94� phenotype [91]; a similar

population had been identified following culture of cord blood CD34+Lin� cells

with IL-3, IL-7, IL-15, SCF, and Flt3L [92]. Importantly, both in vitro-derived and

ex vivo-sorted CD117hiCD94� cells could differentiate into CD56+CD117lo CD94+

cells in vitro [91, 92], indicating the presence of NKP in these populations.
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However, whether this LN population was uniquely restricted to the NK cell

lineage is unknown and the clonal frequency of NKP was not determined. Although

it has been suggested that these LN NKP derive from a circulating bone-marrow

precursor [21, 42, 43], it remains possible that these cells have a thymic origin.

Recently, a LN-resident lymphocyte precursor was identified in mice (with striking

phenotypic similarities to early thymocyte precursors) that harbored NKP [93]. On

the basis of these reports, a dual origin (BM- and/or thymus-derived) lymphoid

precursor with NK cell potential may exist in the LN in both mice and man.

When comparing LN NK cell development with the more conventional BM-

derived pathway, it is likely that the LN microenvironment provides some (but

potentially not all) of the signals required for NK cell maturation. As LNs are not a

known repository for HSC, the earliest steps of lymphoid lineage and NK cell

commitment from HSC likely take place elsewhere with LN seeding of these NKP.

As IL-15/IL-15Ra “transpresentation” is critical for NK cell development and

homeostasis, a source of IL-15 must be present in the LN and could be provided

by activated DC and/or macrophages [19]. Finally, as most LN NK cells are KIR, it

is possible that the specific BM-derived signals that drive KIR expression are

lacking in the LN. Alternatively, the presence of LN NK cells could predominately

rely on specific migration of CD56hiCD16� NK cells via CCR7 and CD62L; these

cells may be short lived in this location and experience no further differentiation

explaining the virtual lack of KIR+ NK cells in LN. Taken together, these observa-

tions suggest that LN NK cell development may represent a “window” of the

developmental process that normally occurs in the BM.

In addition to this more conventional pathway of NK cell development, alterna-

tive pathways may exist. Mebius et al. first described a population of fetal LN cells

with the CD45loCD4+CD3�CD127+ phenotype that harbored NK cell as well as DC

potential [94]. These cells were later identified as lymphoid tissue inducer (LTi)

cells that are now recognized to play an important role in the organization of

secondary lymphoid structures (LN), as well as intestinal cryptopatches, Peyers’

patches, and isolated lymphoid follicles [95]. More recently, Cupedo and collea-

gues further characterized fetal and adult LTi cells and showed that they give rise to

a peculiar subset of CD127+ NK cells in vitro [96]. While the physiological

relevance of this alternate pathway is unclear, the NK cells developing from LTi

cells in vitro express intracellular granzyme B and perforin, and thus could partici-

pate in local immune responses.

NK cells found in the human spleen resemble that of the peripheral blood in

terms of phenotype and subset frequency (90% CD56loCD16+, 10% CD56hi

CD16�). This is not surprising given that most splenic NK cells appear to be

excluded from B and T cell follicles of the white pulp, and instead reside in the

splenic red pulp. In contrast, LN appears to preferentially recruit CD56hiCD16�NK

cells and as a result the ratio of CD56loCD16+ to CD56hiCD16� NK cells in the LN

is low (1:10) [97]. The predominant CD56hiCD16� NK cells in the LN express

higher levels of CD62L, CCR7, and CXCR3, which may mediate their preferential

recruitment to the LN under steady-state and inflammatory conditions [98–100].

IL-18 can induce NK cell expression of CCR7 and also reduces NK cell
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cytotoxicity towards activated DC, thereby promoting local increases in IL-12 and

IFN-g production [101]. Enhanced cytokine production by CD56hiCD16� NK cells

has been documented in the draining LN following interactions with activated

macrophages or DC [82, 102] and may play a role in promoting T helper 1

(TH1)-polarized immune responses [100, 103]. Thus, the preferential development

and/or retention of CD56hiCD16� NK cells within the LN may potently condition

the local immune responses and allow for more robust Th1 immunity in the face of

infection or inflammation.

5.2 NK Cells in Tissues: Thymus

About 20 years ago, thymus-resident NK cells were identified in the human and

mouse fetal and adult thymus by the Phillips, Ritz, Kumar, and Moretta labs

[104–107]. Thymic NK cells are an infrequent population representing about

0.5% of total thymocytes and enriched in the early immature thymocyte population

(CD3�CD4�CD8� cells). In the human thymus, there is an increased frequency of

CD56hiCD16� NK cells and during fetal development, this subset can represent up

to 70% of total thymic NK cells [107]. A proportion of thymic NK cells in humans

show a phenotype consistent with peripheral blood NK cells, and it is likely that some

thymic NK cells represent circulating mature NK cells that have developed elsewhere

and can reenter the thymus. Along these lines, previous studies have shown that

in vitro cultured thymic NK cells in mice and humans have a similar capacity as

peripheral blood NK cells to lyse NK-sensitive target cells [104, 106, 107].

While some thymic NK cells may represent recirculating BM-generated NK

cells, a local process of thymic NK cell development in situ is also supported by

experimental evidence. Early studies by Spits and colleagues and Zuniga-Pflucker

and colleagues showed that early thymocyte precursors in humans and mice

have bipotent T and NK cell potential that could be revealed at the clonal level

[4, 108–110]. More recently, the molecular mechanisms that drive NK development

in the thymus in mice were characterized, and were found to include the TF

GATA-3 and the cytokine IL-7 [111]. Moreover, CD127 (IL-7Ra chain) expression

was found on murine NK cells generated in situ in the thymus compared with those

deriving from recirculating peripheral BM-derived NK cells. Phenotypically,

CD127+ thymic NK cells bore lower frequencies of Ly49 receptors and were

CD16�. Functionally, thymic NK cells showed reduced cytotoxicity but heightened

cytokine production compared to their splenic counterparts [111]. Collectively,

these results identified essential pathways and signals that condition development

of NK cells within the mouse thymus.

Previous studies had demonstrated selective CD127 expression on human

CD56hiCD16� NK cells [112, 113]. Considering the similarities in phenotype

(CD16�, CD11blo, KIR/Ly49�) and function (enhanced cytokine capacity

and reduced cytotoxicity) between mouse CD127+ NK cells and human CD56hi

CD16�NK cells, we previously proposed that a functional diversification of NK

cells existed in humans and mice that was evolutionarily conserved [114]. The
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observations in mice also suggested that a fraction of human CD56hiCD16� NK

cells might have a thymic origin.

One phenotypic difference between human thymic NK cells and their peripheral

counterparts is the expression of intracellular CD3e (iCD3e) [106, 112]. A large

fraction of thymic NK cells including both CD16+ and CD16� subsets express

iCD3e, whereas peripheral blood NK cells do not [106, 112]. The significance of

iCD3e expression by thymic NK cells is unclear, but several explanations are

possible. First, iCD3e expression may result from signals present in the thymic

microenvironment. One obvious signal could involve Notch receptors and their

ligands. Alternatively, iCD3e expression could represent a remnant of a previous T

cell lineage differentiation event. The putative relationship between T cells and

thymic NK cells will be addressed below. While iCD3e expression by thymic but

not peripheral NK cells could indicate that thymic NK cells, once generated, remain

in the thymus, previous studies have shown that thymic NK cells can be exported

and populate secondary lymphoid organs including the spleen and LN [111].

As such, iCD3e expression might be extinguished in thymic NK cells once they

exit the thymus.

Recent in vitro studies have identified that signaling via Notch proteins (Notch

1–4) on hematopoietic progenitors can influence NK cell development. In the murine

system, several reports demonstrated that transient exposure of fetal or adult HSC to

Notch ligands strongly enhanced the generation of NK cells [115–117]; in contrast,

longer (or constant) exposure reduced overall output of NK cells but promoted T cell

development. Similar studies using human CD34+ HSC showed that while limited

Notch receptor triggering was compatible with NK cell development (but only in the

presence of high concentrations of IL-15), sustained Notch stimulation (especially

via the ligand delta-like-4) generally favored T cell development. Interestingly,

human NK cell generation from cord blood CD34+ progenitors in the presence of

Delta-like 1 and IL-15 resulted in NK cells with almost uniform expression of

iCD3e. In contrast, NK cells generated on stroma lacking Delta-like 1 were mostly

negative for iCD3e expression [112]. These results would suggest that Notch signals
within the thymus are critical for generating phenotypic (and functional?) character-

istics of thymic NK cells.

Are Notch signals critical for NK cell development in the thymus (or else-

where)? Previous studies using a conditional Notch-1 allele demonstrated that

absence of Notch-1 in murine HSC had no obvious effect on BM or splenic NK

cell development or homeostasis [118]. As deletion of Notch-1 (or deletion of the

common Notch receptor signaling intermediate RBPJ) completely eliminates T cell

progenitors in the thymus (Anne Wilson personal communication), the analysis of

thymic NK cell development in the absence of Notch-1 or RBPJ may shed light on

the putative developmental relationship between T cells and thymic NK cells.

Interestingly, thymic NK cell phenotype and homeostasis are completely intact in

the absence of signaling through all Notch receptors in the hematopoietic system in

mice (Di Santo, unpublished). Thus, while Notch signals within the thymic micro-

environment may condition some phenotypic properties of human (or mouse)

thymic NK cells, they are clearly not essential for thymic NK cell development.
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Moreover, development of thymic NK cells and T cells are clearly distinct and

likely involve nonoverlapping hematopoietic precursors.

Whether thymic NK cells participate in immune responses or play a role in

thymopoiesis is currently unknown. In any case, it appears that there is significant

NKP frequency within the immature CD3�CD4�CD56�CD1�CD7+ thymocyte

population [106, 119] and subsequent exposure to IL-15 via thymic epithelial

cells, myeloid cells, or IL-2 via T cells may be adequate to drive NK cell differen-

tiation in this environment. That said, the low frequency of thymic NK cells

indicates this process is not favored and/or inefficient. Further work is required to

identify the unique roles for thymic NK cells in mice and humans.

5.3 NK Cells in Tissues: Intestine

The intestinal immune system is an organized collection of diverse innate and

adaptive immune cells that reside and circulate through distinct lymphoid structures

including Peyers’ patches, cryptopatches, isolated lymphoid follicles, and mesen-

teric LN, as well as less-defined structures such as the intestinal epithelium and

lamina propria. While most adaptive immune responses in the gut are tuned towards

IgA secretion, a potential role for NK cells in this tissue could be envisaged at the

level of epithelial cell elimination under situations of stress and/or infection.

Several reports have documented the presence of NK cells in the intestine of

humans and mice [120–122]. These NK cells were found among both lamina

propria lymphocytes (LPL) and intraepithelial lymphocytes (IEL) with NK cells

from these two sources appearing largely identical in phenotype except for more

frequent expression of integrin b7 and aE by intraepithelial NK cells. In terms of

human NK cell subset distribution, the intestine resembles LN, with very few

(~10%) CD56loCD16+ NK cells present and subsequently a marked depletion of

KIR+ NK cells. The marked differences in chemokine receptor and integrin expres-

sion between the IEL and LPL NK cells and CD56hiCD16� NK cells from

peripheral blood may help to explain the preferential recruitment and retention of

NK cell subsets within the intestine. IEL and LPL NK cells express CXCR3 and

heterogeneously express the integrins b7 and aE, whereas their expression of

integrin aM (CD11b) and integrin aX (CD11c) is reduced compared to that of

CD56hiCD16� NK cells from peripheral blood. In terms of function, IEL and

LPL NK cells spontaneously express intracellular granzyme B and perforin, al-

though less than CD56loCD16+ NK cells, and efficiently lyse K562 cells ex vivo. In

addition, IEL and LPL NK cells secrete similar levels of IFN-g and TNF-a to

peripheral blood CD56hiCD16� NK cells in response to IL-12 and IL-18 [123].

Recently, an unusual population of innate lymphocytes bearing some NK cell-

related cell surface markers (including the natural cytotoxicity receptor NKp46)

have been identified in the intestinal tract of mice [124–126]. While these NKp46+

cells clearly lacked many “classical” NK cell markers (including NK1.1 and Ly49

receptors) and functions (noncytotoxic, no IFN-g secretion), they did express the
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TF RORgt and constitutively produced IL-22 [124–128]. Moreover, these NKp46+

cells differed from NK1.1+ cells in the gut by their normal development in the

absence of IL-15. Curiously, microbial flora were required to maintain these IL-22+

NKp46+ cells that played an important role in intestinal defense against the

pathogen Citrobacter rodentium [125–127]. While a similar population of IL-22+

NK cells has not been identified in the gut in humans, IL-22+ NKp44+ NK cells are

found in adult tonsils juxtaposed to the epithelium [127]. These observations

suggest that NK cell subsets present at mucosal surfaces may have unique functions

and open the possibility that NK cell diversification may be conditioned by local

environmental signals.

Further studies have clearly shown that hematopoietic precursors are contained

within the intestinal compartments. CD3�CD7+CD34+ cells are detected in the fetal

intestine from 7 weeks of gestation and a similar population can be found in adult

lamina propria (Lin�CD7+CD117+CD33+). The presence of these hematopoietic

precursors poses the question of whether LPL and IEL NK cells (and their precursors)

are generated in situ or are seeded from the peripheral circulation. Whatever the case,

their presence indicates that intraintestinal NK lymphopoiesis may be possible.

Considering the soluble factors (IL-7, IL-15) that drive NK cell development at

other sites (see above), transcripts for IL-7 and IL-15 have been detected in mouse

fetal intestine at levels equal to or greater than that in thymus [129]. Another

interesting observation concerning CD3�CD7+ cells in the human fetal intestine is

that over half of these cells express iCD3e. As many of these cells bear NK cell

markers, this indicates that iCD3e NK cells are found (and may be generated) outside

the thymus throughout the life of the organism [107, 112]. Notch receptor triggering

may drive iCD3e expression (see above), and abundant transcripts for Notch ligands

(Jagged 1 and 2 and Delta-like 1) are present in intestine throughout development

[130, 131]. In adult LPL, a clear population of lymphoid lineage negative, small

side light scatter, c-kit expressing cells were observed and extensively characterized

for TF and differentiation potential. This population was largely CD34�CD33+

CD38+CD45RA+, expressed high levels of Id2, PU.1, Spi-B1, lymphotoxins a and

b, and possessed NKP potential. The same study went on further to show that NK

cells were increased among LPL and IEL in Crohn’s diseases and that NK cell

differentiation from c-kit+ precursors from Crohn’s diseases LPL was accelerated

[123]. Given their production of IFN-g and TNF-a, which are involved in the

pathogenesis of Crohn’s diseases, the authors concluded that NK cells may be

involved in the chronic inflammation presented in Crohn’s diseases.

6 Human Immune System Mice to Study Human

NK Cell Biology

In vivo studies of NK cells have been largely restricted to mice and while this line

of experimentation is valuable, some of this knowledge will have limited impact on

our understanding of human NK cell biology. A clear example of this is NK cell
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development, where the kinetics, frequency, and phenotype are clearly different

between these two species [25]. A hybrid intermediate between murine and human

in vivo studies exists in the form of human immune system (HIS) mice. HIS mouse

model can be generated by engraftment of newborn Balb/c Rag2�/�gc
�/�mice with

purified human CD34+ hematopoietic stem cells (HSC) from fetal liver or cord

blood [2, 132]. HIS mice represent a practical model with high human cell chime-

rism, most lymphoid and myeloid lineages generated (although to varying degrees),

the capacity to elicit adaptive immune responses (with humoral responses being

more robust than T cell responses), and unlike earlier models, a notable lack of

spontaneous thymoma development [2, 132–134].

HIS mice provide a novel system to dissect human lymphopoiesis and immune

responses; however, little is known about the mechanisms that drive development

of human hematopoietic lineages in HIS mice. Human HSC, immature, mature,

and fully differentiated myeloid and lymphoid cells are observed in Balb/c

Rag2�/�gc
�/� HIS mice, suggesting that sufficient quantities of the different

growth factors required to initiate human hematopoiesis are available in this

context. While initially most if not all cytokines encountered by engrafted HSC

are murine in origin, human cytokines, produced by developing human hemato-

poietic cells could eventually influence human lymphoid differentiation in HIS

mice. Whether there is adequate cross-species reactivity or sufficient concentrations

of murine cytokines for human hematopoiesis in HIS mice is unknown.

NK cell development is generally poor in previous and current models of HIS

mice. Various approaches have been attempted to improve human NK cell homeo-

stasis in human CD34+ engrafted mice, including engraftment of fetal liver and

autologous thymic tissue [135] and repeated high dose (10 mg) injections of hIL-15/
Flt3L/SCF [136] in NOD/SCID mice, although human chimerism and development

of other lymphoid lineages were diminished in the latter study. Furthermore, human

NK cells generated following treatment with hIL-15/Flt3L/SCF appeared strongly

activated with uniform CD69 expression while only 20% expressed NKp46 [136].

This result suggested that the hIL-15/Flt3L/SCF cocktail, while boosting NK cell

numbers, was potentially altering NK cell homeostasis. Clearly, other methods to

improve NK cell numbers, in HIS mice, that would be simpler and less perturbing

should be identified.

We recently demonstrated that a problem with human NK cell homeostasis in

HIS mice is the availability of human IL-15 [60]. We considered that murine IL-15,

while abundantly available in the recipient mice, might not have adequate

biological activity on human IL-15-responsive cells. Using mixtures of murine

and human IL-15 and IL-15Ra, we were able to show that human IL-15 is much

more potent than mouse IL-15 in driving human NK cell survival and proliferation.

When human IL-15/IL-15Ra agonists were injected in HIS mice, improved NK cell

homeostasis and NK cell differentiation were observed [60]. Our findings that hIL-

15R agonists result in an accumulation of CD56loCD16+ NK cells in vivo is

consistent with the model that these cells represent a terminal stage in NK cell

development (reviewed in [73]). While not ruled out, it is highly unlikely that this

accumulation of CD56loCD16+ NK cells represents a specific expansion of this
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subset in response to IL-15 stimulation, as this subset appears refractory to IL-15

stimulation in vitro [59, 137]. In contrast, CD56hiCD16� NK cells readily proli-

ferate to IL-15 and the failure to observe an accumulation of this subset 7 days after

the final injection of hIL-15/IL-15Ra agonists indicates they have already differ-

entiated to CD56loCD16+ NK cells by this time.

In addition to increasing overall human NK cell homeostasis in HIS mice, IL-

15R agonists also markedly increased the frequency of KIR+ NK cells [60]. The

failure to observe accumulation of CD16+KIR+ NK cells in HIS mice transduced

with human CD34+ HSC ectopically expressing Bcl–XL suggests that NK cell

survival alone is not sufficient for differentiation and IL-15 mediated NK cell

proliferation (which is enhanced with hIL-15R agonists treatment) may be required

for KIR expression [60]. KIR can be acquired by KIR� NK cells in vitro in the

presence of stromal cells and IL-15 [59, 138]. Our findings demonstrate that this

maturation process can occur in vivo in HIS mice in the absence of nonhemato-

poietic self MHC-I expression. One practical application of this knowledge could

involve the treatment of patients recovering from hematopoietic cell transfer (who

have reduced KIR expression compared to healthy adults) [139, 140] with hIL-15R

agonists to accelerate NK cell reconstitution and maturation, thereby potentially

improving clinical outcomes. Use of hIL-15R agonists could promote graft recovery

in patients with deficiencies in the transporter associated with antigen processing

(TAP) that show a reduced population of CD56loCD16+ NK cells in the early period

after graft [141]. Lastly, hIL-15R agonists may find clinical applications during

various types of cancer immunotherapy.

The efficiency of IL-15R agonists in augmenting human NK cell development in

HIS mice will enable us to more readily dissect the developmental pathways and

signals involved in the generation of IL-15 dependent lymphocytes (NK cells,

memory CD8 T cells, NK T cell, and TCRgd T cells). Given obvious crosstalk

between innate and adaptive immune cells, having robust reconstitution of IL-

15-dependent cells improves the accuracy and application of HIS mice for studying

human immune responses to infectious pathogens and cellular transformation

events in vivo.

7 Concluding Remarks

Knowledge of the rules governing innate lymphocyte development (including NK

cells) has lagged behind that of T and B cells of the adaptive immune system. Even

in the late 1990s, schematic models for NK cell development in the mouse were

extremely simplistic with an NKP in the bone marrow and a mature NK cell in the

periphery (blood, spleen, etc.). Models for human NK cell development were based

mostly on in vitro culture systems and clearly underestimated the complexity of the

process. We still have much to learn about the signals and mechanisms that control

human NK cell development in vivo. Nevertheless, lessons from mice and novel

xenograft models that recapitulate some aspects of human NK cell development
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in vivo should provide a means to further dissect this process. A better understand-

ing of human NK cell development may provide avenues for developing novel

therapeutic approaches that could impact in the clinic.
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Diversity of KIR Genes, Alleles and Haplotypes

D. Middleton, F. Gonzalez-Galarza, A. Meenagh, and P.A. Gourraud

Abstract In this chapter, we discuss the vast polymorphism of the killer cell

immunoglobulin-like receptors (KIR), of the natural killer (NK) cell, which rivals

that of the HLA complex. There are several aspects of this polymorphism. Initially,

there is the presence/absence of individual KIR genes, with four of these genes

termed framework genes, being omnipresent, with very few exceptions, in all

individuals tested to date. Within each gene, alleles are present at different fre-

quencies. We show how these frequencies vary in different world-wide populations.

Another concept of the KIR complex is the division of an individual genotype

into A and/or B haplotypes, the former having a more inhibitory role and the latter,

a more activating role on the function of the NK cell. Family studies have been used

to ascertain the make-up of these haplotypes, inclusion of allele typing enabling

determination of whether one or two copies of a particular gene is present.

The KIR gene complex is rapidly evolving not only at the genetic level but

additionally at the functional level with different alleles having different protein

expression levels and different avidity with their HLA ligand.

We provide details of a new website, which enables convenient searching for

data on KIR gene, allele and genotype frequencies in different populations. Finally,

we expand on our original algorithms, using additional family data, to give details

on mathematical methods for estimation of haplotypes from genotype data.
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1 Introduction

Natural killer (NK) cells are an intrinsic component within the immune response,

specifically modulating the innate targeting of infected and transformed malignant

cells [1].

NK cells were discovered because of their ability to kill certain tumor cell lines,

which expressed little or no major histocompatibility complex (MHC) class I mole-

cules [2]. This led to the “missing-self” hypothesis which formulated that NK cells

recognize and, thereafter, eliminate cells that fail to express self-MHC molecules.

The cytolytic activity of human NK cells is modulated by the interaction of

inhibitory and activating membrane receptors, expressed on their surface, with

MHC class I antigens expressed by host cells. The receptors belong to two distinct

families, C-type lectins-like group (CD94/NKG2) mapping to chromosome

12q1.3–13.4 and the immunoglobulin-like superfamily consisting of the killer cell

immunoglobulin-like receptors (KIR), leucocyte immunoglobulin-like receptors

(LIR) and the leukocyte-associated immunoglobulin-like receptors mapping to

chromosome 19q13.4 [3–5]. KIR are the most variable of these receptors, interact-

ing with the very polymorphic human leukocyte antigen (HLA) system and thus

have been the subject of intense investigation.

Through KIR and other receptors NK cells also maintain wide-ranging interac-

tions with other immune cells such as macrophages and dendritic cells, producing

more extensive effects on the immune system as a whole, through stimulation of

cytokine production and induction of cytotoxicity [6]. This intracellular crosstalk

not only provides a beneficial role but can also produce a detrimental effect, which

may play a role in the development of autoimmune disorders [7–9] and less

common conditions such as preeclampsia [10]. It has also been shown that haema-

topoietic stem cell engraftment may be improved by careful selection of KIR

mismatches in relation to the HLA types of the donor and recipient [11], or that

presence of certain KIR receptors leads to improved survival [12].

KIR have highly variable genetic make-up and are one of, or may actually be, the

most rapidly evolving human families. Variation is due to gene and allele content,

giving rise to haplotype diversity and leading to a staggering number of different

genotypes. This diversity is compounded by functional diversity (variegated

expression, ligand- binding specificity and inhibitory strength).

2 KIR Genes

2.1 Nomenclature

Interactions between KIR and their appropriate ligands on target cells result in the

production of positive or negative signals, which, in effect, regulate NK cell

function [13, 14]. Intense research interest over the last few years has seen a clearer
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picture emerge on the genomic organization of the KIR [15, 16] and the extent of

KIR diversity within the human population [17, 18]. To date, 15 distinct KIR gene

loci have been identified which vary with respect to their presence or absence on

different KIR haplotypes, creating considerable diversity in the number of KIR

genotypes observed in the population. This extensive diversity caused by genomic

recombination events means that the distinction between separate genes or alleles

of the same KIR is not always clear. Although sometimes in this review we refer to

them separately, KIR3DL1 and KIR3DS1 are designated as KIR3DL1/S1 and

KIR2DL2 and KIR2DL3 as KIR2DL2/3 respectively. Each KIR gene encodes

either an inhibitory or an activating KIR, except KIR3DL1/S1 which encodes

either, depending on which allele is present. KIR have either two or three extra

cellular Ig domains, called 2D or 3D and either a long (L) or a short (S) intracellular

domain. A subcommittee of the WHO Nomenclature Committee for Factors of the

HLA System has reported on the naming of the genes and the alleles of the genes

encoding the KIR [19]. The names given to the KIR genes are based on the

structures of the molecules they encode (Fig. 1). The first digit following the KIR

acronym corresponds to the number of Ig-like domains in the molecule and the “D”

denotes “domain.” The D is followed by either an “L,” indicating a “long” cyto-

plasmic tail, (these proteins have inhibitory function), or “S” indicating a “short”

cytoplasmic tail, (these proteins have activating function), or a “P” for “pseudo-

gene.” The final digit indicates the number of the gene encoding a protein with this

structure. Where two or more genes have very similar structures and have very

similar sequences, they may be given the same number but distinguished by a final
letter, for example, the KIR2DL5A and KIR2DL5B genes [20]. KIR2DL4 shares

structure features with both inhibitory and activating KIR and although initial

 KIR2DL1*0030202

First 2DL protein described 

Long cytoplasmic tail 

Two Ig-like domains 

Acronym

Separator

Member of the third series of
KIR2DL proteins 

Differs from other KIR2DL1*003
proteins by a synonymous DNA
substitution within the coding region

Differs from other
KIR2DL1*00302 alleles by a
DNA substitution within a non-
coding region 

Fig. 1 Nomenclature of KIR genes and alleles
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observations suggested only an inhibitory role, evidence has also been produced

later for an activating function [21]. KIR alleles are named in a similar fashion to

alleles of the HLA system (Fig. 1). Thus, the first three digits distinguish alleles

differing in exon sequences that lead to nonsynonymous changes; the next two

digits indicate alleles that differ in exon sequences leading to synonymous changes

and the last two digits are used for those alleles that only differ in an intron,

promoter or other noncoding region.

2.2 Ligands

The HLA class I molecules are the ligands for several of the KIR genes. Two groups

of HLA-Cw alleles differ by the amino acid present at position 80 of the molecule.

Approximately, 50% of known HLA-Cw alleles are in each group. HLA-C group 1

with asparagine at position 80 provides the ligand for KIR2DL2 and KIR2DL3,

whilst HLA-C group 2 with lysine at position 80 provides the ligand for KIR2DL1.

However, a very recent report has shown that whereas KIR2DL1 has only interac-

tion with HLA-C2 group, KIR2DL2 and to a weaker extent KIR2DL3, bind to

HLA-C2 group [22]. Although the binding of KIR2DL2 to HLA-C2 group is

usually weaker than the corresponding binding of KIR2DL1 to HLA-C2 group,

some alleles, notably HLA-Cw*0501, a HLA-C2 group allele, bind similarly to

HLA-C1 alleles. Two positions, one in each of the domains D1 and D2, determine

binding differences between KIR2DL2 and KIR2DL3. The authors believed that

the binding of KIR2DL2 and KIR2DL3 to HLA-C2 group should be considered in

disease analysis.

KIR3DL1 has specificity for the HLA-B molecules with an HLA-Bw4 epitope at

residues 77–83. The HLA-Bw4 epitope is also present on some HLA-A molecules.

KIR3DL2 has specificity for the HLA–A3 and –A11 allele families but only when

certain virally derived peptides are loaded. Finally, HLA-G is the receptor for

KIR2DL4. HLA-C would appear to be the most important in the regulation of

NK cells as all individuals will carry an HLA-Cw allele while approximately 25%

of individuals will not have the HLA-A or HLA-B ligands [23].

2.3 A and B Haplotypes

Two haplotype groups, A and B, have been identified based on KIR gene content.

These haplotypes were initially described using HindIII digestion and Southern blot

analyses resulting in a 24-kb band being present in group B and absent in group A

[24]. The basis of each A or B haplotype consists of four framework genes:

KIR2DL4, KIR3DL2, KIR3DL3 and KIR3DP1. Duplication and deletion of

genes have led to many different haplotypes (Fig. 2). The A haplotype is generally

less variable in its gene organization, utilizing up to eight genes: those of the
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framework and KIR2DL1, KIR2DL3, KIR2DS4 and KIR3DL1. Variability within

the A haplotype is produced by the tendency towards allelic diversity of the genes.

Of the 292 alleles reported to date, 216 are from the nine inhibitory genes, whereas

64 are from the six activating genes (Table 1) [19, 25]. The remaining 12 alleles are

contributed by the pseudogenes KIR2DP1 and KIR3DP1. The only activating gene,

bar KIR2DL4, on the A haplotype is KIR2DS4.

The B haplotype is defined by the presence of one or more of the genes encoding

activating KIR, KIR2DS1/2/3/5, KIR3DS1 and the genes encoding inhibitory KIR,

KIR2DL5A/B and KIR2DL2. Those genes (KIR2DL1, KIR2DL3, KIR2DS4 and

KIR3DL1) normally associated with the A haplotype can also be found on the B

haplotype. Variability on the B haplotype is created mainly by the presence or

absence of the genes and, to a lesser extent, by allele variability. The genes

encoding inhibitory KIR are nearly always present in populations at frequencies

greater than 90%. The exceptions are those on the B haplotypes; KIR2DL2 (which

is believed to be allelic with KIR2DL3) and the KIR2DL5 genes, KIR2DL5A and

KIR2DL5B.
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Fig. 2 Two groups of KIR haplotypes (A and B)

Table 1 Number of alleles for each KIR gene

2DL1 15 2DS1 12 2DP1 5

2DL2 5 2DS2 10 3DP1 7

2DL3 7 2DS3 7

2DL4 26 2DS4 11

2DL5A 8 2DS5 10

2DL5B 13 3DS1 14

3DL1 49

2DL2 38

3DL3 55
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Full haplotype-length sequencing has been performed for KIR haplotypes [15,

16, 26]. The order of the genes on each haplotype has been mapped with KIR3DL3

at centromeric end, KIR3DL2 at telomeric end and KIR2DL4 in the middle.

2.4 Methods to Detect KIR Genes

The most popular methods used to date for determination of presence or absence of

KIR genes have been sequence specific primers (SSP) [24, 27–29] and sequence

specific oligonucleotide probes (SSOP) [30]. These methods do not distinguish

between homozygotes and heterozygotes at a given locus. During the development

of the techniques variation in results were found between laboratories [31, 32].

Virtually all these difficulties have been overcome and many laboratories now take

part with 100% success in the typing of samples from the UCLA cell exchange [33].

Several groups have provided KIR typing information on lymphoblastoid cell-lines

to act as reference material for these typing methodologies. Results of typing of cell

lines, including allele typing, are included on the website www.allelefrequencies.

net [34]. Data are available for 84 International Histocompatibility Workshop

(IHW) cell lines and 12 CEPH families from the 13th IHW.

The growth in the number of alleles, discovered to date, and the similarities in

sequences of alleles, even those of different KIR genes, indicate that SSOP and SSP

methods, although initially applied, will no longer be sufficient for allele determi-

nation. A method to separate the two haplotypes present in an individual would

prove very beneficial, not only for allele typing but to determine the order of genes

on a haplotype. Such a method has been reported [35] but unfortunately has not yet

enjoyed much success in other laboratories. Some laboratories have resorted to

sequencing for allele determination whilst others have used mass spectrometry or

pyrosequencing [12, 23, 36]. We are attempting in our laboratory to use real-time

RT-PCR, which not only could prove useful for allele determination but also for

determining copy number of either gene or allele.

2.5 Gene Frequencies in Different Populations

There is a wide variation in the frequencies of KIR genes in world-wide popula-

tions. We have examined the website www.allelefrequencies.net which contains

data for 136 populations [34]. Most of the population data is taken from publica-

tions and information on the publication and demographic details of the populations

are given on the website. The populations have been named according to country

name, region and ethnicity. Analysis shows that the framework genes are present

with very few exceptions in all individuals. The inhibitory KIR are present in the

majority of individuals, whereas activating KIR show great variation in presence/

absence in the populations studied.
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To date, publications have reported only four individuals negative for KIR2DL4;

One CEPH family member [29], one from the Bubi population on Bioko Island

Equatorial Guinea [37] and two from South Asia [38]. However, in a study in 77

Caucasian families, we found two haplotypes on different individuals which were

missing KIR2DL4 [39]. Individuals have been reported to the website as being

negative for KIR2DL4 and the other framework genes KIR3DL2 and KIR3DL3.

Unfortunately, it is not possible to verify if some of these reports are due to

inaccurate typing. KIR2DL4 has been reported as negative, in addition to the

occasions mentioned previously, in one Brazilian individual. Six populations

have a total of 13 individuals without KIR3DL2, five populations have a total of

10 individuals without KIR3DL3 and 8 populations have a total of 15 individuals

without KIR3DP1. The other pseudogene, KIR2DP1 is present in all populations at

greater than 90% with two exceptions, Amerindian populations from Argentina: the

Salta Wichis have 84.2% and the Chiraguanos 84.0%.

The inhibitory KIR, KIR2DL1 and KIR2DL3 have very high frequencies (90%)

in most populations but there are exceptions. Reports of 136 populations show that

15 populations have less than 90% frequency for KIR2DL1 notably Taiwan (65%),

Australian Aborigines (72%), Venezuela Yucpa (70.5%). Frequencies of KIR2DL3

are usually between 80% and 100%, although six populations have frequencies less

than 70%. Three of these populations are from Africa – South Africa San, South

Africa Xhosa and Congo Mbut. KIR2DL2, which is believed to be allelic to

KIR2DL3 tends to have frequencies in the range 40–60%. Again, there are marked

exceptions with much lower frequencies being found in all six Japanese populations

reported (8.5–15.4%) and much higher in the San, Xhosa and Australian Aborigine

populations (72–79%). One very high frequency (95.5%) has been reported in

Papua New Guinea Nasioi, which correspondingly has the lowest frequency

(59%) reported to date for KIR2DL3. The Taiwan Taroko Atayal population does

not have KIR2DL2 or its activating counterpart KIR2DS2. A very small percentage

of individuals (0.21%) on the website are negative for both KIR2DL2 and

KIR2DL3.

KIR3DL1 has generally very high frequencies (>90%) with 10 populations

having a frequency of 100%, and 16 populations having frequencies of 80–90%.

Five populations have lower frequencies. Again, these populations tend to be

indigenous – Australia Aborigines (55%), Papua New Guinea Nasioi (59.1%),

Brazil Amazon (65%), Venezuela Yucpa (70.5%), Mexico Pima (76.8%).

Very little data is available for the other genes encoding inhibitory KIR, KIR2-

DL5A and KIR2DL5B, mainly because until recently these genes were not differ-

entiated and reports gave a combined frequency for the two genes. In the 11

populations with data for these two genes the tendency is for frequencies for both

genes to be in the 20–40% region, exceptions being China Zhejiang Han (5.8% for

KIR2DL5B) and Comoros (13% for KIR2DL5A).

There is a much wider range of frequencies for the activating KIR, indicating a

much wider frequency of B haplotypes. There is also within individual populations

marked variation in the frequency of each of the activating KIR. B haplotypes have

previously been shown to be more prevalent in non-Caucasian populations such as
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Australia Aborigines and Asian Indians [38, 40–42], whereas in Caucasian popula-

tions approximately 55% of the population will have A haplotypes and 30% have

two A haplotypes [43]. It is believed that populations with higher frequencies of B

haplotypes will be those under strong pressure from infectious diseases. KIR2DS1

has four populations with greater than 80% frequency :Australia Aborigines, Brazil

Amazon, Brazil Rodonia Province Karitiana and Papua New Guinea Nasioi but

three African populations with less than 10%: Central Africa Republic Bagandu

Biaka, Ghana and Nigeria Enugu Ibo. Similarly, KIR2DS2 has high frequencies

(>70%) in nine populations (e.g., Australia Aborigines, South Africa San and

Xhosa and populations from India) but very low frequencies in Japan (8.5–16%),

S. Korea (16.9%) and China (17.3%). The low frequencies of KIR2DL2 and

KIR2DS2 in Asian populations would correspond to an earlier report of high

frequency (75%) of the A haplotypes in Japanese [44]. In all populations, the

frequencies of KIR2DL2 and KIR2DS2 are very similar owing to the high linkage

disequilibrium (LD) between these genes.

KIR2DS3 tends to have lower frequencies – only eight populations have >40%;

these are in India, and Australian Aborigines which has the highest at 81%. Many

populations have very low frequencies (<10%) and in some of the South American

Amerindian populations KIR2DS3 is absent – Argentina Salta Wichis, Mexico

Tarahumaras, Venezuela Bari and Venezuela Yucpa [45, 46]. The frequency of this

gene is also low in Japan and China.

The KIR2DS4 gene is present in seven populations at 100% – either from

Africa or African Americans in USA. However, it has also low frequencies –

Costa Rica (31%), Australian Aborigines (52%) Taiwan (59.4%). KIR2DS5 is

nearly always present in frequencies from 20% to 60%, with a tendency to be the

highest in India, Amerindian populations from Argentina, Mexico Venezuela and

San and Xhosa from S. Africa. Notably the population Brazil Amazon has a

frequency of 90%.

KIR3DS1 has much lower frequencies than KIR3DL1. However, 13 popula-

tions have been reported to have frequencies > 60%. These populations are from

Mexico, India, Brazil, Australia Aborigines, and Venezuela. In Indian populations

differences range from 37% to 69% [47] (it is interesting that the Indian popula-

tions have similar frequencies for many of the genes but not for others; in addition

to KIR3DS1, KIR2DS3 varies between 20% and 63% and KIR2DS5 between 39%

and 66%). Conversely, some African populations have very low frequencies

(<10%) of KIR3DS1: San (2.2%), Xhosa (4%) Nigeria (3.4% and 6.3%) Senegal

(4%) Kenya (0.7%) Ghana (4.9%) Central Africa Republic Bagandu Biaka

(2.9%). Selection against having KIR3DS1 has been reported in African popula-

tions [23]. Obviously there is a close inverted correspondence between the freque-

ncies of KIR3DL1 and KIR3DS1 in an individual population. A very small

percentage of individuals (0.34%) are negative for both KIR3DL1 and KIR3DS1.

Thus the estimation made by Gardiner and colleagues in 2001 that haplotypes

without KIR3DL1 and KIR3DS1 would be present at 7% giving a frequency of

individuals not having either KIR3DL1 or KIR3DS1 at 0.5% has proven very

accurate [48].
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More detailed analysis can be performed on the website (see Sect. 4) but in

general it can be seen that it is the indigenous populations especially Aborigines and

Amerindians who have outlying frequencies. Interestingly, despite each population

having a few haplotypes, diversity of the Venezuelan Amerindian populations is

high [46]. All KIR genes are present at >70% with the exception of KIR2DS3,

which is actually absent in two of the three populations investigated.

Such extensive diversity between modern populations may indicate that geo-

graphically distinct diseases have exerted recent or perhaps on going selection on

KIR repertoires. The differences in frequencies thus make the choice of controls for

disease studies very important for all populations.

We attempted to link the published data by analyzing all populations submitted

to the website www.allelefrequencies.net which had data for 13 KIR genes (ex-

cluding KIR2DP1 and KIR3DP1) [49]. The 56 populations examined grouped with

a few exceptions according to a geographical gradient, using neighbor-joining

dendrograms and correspondence analysis. Subsequent to this publication we

recently selected 38 of the 56 populations which we considered to be well defined

in the anthropological sense. We found that based on KIR haplotype B genes (i.e.,

mainly genes encoding activating KIR) the populations were related to geography

like a good anthropological marker such as HLA or Y chromosome. However, the

results based on the KIR haplotype A (i.e., mainly genes encoding inhibitory KIR)

did not show such a correlation [50].

2.6 Rapid Diversification

The different population distribution from these studies indicates that KIR genes

have been through rapid diversification and KIR alleles may have been under

selection due to functional significance. Several studies have found that balancing

selection, which maintains diversity, is the principle selective force acting on the

KIR locus [23, 46]. Different mechanisms created and maintained diversity within

the KIR genes including point mutations and meiotic recombination events such as

gene conversions and crossovers [51]. Domain shuffling, due to meiotic recombi-

nation, has also been advanced as the mechanism for formation of new KIR

receptors [52]. There is little conservation of KIR genes between species and indeed

only two KIR genes (KIR2DL4 and 2DL5) have been preserved through hominoid

evolution [52]. The diversification is thought to be more rapid for KIR genes than

HLA, as HLA genes in humans and chimpanzees are more similar in sequence than

their KIR counterparts [14, 53]. Even the CD94–NKG2 receptors are much more

similar in chimpanzees and humans than KIR. Interestingly, the HLA ligands for

KIR genes are highly polymorphic whereas those for CD94–NKG2 are not.

The KIR genes are very similar in their sequence. Misalignment of homologous

chromosomes preceding meiotic recombination may lead to unequal crossing-over.

This, in turn, can lead to duplication or deletion of genes resulting in shorter or

longer haplotypes and facilitating rapid diversification of the KIR gene complex.
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Initially it was believed that receptors KIR3DL1 and KIR3DS1 were products of

different loci but it is now established that they segregate as alleles of the same

KIR3DL1/S1 locus [54, 55]. This has been noted by the nomenclature committee

who, although they still name alleles as either KIR3DL1 or KIR3DS1, use a

noncoinciding numbering system for these alleles. However, two studies identified

two copies of both KIR2DL4 and KIR3DL1/S1 on one haplotype [56, 57]. Further

work on this topic showed that 4.5% of Caucasian individuals had a recombinant

allele of the pseudogene KIR3DP1 which associated strongly with gene duplica-

tions of KIR2DL4 and KIR3DL1/S1 and was possibly formed by recombination of

KIR3DP1 and KIR2DL5A [58]. The reciprocal haplotype lacking the KIR3DL1/S1

and KIR2DS4 has also been found [58]. A practical issue from this recombination

event is that it would not be possible (without family studies) to ascertain if

individuals have two copies of the one allele or when using SSOP as the detection

system if the probe pattern for one allele was contained within the probe pattern of

another allele. Several individuals have been reported to have two KIR2DL5 alleles

on the same haplotypes, one being KIR2DL5A, the other KIR2DL5B [20]. Again,

emphasizing possible unequal recombination we have reported a haplotype which

has two alleles of KIR2DL5A [39].

3 KIR Alleles

Few studies have looked at alleles of the KIR genes. One exception and probably

the first study examined the alleles of KIR2DL1, -2DL3, -3DL1 and -3DL2 in 34

families [59]. The authors reported LD between the alleles in different haplotypes.

Strong LD existed between KIR2DL1 and 2DL3 alleles in the centromeric half and

KIR 3DL1 and 3DL2 alleles in the telomeric half, but these two sets of pairs had

little LD between them and appeared to define the two halves of the KIR gene

complex. This study was the first to show that in addition to gene content, diversity

of KIR was due to allele polymorphism and the combination of gene content and

allele differences resulted in the vast majority of individuals having different KIR

genotypes. A further study on individuals from North India determining alleles of

KIR2DL1, 2DL3, 2DL5, 3DL1 and 3DL2 showed that all individuals had different

KIR genotypes [42].

Emphasizing the growth in the discovery of KIR alleles is that 87 alleles were

reported in the first KIR nomenclature report in 2002 but 292 alleles reported by

September 2008 on the IPD-KIR database (Table 1) [19, 25]. This fully curated

database is the location for the sequence of all the KIR alleles. Notably, growth in

the number of recognized alleles can be seen for some genes more than others due

to the fact that some laboratories have concentrated on investigations on one gene.

For example, the number of alleles at KIR3DL1/S1 has increased from 15 to 63

mainly due to the work performed by the group of Parham who identified 34 new

alleles in one study on KIR3DL1/S1 in many populations [23].
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3.1 Allele Level Haplotypes

We previously examined KIR genes and alleles in 77 Northern Ireland families [39]

and include herein a further 27 families, in addition to further allele systems as

described below. Gene content was first ascertained [30] and those genes present

were allele typed [60–66]. Since our initial report we have added SSOP typing

systems for alleles of 2DL1, 2DL2, [65, 66] and 2DS3 (unpublished results). We

have also expanded the typing system for KIR2DL4 in order to differentiate the run

of nine Adenines (2DL4-9A) and ten Adenines (2DL4-10A) at the end of the

transmembrane domain sequence of this gene. By virtue of a frame shift the 9A

alleles have a premature stop colon and are not transcribed.

By using families whose inheritance had been confirmed by HLA typing and

with knowledge of the alleles of a gene it was possible to ascertain if an individual

had one or two copies of the gene, although it was necessary to make some

assumptions [39]. Of the 209 genotypes of the parents of the 104 families (haplo-

type information was derived from three parents in one family), there were 26

different genotypes using gene content alone, but there were 188 (90%) different

genotypes allowing for allele information, not surprising considering the previous

reports of Rajalingam et al. [42] and Shilling et al. [59]. It is worth emphasizing that

the Northern Ireland population is very homogeneous and drawn from a Caucasian

population of 1.5 million, with very little immigration. These genotypes were

devolved from 122 different haplotypes from the total 418 haplotypes (Table 2).

Of these, 48 were A and 74 were B. Sixty-six haplotypes only occurred on one

occasion. In total, 230 (55%) of haplotypes were A and 188 (45%) were B. The

percentage of individuals who were homozygous for the A haplotype was 32.3%,

the percentage homozygous for the B haplotype was 12.1% and 55.6% of indivi-

duals had both A and B haplotypes.

Interestingly those genes normally thought of being on A haplotypes, KIR3DL1,

KIR2DS4, KIR2DL1, KIR2DL3, were also present on 45, 42, 47 and 20 different B

haplotypes and 102, 99, 113 and 52 of the total B haplotypes, respectively. Ninety-

six B haplotypes had both KIR3DL1 and KIR2DS4. However, in A haplotypes,

KIR2DL1, KIR2DL3, KIR3DL1, KIR2DS4 were always present. The exception

was one haplotype which we later showed to have these genes deleted, similar to a

previous report [38] and this was reassigned as a B haplotype. This led us to define a

genotype as AA, AB, or BB according to the following. If none of the following

genes (2DL2, 2DL5A, 2DL5B, 2DS1, 2DS2, 2DS3, 2DS5, 3DS1) are present we

term the genotype AA. If any of these genes were present we term the genotype AB,

as long as KIR2DL1, KIR2DL3, KIR2DS4 and KIR3DL1 are all present. However,

if any of these four genes are missing, we term the genotype BB. A very small

minority of genotypes show exception to this definition – see Sect. 4.

Some alleles of the two framework genes that we allele typed (KIR2DL4,

KIR3DL2), occurred more frequently on the different B haplotypes (n ¼ 74) than

the different A haplotypes (n ¼ 48). Most notable of these was the occurrence of

KIR2DL4*00501, which is expressed at the cell surface, on 43.6% of B but absent
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from A and KIR3DL2*007 on 43.6% of B but only 1.3% of A. In those genes that

have been thought to be on A haplotypes (KIR2DL1, 2DL3, 3DL1, 2DS4) but

which we found at a high occurrence on B haplotypes, there was little difference in

the frequency of specific alleles on an A compared to a B haplotype, except the

absence of KIR2DL1*00401 on A haplotypes, this allele being the most common

allele of KIR2DL1 on B haplotypes at 27.7%.

Another interesting variation in the frequency of the KIR alleles is the occur-

rence of the two versions of KIR2DS4, one with the full sequence and one with a

short deletion. The deleted version has a 22 bp deletion in exon 5 which causes a

frame shift leading to a stop codon in exon 7 [69] and it is believed that this version

is not expressed at the cell surface. The deleted version (either KIR2DS4*003, 004,

006) is quite common, at 80% in the Northern Ireland population and nearly 60% of

the population will only have the deleted KIR2DS4. There is a trend for decreased

frequency of the deleted version in those populations which are homozygous for the

A haplotypes [70]. Interestingly, we found that 30 (62.5%) of the different A

haplotypes and 155 (67.4%) of total A haplotypes contained both a deleted version

of KIR2DS4 and one of the 2DL4 -9A alleles. Indeed all A haplotypes with 2DL4-

9A also had a deleted version of 2DS4, although not all A haplotypes with a deleted

version of 2DS4 had 2DL4-9A. In those individuals who have the genotype AA,

43.1% do not have an activating KIR, leading to 13.9% in the overall population not

having an activating receptor.

In general, the typing of additional genes to allele level or increasing allele

resolution after the initial publication of original data from 77 families [39] did not

dramatically increase the number of different haplotypes, although it did change

our understanding of their content. Addition of KIR2DL1, KIR2DL2 and KIR2DS3

allele data produced four, three and zero new different haplotypes, respectively.

However, the addition of 27 new families to the haplotype study resulted in the

definition of 19 new individual haplotypes, some of which occurred more than

once. This would indicate that even in a small homogeneous population, the number

of families (77 in the original report) needs to be greatly increased to cover all

potential haplotype variation.

A report of allele frequency data in a Japanese population showed that for the

KIR genes KIR2DL1, KIR2DL2/2DL3, KIR2DL4, KIR3DL1/S1, KIR3DL2 and

KIR2DS4, one allele at each gene was at a very high-frequency (44–89%) com-

pared to the next frequent allele [67]. This is not the case in the Northern Ireland

population, emphasizing the conclusion reached by Yawata and Parham of the

skewed distribution of KIR variants in the Japanese population, which reflected a

distinct history of directional and balancing selection [67]. What is also worth

noting in our study is the difference in homozygosity of alleles of some of the

high frequency genes [39]. This is not due to one allele being represented at a

high frequency relative to other alleles. It may be that in addition to being useful

enough to be present in nearly all individuals, there is an advantage in being

heterozygous at the allele level for KIR2DL4, KIR3DL1 and KIR3DL2, whereas

this is not the case for KIR2DL3 or KIR2DS4.
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3.2 Other Populations

We reported the allele frequencies in five populations selected from various regions

of the world [49]. More than 90% of individuals from four populations (Brazil,

Cuba, Oman and Xhosa) had unique genotypes. However, in the Hong Kong

population only 64% of individuals carried a unique genotype. Indeed, there were

three genotypes that were present in 11%, 9% and 6% of this population. This

suggests that this population may have been drawn from a relatively small pool.

However, allele typing at other KIR loci or the discovery of new alleles may prove

that even in this population, all genotypes are unique – we did not examine alleles

of KIR3DL3 (n ¼ 37) or KIR2DL1 (n ¼ 14).

The framework genes (KIR2DL4 and KIR3DL2) and genes normally found on

the A haplotypes (KIR2DL3, KIR2DS4 and KIR3DL1) were represented by several

alleles [49]. Whereas there is a more equal distribution in frequency of alleles of

these genes in the Brazilian, Omani and Cuban populations, the Xhosa and Hong

Kong populations have usually one allele at a much higher frequency than the

others, although this does not happen to the same extent at the KIR2DL4 gene.

Certain alleles had high frequencies in one population but not in the other popula-

tions. Although many new alleles were found, several known alleles were not found

in any of the populations and it may be that these alleles are very rare or were

originally incorrectly sequenced. Sequencing of alleles of the KIR genes is indeed

problematic – the size of the introns makes it difficult to sequence from genomic

DNA and similarities in the sequences of alleles from different genes also cause

problems.

There was a marked difference in the number of alleles found according to

whether the gene is normally found on A or B haplotype. The limited polymor-

phism in genes found only on B haplotypes has been previously reported [55, 67].

It is not clear if the B haplotype, with its many gene arrangements, does not

require allele polymorphism or if natural selection has acted against variability at

the allele level of these genes because of possible autoimmune destruction. More

likely is that the genes encoding activating KIR evolved from genes encoding

inhibitory KIR and are short-lived in comparison to the genes encoding the

inhibitory KIR [68]. Thus, there may not have been enough time for polymor-

phism to develop, or perhaps more polymorphic genes encoding the activating

KIR no longer exist.

Apart from the studies previously mentioned, there is little data on allele

frequencies in different populations, with one exception, the large population

study in 28 populations on 50 KIR3DL1/S1 alleles by Norman and colleagues

[23]. Whereas KIR3DS1*013 accounted for 97% of occasion when KIR3DS1 was

found, and was found in all 28 populations examined, other KIR3DS1 alleles were

very rare and restricted to one population. This, in contrast to KIR3DL1, where

KIR3DL1*1502 was the most frequent allele at 34% [23]. Allele data from a further

six to nine populations are available on www.allelefrequencies.net for KIR2DL1,

2DL3, 2DL4, 3DL2, 2DS4.

Diversity of KIR Genes, Alleles and Haplotypes 79

http://www.allelefrequencies.net


Determination of alleles is also useful for positioning of KIR genes on a

haplotype. Recently, KIR2DS3*00103 has been shown to map to the centromeric

side, and KIR2DS3*002 and KIR2DS3*003N to the telomeric sides of the haplo-

type [71]. KIR2DS5*002 was also shown to map to the same telomeric position as

KIR2D3*002/003N thereby implying that these alleles belong to a single locus. We

have extrapolated this work to our family data by determining the KIR2DS3 alleles.

KIR2DS3 was present on 67 (16%) of the 418 haplotypes. None of the four

haplotypes positive for KIR2DS3*002 or KIR2DS3*003N had KIR2DS5. Ten

haplotypes which had two copies of KIR2DS3 (*00103 and *002), demonstrating

that these variants are not true alleles of each other, were negative for KIR2DS5. In

53 haplotypes positive for KIR2DS3*00103, KIR2DS5*002 was present in 17.

KIR2DS5*002 is the only KIR2DS5 allele found in the Northern Ireland population

[66]. Thus, it would appear that KIR2DS3 alleles *002 and *003N are allelic to

KIR2DS5*002 and KIR2DS3*001 forms a separate gene, emphasizing that we

have still much to learn of the generic make-up of KIR.

4 Website and KIR Genotypes

At present, on the website there is data for KIR gene and allele frequencies in 159

populations (18,152 individuals) with 81 populations having genotype information.

The data are available in two formats; KIR gene or allele frequencies (Fig. 3) and

KIR genotypes (i.e., presence or absence of KIR genes) (Fig. 4). Phenotypic freq-

uencies (individuals in a population having that gene or allele) are stored as

percentages and allele frequencies are stored in three decimal format.

KIR genotype database consists of 280 different genotypes found in 8,246

individuals from 81 populations distributed around the world. Western Europe,

Fig. 3 KIR allele frequency search
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Asia and South and Central Americas cover 69% of total individuals tested

(Table 3). It is notable that Eastern Europe presents 111 distinct genotypes com-

pared with the 136 genotypes reported in Western Europe despite the difference in

the number of populations tested (5 and 18, respectively). Only two genotypes

occur in all ten geographic regions, whereas 18 of the genotypes appear in only a

single (different) region. According to the analysis, many genotypes only occur in

one individual in one population (Table 4). Only seven genotypes are very common

being reported in more than 50 of the 81 populations and representing 5,659

(68.7%) of the total of individuals tested (Table 4).

Six distinct AA genotypes are present in 2,573 individuals representing 31.2% of

individuals. AB has 90 genotypes in 4,375 (53.1%) individuals whereas BB has 184

genotypes but only in 1,298 (15.7%) individuals. This again emphasizes the varia-

tion in gene content in B haplotypes. One AA genotype is present in all 81 popula-

tions, a total of 2536 (30.8%) individuals. Other common genotypes are shown in

Fig. 5. The KIR genotypes were grouped into AA, AB, and BB, as mentioned

previously, according to the definition we derived from our family data [39].

However, there are exceptions to this definition. Four of the genotypes labeled AA

had none of the genes associated with the B haplotype present but also had missing

one or two of the four genes (KIR 2DL1,2DL3,2DS4, and 3DL1) used to define an

A haplotype (Fig. 4). This is probably due to deletions of these genes but the

possibility of inaccurate typing cannot be ruled out. Neither can inaccurate typing

be ruled out in those genotypes which only occur in one individual. In order to bring

this to the attention of individuals submitting data, if the genotype they input is not

listed in the database, the genotype closest in content will be shown. It is hoped that

the list of genotypes will lead to a common nomenclature system for the genotypes.

Fig. 4 KIR genotype search
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5 KIR Coevolution with HLA

There is evidence that HLA class I is influencing the frequency of KIR expression

by NK cells. In a comparison of 85 sibling pairs, Shilling and colleagues showed

that KIR-identical and HLA-different siblings had similar KIR repertoire expres-

sion but HLA-identical, KIR-different siblings were almost as disparate as HLA-

different, KIR-different siblings [72]. However, although KIR genotype had the

Table 3 Distribution of KIR genotypes by Geographic Region

Region Pops Genotypes Individuals

Asia 18 117 1,711

Australia 1 6 42

East Europe 5 111 853

Middle East 3 48 324

North Africa 1 22 67

North America 5 66 599

Pacific 4 55 194

South and Central America 20 132 1,754

Sub-Saharan Africa 6 55 406

Western Europe 18 136 2,296

Total 81 8,246

Table 4 Distribution of KIR genotypes by population

Genotypes Populations Individuals

129 1 142

30 2 81

31 3 149

11 4 76

8 5 68

39 6–10 608

26 11–50 1,463

7 >50 5,659

Total 281 8,246

Fig. 5 Most common KIR genotypes reported in www.allelefrequencies.net
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major effect, comparison of HLA-identical, KIR-identical siblings with HLA-

different, KIR-identical siblings showed the former to have more similar repertoires

than the latter. Expression of KIR receptors is also influenced by the presence of

HLA ligand. Individuals with KIR2DL1 or KIR3DL1 had greater numbers of NK

cells expressing these genes, if the HLA-C2 group or HLA-Bw4 ligands were

respectively present in the individual [67]. Furthermore, the effect of the ligand

on its specific KIR diminished with the number of additional KIR that also had their

ligand present, suggesting cooperation between receptor and ligand pairs.

Evidence of coevolution is also suggested by disease studies [55, 73] and

population genetics [23, 74]. In a study in preeclampsia, Hiby and colleagues

showed that the increased prevalence of the AA genotype in womenwith preeclamp-

sia, compared to AB or BB genotypes, only happened when the fetus carried the

HLA-C2 group [10]. An inverse correlation exists in populations between the

frequencies of the KIR A haplotype and the HLA-C2 group [10], thus reducing

the frequencies of potential preeclampsia pregnancies and indicating that the bias in

frequencies of KIR andHLA-C is due to natural selection. The extreme variability of

both HLA andKIR genes giving rise to manyHLA andKIR combinations to provide

protection against different pathogens is a good example of genetic epistasis.

A study of world KIR3DL1/S1 diversity showed that positive selection was

focused to the residues that interact with HLA and also identified reciprocal

evolution of the HLA-Bw4 motif [23]. A further study into 30 geographical distinct

populations found strong negative correlations between KIR3DS1 and its presumed

HLA-Bw4 ligand [74]. Although this was the only association with statistical

significance the tendency was for inhibitory KIR to have positive correlations

with their ligands and activating KIR to have negative correlation with theirs.

The one exception was the negative correlation between KIR2DL2 and HLA-C1

group. In a recent project of the 15th International Histocompatibility Workshop

(Brazil, September 2008) this same negative correlation was found in data from 23

world-wide populations (Hollenbach and Middleton, unpublished studies). How-

ever, on the reverse side, this is a positive correlation between KIR2DL2 and

HLA-C2 group homozygosity. Further studies are on-going on the correlation of

the alleles of KIR3DL1 and KIR2DL2 in these populations.

6 KIR Expression

A further level of diversity is provided by variation in expression of KIR genes on

the NK cell and the avidity of the reaction between the KIR gene and its ligand.

Knowing the KIR and HLA genes present does not help guage the size of the NK

cell repertoire [75]. Individual NK cells express only some of the KIR genes of that

individual and this expression varies from NK cell to NK cell. The frequency of

expression of combinations of two KIR genes is the product of their individual

frequencies of expression. However, these patterns of recognition are stable [76].

Whereas KIR2DL4 is expressed on all NK cells, other KIR are only expressed on
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some NK cells, due to patterns of KIR gene methylation [76, 77]. Promoter regions

are unmethylated in genes expressed but methylated in those not expressed. The

KIR gene promoters have been shown to be polymorphic and display significant

structural and functional differences [78]. KIR2DL4 and KIR3DL3 have promoters

different from each other and from the other KIR genes. A bidirectional promoter

has been found in KIR genes predicting that this would determine the number of

NK cells expressing a specific KIR protein [79].

The proteins of some alleles, (3DS1*049N) are not expressed while those of

other alleles have high or low expression [80]. For example, 3DL1*004 is poorly

expressed at the cell surface. Normal levels of protein are produced but retained

within the cell due to polymorphisms at two positions, one in each of the immuno-

globulin domain (D0 and D1) [81]. The frequency of KIR3DL1*004 would indicate

the possibility that not having a functional allele of KIR3DL1 provides an advan-

tage in certain situations. Indeed, KIR3DL1*004 has been shown to be the most

protective allele against HIV disease progression when present with the HLA-Bw4

ligand [82].

Much of the work on expression of individual KIR alleles has been performed on

KIR3DL1/S1, mainly by the group of Parham. KIR3DL1 alleles have been divided

into three groups according to the level of binding of their protein with the

KIR3DL1 specific mAb DX9 [48]. No binding is found with KIR3DL1*004

whereas 3DL1*001, 002, 008, 1502, bind at high levels and 3DL1*005,006,007,

at low levels. (The allele name KIR3DL1*003, originally mentioned in Gardiner’s

report, was subsequently changed to KIR3DL1*1502). Later studies showed that

the differences in binding were due to the abundance on the cell surface of

KIR3DL1 and that alleles with high binding were expressed by a greater percentage

of NK cells [67]. Individuals with two alleles had nearly a doubling of expression.

Different alleles also had different KIR3DL2 expression, with KIR3DL2*008 being

high-binding and KIR3DL2*007 and KIR3DL2*00902 being low-binding [67].

These differences appear to be important in human disease. KIR3DL1 alleles,

with high expression gave stronger protection than those with low expression in

HIV, except the previously mentioned KIR3DL1*004 [82].

7 KIR and Ligand Interaction

The receptor KIR3DL1/S1 recognizes the HLA-Bw4 epitope, although residues

outside the HLA-Bw4 epitope which determine peptide binding, contribute to

KIR3DL1 binding to HLA-B [83]. Difference in which amino acid is present at

position 80 of the HLA-Bw4 epitope (threonine or isoleucine) affects strength of

inhibition by KIR3DL1 resulting in better protection against NK cell-mediated

cytolysis, isoleucine being the strongest [84]. The HLA-Bw4 epitope is also present

on HLA-A alleles. Some of these HLA-A alleles deliver strong inhibitory signals

(HLA-A*2402,-A*3201) but others are weak ligands (HLA-A*2501,-A*2301),

although the HLA-Bw4 epitope on HLA-B is more potent than if carried by
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HLA-A [85]. The same study also found that HLA-B*1301 and HLA-B*1302,

which carry the HLA-Bw4 epitope, provide poor protection against lysis. KIR2DL1

binding with HLA-C2 group is stronger and more specific than KIR2DL2 with

HLA-C1 group, which is stronger than KIR2DL3 with HLA-C1 group. Despite

very similar structures KIR2DS1 binds HLA-C group 2 very weakly and there is no

evidence that KIR2DS2 binds HLA-C group 1. These differences would appear to

be due to one different amino acid in each of these genes encoding activating KIR,

compared to their corresponding genes encoding inhibitory KIR [55].

In addition to having higher levels of protein expression on NK cell surface,

KIR3DL1*002 is a stronger inhibitory receptor for HLA-Bw4 ligands than

KIR3DL1*007, even when transduced human cell lines expressing equal levels of

each allele are used [86]. Interestingly, the two residues which contribute to this

difference are not predicted to interact directly with the HLA-Bw4 ligand.

8 Algorithm Models

8.1 Mathematical Method for Study of Haplotypes

Because families are seldom available for study, several groups have tried to use or

extend mathematical methods, which use unrelated individuals as input data, in

order to compute haplotype frequencies. To overcome the lack of phase information

provided by the typing techniques, likelihood-based calculations have been for-

malized by Dempster and further developed in the general framework of Expecta-

tion Maximization algorithm (EM) [87]. The EM algorithm is primarily set to

handle only missing phase information. However, it was shown that it could be

adapted to handle at the same time, complete and incomplete genotypes (missing

phase information and missing values within a genotype) [87, 88]. Due to typical

KIR ambiguities, further efforts were made to extend the likelihood models and

the EM algorithms to be able to estimate KIR haplotype frequencies using unre-

lated data.

In our studies the validation of haplotype estimation was achieved by simulation

of phase known data, samples being drawn from fixed haplotype frequency distri-

bution. Hardy Weinberg proportions were assumed. Frequencies were derived from

the 104 families, 418 founder haplotypes mentioned previously, with simulations

on phase-known samples. In order to assess the influence of the sample size,

different sample sizes were simulated. A priori list of possible haplotypes was not

used. Details on the method can be found in the preliminary study [89].

The results show that KIR unrelated genotypes can be successfully handled. It

provides good estimation of the expected haplotype frequencies. For example, for a

250-individual sample, the average difference between the haplotype estimation

and its expected value is 0.52% (S.D. 0.11%). Unfortunately, the algorithm cannot

resolve the full ambiguity of the genotype as it adds many unexpected haplotypes
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with very low frequency estimation. However, the vast majority of these are so rare

that their frequency is below the 1 in 2N threshold (i.e., occurring at least once in the
sample). A sample size of 500–1,000 individuals allows the haplotype diversity to

be covered in the simulation.

The algorithms were used to combine phase known KIR genotype data (the

combined 209 founder individuals of the families) and ambiguous phase unknown

KIR genotype data. Results are shown in Table 5 for the most frequent haplotypes

and Table 6 for the rarest haplotypes.

8.2 KIR Genotype Diversity Resulting from Combination
of KIR Haplotypes

A diplotype is a pair of haplotypes with phase known, whereas in a genotype the

phase is not known. KIR genetics is so complex that several pairs of haplotypes

(diplotypes) can result in the observation of the same KIR genotype. As observed

with other genes like HLA, this is due to the fact that in a given genotype it is not

possible to know which allele of one locus segregates with which allele of the other

locus (this is sometimes referred to as cis and trans positions). In KIR, the absence of
gene and the typing ambiguities make even more numerous the possible diplotypes

that result in the same genotype. In this section we only used the haplotype

distribution previously published to assess the diplotype-genotype relationship [39].

Briefly, we inferred the distribution of the diplotypes from the haplotype frequency

distribution. In Table 7, in which 60 genotypes were studied, the number of possible

diplotypes for a given genotype ranges from1 to 21. Eighteen genotypes corresponded

to a single diplotype. Taken together these genotypes represent 3.70% of the geno-

types. On the contrary however, there is one genotype which could correspond to 21

different pairs of haplotypes. This genotype represents 3.1% of the genotypes.

When multiple diplotypes can be found for a single KIR genotype, we studied

the distribution of the most frequent diplotype for a given genotype, in order to

assess how important the confusion bias can be when taking a genotype as a single

genetic configuration (Table 7). All analyses were also weighted by the diplotype-

expected frequencies. In conclusion, we believe that to fully understand the affect

of KIR polymorphism it will be necessary to be able to derive the haplotypes.

Depending on the number of KIR genes typed and the typing resolution of KIR

genes at allele level, algorithms may require an a priori list of possible haplotypes.

A very recent publication discusses the methodological issues involved in the

analysis of KIR gene content [90].

9 Summary

We have shown the vast diversity in KIR haplotypes when allele typing is included

and that the allele variation appears to affect expression levels of a given KIR. With

the two haplotypes of each individual combined, leading in all probability to a
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different set of alleles, the level of expression and functional capability for each

individual could vary remarkably. Whether this will have any quantitative differ-

ences on predisposition to disease remains to be determined, but it is possible that

the diversity is the result of natural selection by pathogens. Indeed, the diversity of

KIR has led to a search for their role in human disease, especially considering that

many of the KIR ligands are MHC class I molecules, which have already been

implicated in many clinical conditions. However, functional studies, which have

lagged behind genetic studies, are urgently needed to show the immunological

relevance of the statistical association found between KIR and some diseases.
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NK Cell Education and CIS Interaction

Between Inhibitory NK Cell Receptors

and Their Ligands

Jacques Zimmer, François Hentges, Emmanuel Andrès, and

Anick Chalifour

1 Introduction

Natural killer (NK) cells are major players of the innate immunity. Their capacity to

synthesize cytokines and chemokines, to lyse various cells and to allow crosstalk

between innate and adaptive immunity, make them important angular effector cells

in the global immune system.

NK cells have to be “educated” to correctly fulfill their functions. The expression

of inhibitory receptors (IR) must be regulated in a way such that NK cells remain

tolerant towards normal autologous cells while recognizing and eliminating cells

that have lost, in part or in total, the expression of autologous major histocompati-

bility complex class I (MHC-I) molecules. This loss frequently reflects tumor

transformations or viral infections. In other words, NK cells are “educated” or

“selected” for sparing normal autologous cells (normal presence of “self”) and for

detecting abnormal autologous cells (abnormal absence of “self,” in other words

“missing-self”) which leads to the elimination of diseased cells. The mechanisms of

this education/selection process have not yet been completely elucidated, although

dramatic progress has been made in recent years.
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Historically, three different but not mutually exclusive models have been pro-

posed to explain the phenomenon:

1. The “at least one model” postulates that the processes governing NK cell

development and education only allow for the emergence and survival of NK

cells bearing at least one IR specific for autologous MHC-I molecules. The

sequential acquisition of IR by developing NK cells would stop, once the

interactions between IR and the autologous MHC-I molecules are sufficiently

strong to prevent the killing of normal cells. This model does not take into

account a second potential “missing-self” recognition system based on the

interactions of the NK cell IR NKRP-1 and the Ocil/Clr-b molecules on sur-

rounding cells.

2. The “anergy model” claims that NK cells that either express no or not enough

self-specific IR are not eliminated but conserved. However, they would be

“anergic” in order to avoid a break of tolerance.

3. The “receptor calibration model” proposes that the expression levels of NK cell

IR would be adapted to the level of expression of autologous MHC-I molecules.

The hypothesis is based on the observation that in mice expressing a MHC-I

ligand for a given Ly49 IR, the expression level of the latter goes down in

contrast to mice that do not express such a ligand. In this context, we have

published data (see below) showing that it is rather the accessibility of tetramers

of ligand and antibodies against the Ly49 receptor that diminishes in the pres-

ence of a ligand in cis. Thus, if the explanation of the observed receptor’s down

modulation changes, the concept of receptor calibration in itself is still valid.

2 NK Cell Education

The “modern” concept of NK cell education started in 2005, when Raulet’s group

published a work showing that, in contrast to previously held beliefs, a subpopula-

tion of NK cells lacked the expression of every known self-specific IR (SPIR) [1].

The size of this subset in C57BL/6 (B6) mice was between 10–13% of all spleen

NK cells. Known SPIR in this mouse strain are the C-type lectins Ly49C, Ly49I,

and NKG2A.

Similar to MHC-I-deficient NK cells, the SPIR� NK cells poorly responded to

MHC-I-deficient lymphoblasts, the readout being IFN-g production after a brief

target cell exposure. The same hypo responsiveness was observed in cytotoxicity

assays against various types of targets and after antibody (Ab)-mediated cross

linking of activating receptors (AR, reverse ADCC). This population thus function-

ally mimics the self-tolerant NK cells from MHC-I-deficient individuals. Impor-

tantly, despite the lack of SPIR, these NK cells were self-tolerant as they did not kill

syngeneic B6 lymphoblasts [1].

The data, in particular the strongly reduced reverse ADCC, suggest an attenuated

stimulatory signaling. However, the observed hypo responsiveness is not due to a
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general inability of the cells to execute an activation program, as they produced

IFN-g to the same extent as SPIR+ NK cells after in vivo infection with Listeria
monocytogenes or stimulation with PMA/ionomycin [1].

Phenotypically, apart from the presence or absence of SPIR, both NK cell

subsets were similar with regard to the presence and expression levels of other IR

and AR. In addition, the SPIR� NK cells did not display an immature phenotype.

The only marker that was clearly different was the MHC-I-independent IR KLRG1,

which was expressed at a much higher percentage by SPIR+ than by SPIR� NK

cells. While the significance of this differential expression is unknown, it is unlikely

to play a role in the hypo responsiveness and the self-tolerance, as it is expressed

only by a small subpopulation of SPIR� cells. The same reduced expression is

observed in MHC-I-deficient mice and thus seems to correlate with hypo respon-

siveness of NK cells in general. Finally, SPIR�, in contrast to SPIR+ NK cells, did

not play any role in the rejection of b2m-deficient bone marrow grafts, which is

consistent with their in vitro hypo responsiveness [1].

On the basis of their results, the authors develop a model of NK cell education

which is currently known as the “disarming” model [2, 3]. In summary, this model

claims that the balance of stimulatory and inhibitory signaling generated by the

encounter of developing NK cells and surrounding self cells determines the

subsequent responsiveness of the mature NK cells. In the absence ofMHC-dependent

inhibition, more hypo responsiveness is observed, whereas less hypo responsiveness

appears in the presence of such an inhibition. In other words, too much stimulation

would lead to inhibition, by, for example, activating signals exhaustion. This hypoth-

esis would explain both the hypo responsiveness of SPIR� NK cells in normal mice

and that of all NK cells from MHC-I-deficient animals.

Reduced stimulatory signaling could explain self-tolerance of SPIR� NK cells,

as signal transduction by self-specific AR would be down regulated to such an

extent that no auto reactivity would appear.

The next milestone in the field of NK cell education was the paper by Kim et al.

[4] which introduced the “licensing” concept. In this work, it was shown that NK

cells expressing a SPIR (“licensed” cells) produced much more IFN-g than NK

cells without such a receptor (“unlicensed” cells). The former are inhibited by the

same MHC-I molecule that originally conferred “licensing,” whereas the latter do

not need to be inhibited by MHC-I as they are not functionally competent.

Anfossi et al. [5] confirmed the data in humans: approximately 13% of circulat-

ing human NK cells do not express a SPIR (KIR or NKG2A), and these cells are

hypo responsive in terms of cytotoxic activity and cytokine production. In contrast,

NK cells with a self-specific IR were functionally competent.

Clearly, the last two papers lead to the conclusion that there must be opposite

signaling capacities of SPIR according to the stage of NK cell development. They

transmit activating signals during NK cell development but inhibitory messages in

mature NK cells. In the meantime, the Yokoyama group has confirmed the exis-

tence of the “licensing” mechanism in human NK cells [6].

In summary, it appears that NK cells have to express a SPIR (an inhibitory

molecule) to become correctly activated.
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Additional work by other groups has abundantly confirmed the previously

presented data [7–10], without being able to demonstrate which one of the two

models (“arming” versus “disarming”) is right.

Interestingly, Yokoyama’s group has recently published a paper [11] showing

that the continuous engagement of a self-specific AR also induces NK cell self-

tolerance, but they continue to claim that this is not in favor of the “disarming”

model.

Detailed review of both the “disarming” and the “licensing” (or “arming”)

models have been published by the Raulet group [2, 3] – the reader might refer to

it for an in-depth analysis of the topic. Recent reviews, also introducing new ideas)

have been presented by Brodin and Höglund [12] as well as by Held [13].

One topic that has recently emerged and which is indirectly related to NK cells

education is the discovery of so-called “memory” NK cells. Indeed, two

groups [14, 15] have shown that after an initial activation, NK cells respond

more strongly to the same stimulus provided several weeks later. The increased

response only concerns proliferation capacity and cytokine production but not

cytotoxicity. Further work is needed to completely understand this memory-like

behavior.

3 Cis Interaction Between Ly49A and Its Ligand H–2Dd

As mentioned, “arming,” “disarming” and “licensing” models are not able to

explain all observed functions of NK cells. For instance, a significant subset of

NK cells either do not express inhibitory receptors (or express one still unknown)

and/or the correspondent ligand (or yet unidentified ligand) and do not show any

fault in their self tolerance behavior. What is the in vivo relevance of these NK

cells? Are they immature NK cells? How to explain the reactivity/functional

maturity of activated NK cells from MHC-I deficient individuals that show

“normal” NK cell functions: cytokines/chemokines synthesis and cytotoxicity?

Such examples are too numerous to correspond to exceptional or erratic acting

subsets. They suggest by their number that yet unidentified mechanisms are behind

the global NK cells behaviors. Furthermore, it is still puzzling to understand/

envisage how the same receptor can be inhibiting or activating depending of the

maturation stage of the NK cell, as postulated above.

A still unappreciated and solidly demonstrated property of IR is their ability to

interact in cis with their ligand, per se, IR and its ligand(s) present on the same NK

cell membrane. We will now describe in detail the experimental strategy that ended

up with this demonstration. Secondly, we will discuss the implications of these

findings for NK cell education.

The work started with the analysis of double transgenic H–2Dd (Dd) � Mx–Cre

mice on the B6 background. A Dd-transgenic mouse in which the transgene is

flanked by loxP sites, recognized by the viral recombinase Cre, had been previously

developed. In Mx–Cre mice, the Cre gene is under the control of the promoter Mx
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which responds to IFN-a and IFN-b with the result that Cre expression is inducible

after administration of these cytokines. However, in double transgenic mice, the

system is leaky to some extent as approximately 30% of hematopoietic cells are

Dd�, 30% Dd intermediate and the resting 30% Dd bright (same expression level as

in B6 � Dd single transgenic mice), despite the absence of any exogenous induc-

tion. Thus, the double transgenic animals display a mosaic expression of the MHC-I

molecule Dd. The expression pattern is similar in NK, NKT, conventional T and B

cells from spleen, bone marrow and peripheral blood. The percentage of Dd� cells

increases with the age of the animals [16].

As NK cells likewise display a mosaic expression of Dd, we wanted to check if

the IR Ly49A, specific for the MHC-I molecule Dd, was homogeneously expressed

in the three subpopulations defined by Dd expression. Surprisingly, this is not the

case: whereas the percentage of Ly49A+ NK cells among the Dd bright population

is normal (20%), it is increased to 32% among Dd intermediate NK cells and

strongly reduced among Dd� NK cells (6%). The global percentage of Ly49A+

NK cells is normal (18%) and thus similar to the one observed in B6 mice and B6Dd

single transgenic animals. This might suggest a better resistance of Ly49A+ NK

cells (compared to Ly49A� NK cells) to the total loss of Dd, for instance due to a

selective inactivity of the Mx promoter [16].

The mean fluorescence intensities (MFI) of Ly49A, which reflect the expression

levels, diminish in parallel to the expression of Dd, such that they are weakest in the

Dd� population. This finding is in total contrast to what is observed in B6 mice

(genetically Dd�) with a MFI that is the double of that from B6Dd mice in which

the Dd ligand is present.

In vivo Cre expression was induced through the intraperitoneal injection of the

IFN-inducer polyI/C. Ten days after the last injection, more than 86% of total

splenocytes and also of Ly49A�NK cells have become Dd�. In contrast, only 54%

of the Ly49A+ NK cells are now Dd�. However, after 10 days of culture in the

presence of IL-2, virtually all splenocytes, including the Ly49A+ NK cells, have

become Dd�. Thus, the latter cells have also successfully recombined their trans-

gene, although the disappearance of Dd seems to take longer than in other cells.

In combination with this, the low percentage of Ly49A+Dd� NK cells might

suggest that most of the Ly49A+ NK cells have actually acquired Dd molecules

from the environment. To elucidate this possibility, we performed a mixed chimera

experiment: lethally irradiated B6Dd recipients are grafted with a 1/1 mixture of

bone marrow from B6 and B6Dd donors. In order to distinguish between both types

of cells independently from Dd expression, we used B6 mice expressing the CD45.1

isoform of the pan-leukocyte marker CD45, whereas B6Dd mice are CD45.2+.

Chimerism was investigated a few months after bone marrow transplantation by

staining with anti-CD45.1 and anti-CD45.2 monoclonal Ab. Approximately 33% of

splenocytes, bone marrow cells and peripheral blood cells are CD45.1+ and thus of

B6 origin. A normal percentage of Ly49A+ NK cells (18–20% of all NK cells) is

found both among CD45.1+ and CD45.2+ splenocytes. However, in contrast to

Ly49A�CD45.1+ NK cells which are Dd�, Ly49A+CD45.1+ NK cells appear as

Dd intermediate. As they are of B6 origin and therefore genetically Dd�, our
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observation implies that these cells have necessarily acquired Dd molecules from

the surrounding Dd+ cells. In the same way, it is conceivable that in the case of

Dd � Mx–Cre mice, Ly49A+ NK cells that have recombined the transgene and

have lost Dd expression appear as Dd intermediate cells after capturing these

molecules from the environment [16].

MFI of Ly49A of B6 origin (in the chimeras) are much lower than on Ly49A+

NK cells of B6Dd origin, which reproduces the similar correlation between absence

of Dd and low MFI of Ly49A in mosaic mice (in contrast, as we already mentioned,

to the high MFI of Ly49A in non chimeric B6 mice).

To strengthen the idea of acquisition of Dd molecules from surrounding Dd+

cells, we performed in vitro experiments by mixing in equal parts fresh splenocytes

from B6 and B6 � Dd (transgenic expression of Dd) or B10.D2 (endogenous

expression of Dd) mice. Cells are cultured for 2 h at 37�C, then stained and analyzed
by flow cytometry. Indeed, Ly49A+ NK cells (but not Ly49A� NK cells) from B6

mice appear as Dd intermediate and, as they are genetically Dd�, this demonstrates

that the Dd molecules were provided by the surrounding Dd+ cells. The transfer of

Dd is completely abolished by anti-Dd and by anti-Ly49A Ab, showing that it is

specifically dependent on Ly49A.

In order to determine the specificity of acquisition by Ly49A+ NK cells, we

included two other MHC-I molecules, H–2Dk (Dk) and H–2Db (Db). The former is a

known ligand for Ly49A [17], although with a slightly lower affinity than Dd,

whereas the latter is not a ligand for this receptor. The “donors” of MHC-I

molecules are B10.D2 (Dd), B10.BR (Dk) and B6 (Db) mice, respectively, the

“recipients” being splenocytes from b2m KO mice (MHC-I-). Ly49A+ NK cells

from recipient mice very efficiently acquire Dd, significantly but to a lesser extent

Dk, and not at all Db. Thus, the acquisition capacity reflects precisely the affinity of

Ly49A for its MHC-I ligands.

Next, we wanted to check what happens if the Ly49A+ NK cells already express

themselves a ligand for Ly49A. For that purpose, we mixed splenocytes from B10.

D2 (Dd) and B10.BR (Dk) animals. Under these conditions, Ly49A+ Dd+ spleno-

cytes do not capture Dk molecules, and Ly49A+ Dk+ NK cells do not acquire Dd

molecules. Therefore, the presence of a Ly49A ligand on the NK cells themselves

precludes the acquisition of a second ligand.

This result could be confirmed in vivo after crossing of Dd �Mx–Cre mice with

B10.BRmice. In contrast to the former (only very few Ly49A+Dd�NK cells), Dd�
NK cells were present in high and, importantly, similar percentages of Ly49A+ and

Ly49A� populations of (Dd � Mx–Cre) � B10.BR mice, suggesting that Dd

capture is also blocked in vivo under these conditions [16].

These different results might lead to consider the possibility that the expression

of a MHC-I ligand by Ly49A+ NK cells influences the structure and/or the

accessibility of Ly49A. We chose, as an approach to elucidate this question, to

stain NK cells from B6 and B10.D2 mice with three different monoclonal anti-

Ly49A Ab: JR9-318 (JR9), YE1-48 and A1. In both types of mice, the three Ab

stain approximately 20% of NK cells, which perfectly corresponds to the percen-

tages usually observed in both strains. MFI obtained on B6 NK cells are arbitrarily
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considered as 100%. In B10.D2 mice, with the first two Ab, a reduction to 40–50%

of the B6 levels is observed, in accordance with prior work by others [18, 19]. In

contrast, MFI obtained with the A1 Ab are only 18% of B6 mice. This suggests that

the fixation of this Ab to its epitope is strongly and selectively reduced in the

presence of a Ly49A ligand on NK cells.

The next step was to analyze if the receptor/ligand co expression also had

functional consequences, i.e., if the inhibitory properties of Ly49A are modified.

Activated NK cells from Ly49A single transgenic and Ly49A � Dd double trans-

genic mice were used as effectors in cytotoxicity assays. Both types of NK cells do

not lyse syngeneic lymphoblasts, in accordance with the known self tolerance of

NK cells towards normal autologous cells. However, the tumor target C1498Dd is

efficiently killed by double transgenic NK cells but completely resistant to single

transgenic effectors. The parental target cell line C1498 (prototype sensitive target

cell line) is equally well killed by the two activated NK cell populations, showing

that the cytotoxic capacity of Ly49A single transgenic NK cells is intact.

All this confirms and extends prior research by others and shows that the

inhibitory capacity of Ly49A is reduced at least tenfold on B6Dd compared to B6

NK cells. Structural constraints seem to strongly limit the interaction of Ly49A

with its ligands on other cells when one ligand is already expressed by the Ly49A+

NK cell itself.

A major part of this work was based on the observation of the acquisition of

MHC-I molecules by their corresponding IR expressed by NK cells. This is an

example of the so-called “trogocytosis” phenomenon. It is not specific at all to our

system but has been described in parallel (1) in another mouse model [21], (2) for

human NK cells, whose KIR can acquire HLA-I ligands [22], and (3) for other types

of lymphocytes . Thus, peptide – MHC-I complexes are transferred from antigen-

presenting cells to CD8+ T cells [23–25]. The capture depends on the TCR and is

only observed for peptide – MHC complexes specifically recognized by this TCR.

Acquisition of MHC-II molecules by CD4+ T cells has likewise been described

[26]. Furthermore, CD8+ and CD4+ T lymphocytes acquire, in a specifically

CD28-dependent manner, CD80 from the surface of antigen-presenting cells

[25, 27]. B lymphocytes can capture antigens coupled to cell membranes through

specific interactions with the BCR [28]. Usually, the transferred molecules are

rapidly internalized and degraded by the “receiving” cell [23, 25, 28]. NK cell

trogocytosis and its functional consequences are reviewed in detail in this book by

HoWangYin et al.

Vanherberghen et al. [29] demonstrated that the opposite direction “trogocyto-

sis” is also possible: human and mouse IR are transferred from NK cells to MHC-I

surrounding cells expressing the correspondent ligand.

Surprisingly however, we could not observe the transfer of Dd molecules to

Ly49A+ NK cells when the NK cells already expressed a Ly49A ligand themselves.

It is interesting to consider this result in the context of the crystal structure of

Ly49A bound to Dd [30]. Indeed, according to this structure, one Ly49A molecule

can interact with Dd through two different binding sites. Site 1 implicates the

N-terminal residues of the a1 helix and the C-terminal residues of the a2 helix
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of Dd. Regarding site 2, it is located under the peptide-binding groove and involves

residues of domains a2 and a3 as well as of b2m. Both sites allow an interaction in
trans between Ly49A and Dd, each molecule being expressed by a different cell.

However, site 2 could also mediate an interaction in cis, Ly49A and its ligand Dd

being expressed by the same cell. Therefore we proposed at this stage of the work

that under physiological conditions (NK cells expressing self MHC-I as well as

surrounding cells), the capture of Dd from surrounding cells is rendered very

difficult or even impossible due to a cis interaction between Ly49A and Dd.

What are the arguments for this cis interaction? The A1 Ab only weakly stains

Ly49A when a ligand is coexpressed in cis. It is interesting to mention that the

epitope recognized by this Ab is located within a region of Ly49A that is in contact

with the interaction site 2 of the Dd molecule [30] which might be masked by

receptor/ligand cis interaction on Ly49A+Dd+ NK cells. It had also been reported

[17, 31] that Dd tetramers, although binding very efficiently to Ly49A+ NK cells

from B6 mice, stain much less the same receptor in mice expressing Dd. Finally,

the inhibitory capacity of Ly49A on Dd+ cells is strongly reduced compared to

Dd� NK cells.

Altogether, this suggests that the expression of Dd by NK cells, which means the

presence of Dd in cis, reduces the accessibility of Ly49A for ligands in trans. This
lower accessibility allows Ly49A to be particularly sensitive to even minor modi-

fications in the expression level of Dd on target cells and consequently to be very

efficient in the detection of diseased cells and in immune surveillance.

The next logical step was to try to directly demonstrate the existence of a cis
interaction between Ly49A and Dd [32].

For that purpose, we investigated IFN-g production by Ly49A+ compared to

Ly49A� NK cells from non Ly49A transgenic, B6 and B6Dd, mice. After 4 days

of culture in the presence of IL-2, NK cells were exposed overnight to C1498

or C1498Dd, and IFN-g production was measured the following day by intracel-

lular flow cytometry. C1498 induced cytokine production by a substantial fraction

of both Ly49A+ and Ly49A� NK cells from both strains. In contrast, IFN-g
production by Ly49A+ NK cells from B6 mice was nearly completely abolished

in the presence of C1498Dd cells, while it remained high in Ly49A+ NK cells

from B6 � Dd mice. Under these conditions again, Ly49A did not confer a

significant inhibition to NK cells even in the presence of its ligand Dd on the

target cells.

It was important to discriminate between a potential role of Dd molecules

expressed by surrounding cells (in trans) compared to Dd molecules expressed by

the Ly49A+ NK cells (in cis). For this purpose, we used Ly49A � Dd � Mx–Cre

triple transgenic mice, in which Ly49A+Dd+ and Ly49A+Dd�NK cells coexist and

develop in the same environment characterized by a mosaic expression of Dd. By

flow cytometry cell sorting, NK cells from triple transgenic mice were separated

into Dd+ and Dd� populations and separately cultured in the presence of IL-2. After

4 days, cytotoxic activity was checked. Both cell types were equally activated as

shown by the comparably efficient lysis of C1498 targets. With C1498Dd cells, a

strong inhibition of lysis mediated by Dd� NK cells contrasts with a very minor
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inhibition of lysis by Dd+ NK cells. Thus, it is indeed the presence of Dd in cis, but
not in trans, that governs the inhibitory capacity of Ly49A on NK cells.

In order to check if the inhibitory function of Ly49A depends on its capacity of

ligand binding, we stained NK cells with Dk tetramers complexed with mouse b2m.

These tetramers brightly stained 20% of B6 NK cells and all NK cells from Ly49A

single transgenic animals. In contrast, they hardly stained NK cells from B6 � Dd,

Ly49A � Dd and B10.BR mice. This shows that Dk tetramers cannot efficiently

bind to Ly49A in the presence of Dd or Dk ligands on the same NK cell.

This low tetramer binding could be due to a steric hindrance resulting from the

physical association between Ly49A and Dd. Alternatively, it could be the conse-

quence of a structural modification of Ly49A due to the co expression of Dd, as has

been described for the posttranscriptional modifications of CD8 [33].

To investigate these two possibilities, we repeated the tetramer binding experi-

ments after destruction of MHC-I complexes with soft acid treatment. This leads to

a very weak detection of b2m and of the heavy chain Dd on double transgenic

Ly49A�Dd NK cells. However, Dk tetramers bind ten times better to Ly49A+Dd +

NK cells than in the absence of acid treatment, whereas nothing changes at the level

of Ly49A+ NK cells of B6 origin. Thus, tetramer binding does not seem to be

diminished due to covalent modifications of Ly49A. On the contrary, the results

obtained after acid treatment rather suggest that a non covalent complex between

Ly49A and Dd in cis limits ligand binding in trans.
The next step consisted in searching for a potential co localization between Ly49A

and Dd on cell membranes of Ly49A� Dd double transfectants of the tumor cell line

C1498. Such a co localization was indeed evidenced by confocal microscopy.

The final direct proof of the cis interaction was possible due to immunoprecipi-

tation experiments. In order to allow for the detection of Ly49A and Dd in cellular

lysates, we added intracellular tags to both molecules: FLAG to Dd and vesicular

stomatitis virus (VSV) to Ly49A. Dd�FLAG and Ly49A�VSV were then trans-

fected alone or together into the cell line C1498. In double transfectants, immuno-

precipitation of Ly49A with an anti-VSV Ab allowed the detection of Dd�FLAG in

the immunoblots. Likewise, Ly49A is found in immunoprecipitates with an anti-

FLAG Ab. The same results are obtained with T cells from Ly49A/Dd double

transgenic mice, demonstrating the existence of the physical receptor/ligand cis
interaction which was strongly suggested by our various functional assays.

Next, we wanted to know which one of the two interaction sites of Dd with

Ly49A was important for cis interaction. Site 2 contains, among others, several

residues of b2m, and other groups [34, 35] had previously demonstrated the

importance of murine b2m for trans interactions. Based on these observations,

we transfected the b2m-negative cell line C4.4.25 (endogenous expression of

Ly49A) with Dd and with either human or murine b2m. Dk tetramers bind well to

the human, but not the murine transfectants, which suggests the importance of

murine b2m residues and of site 2 for cis interaction.
In the same context, we [32] mutated several residues of both interaction sites

(1 and 2). Tetramer binding selectively increases for three of the five mutants of

site 2, showing that it is this site that mediates the cis interaction.
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The following conclusions can be drawn from these studies:

1. If Dd is present only on target cells (in trans), the inhibition transmitted to the

NK cell by Ly49A is very strong, but this does not occur under physiological

conditions. In contrast, if Dd and Ly49A are co expressed by the same NK cell,

the inhibition transmitted by Ly49A is much weaker, although it remains

sufficient to protect normal cells. Cancer cells remain sensitive and the presence

of Dd on NK cells permits the “calibration” of Ly49A for an optimal detection of

diseased cells. If the NK cell would be regulated like it is in the absence of Dd in
cis, it would be permanently inhibited via Ly49A and would thus not be efficient

in immunosurveillance.

2. In previous work by other groups, the lower staining intensity of Ly49A with

specific Ab has been attributed to a lower expression level of Ly49A induced by

its ligand in trans, to allow the NK cell to adapt to this presence while remaining

capable of discriminating normal and diseased cells [18, 36]. This is the “recep-

tor calibration model” that we mentioned above. Our results do not go against

this model, but we rather suggest that the calibration is not due to a reduced

expression level of Ly49A in the presence of Dd, but to the cis interaction

between Ly49A and Dd which negatively influences the fixation of available

reagents (Ab and tetramers) to Ly49A.

3. We confirmed and extended previous data demonstrating that site 2 is the most

important one for the inhibitory activity of Ly49A in the presence of Dd in trans.
We demonstrated in addition that site 2 also mediates cis interaction. As one
homodimer of Ly49A binds to one single Dd molecule in cis [30], cis interaction
precludes trans interaction of the same Ly49A molecule. This leads to our

proposed model explaining, on the basis of available structural data, both the

trans and the cis interactions. The model predicts an important flexibility of the

stalk region of the receptor which is quite long.

Further work has clearly demonstrated that the same cis interaction also exists

between the NK cell IR Ly49C and its ligands Kb and Db as well as for the IR

Ly49Q and Dd, on the basis of an experimental strategy largely using tetramer

binding studies [37]. Importantly, these results suggest that receptor/ligand cis
interaction is widely present in the NK cell population.

The confocal microscopy has allowed us to investigate the NK/target cell

synapse composition for Ly49A and its ligand Dd according to the presence or

absence of Dd in cis [38]. The results showed that in the absence of Dd on NK cells

(in cis), Ly49A significantly accumulates at immunologic synapses with Dd+ target

cells. Dd in cis however prevents accumulation of a large part of the Ly49A

receptors at the synapse and in fact sequesters Ly49A outside of it. These observa-

tions fit well with the concept of reduced inhibitory function of Ly49A+Dd+ NK

cells as reduced numbers of Ly49A receptors are available to interact in trans
and consequently transmit inhibitory signals. These results further extend the

previous ones as they suggest that receptor/ligand interaction tunes the receptor’s

inhibitory function to the inherited self-MHC-I, therefore/hence a cell-autonomous

phenomenon.
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So far, NK cell education models did not take into account the fact that some

receptors as Ly49A notably, are constitutively associated in cis with their ligand(s).
Our most recent experiments directly tried to investigate the role of this receptor/

ligand cis interaction for NK cell education [39].

As a starting point, it has been confirmed that it’s the Ly49A+ NK cells from Dd

background that are responsible of the missing-self recognition, as upon their

removal from the NK cell population, this property does no longer exist.

This means, that Ly49A+ NK cells from Dd mice are educated and not Ly49A�
NK cells.

In order to check if the inhibitory receptor Ly49A itself is responsible of this

education, B6 and B6 � Dd mice transgenic for the Balb/c allele of Ly49A

(Ly49ABalb/c) were generated. In these mice, NK cells expressing only the trans-

gene Ly49ABalb/c (JR9+A1-)(100%) can be distinguished from NK cells expressing

both the transgene Ly49ABalb/c and the endogenous receptor (Ly49AB6) (JR9+A1+)

(20%) through staining with the anti-Ly49A Ab JR9 (both Ly49ABalb/c and

Ly49AB6 alleles-specific) and A1 (only Ly49AB6 allele-specific). On the B6 back-

ground, although to a slightly lesser extent than the B6 allele, the transgenic

Ly49ABalb/c bound Dd multimers and inhibited NK cells in the presence of Dd on

target cells. This transgenic allele educated Dd NK cells as they killed B6 targets

(missing-Dd recognition), even if those Ly49ABalb/c � Dd-derived NK cells are

depleted from the endogenous Ly49AB6-expressing cells. Those results demon-

strated that the receptor Ly49A is responsible of the education acquisition by Dd

NK cells which express it.

Next, the question if cis interaction between Ly49A and Dd was important for

NK cell education was addressed. We have previously presented (see Fig. 1) a

model hypothesizing that the stalk region of Ly49A has to be flexible to allow cis
interaction. In order to assess this model, this stalk region was replaced by the

stalk region of CD72 which is predicted to adopt a rigid conformation because of

its a-helical coiled-coil structure. The resulting Ly49ABalb/c/CD72 chimera

(Ly49A�CD72) was expected not to be able to undergo cis interaction with Dd

but rather to point away from the NK cell membrane and thereby being able only of

trans interaction with Dd expressed on apposed membranes.

A Ly49A�CD72 transgenic mouse was generated. On the B6 background, NK

cells were efficiently stained by Dd multimers and more importantly, were inhibited

upon exposure to Dd+ targets; essential evidence demonstrating that the chimeric

receptor is functional. A double Ly49A�CD72 � Dd mouse showed that Dd expres-

sion in cis did not significantly reduce multimer binding to this receptor and that

this fixation was not increased after acid treatment. Furthermore, immunoprecipita-

tion of the chimeric receptor did not reveal Dd in the lysates, as previously reported

for the wild-type Ly49A receptor. All this suggests that the receptor cannot interact

with Dd in cis but is able to mediate functional trans interaction with its ligand.

The obvious next step was to test if chimeric receptor-expressing NK cells were

educated. As expected, B6 � Dd NK cells expressing chimeric Ly49A�CD72
receptor could not lyse B6 targets (missing-Dd recognition) as opposed to B6 �
Dd NK cells expressing the wild-type Ly49A. Thus, the chimeric receptor can

NK Cell Education and CIS Interaction 103



inhibit NK cells but cannot instruct them missing-self recognition, which demon-

strates the crucial role of cis interaction for NK cell education.

Ly49A expression without Dd (in B6 mice) actually dampened the functional

properties of NK cells even in the absence of a ligand in trans, as was shown by

stimulation experiments with plate-bound anti-NK1.1 Ab. Indeed, a lower percent-

age of Ly49A transgenic than of nontransgenic B6 NK cells produced IFN-g upon

this activation. The same transgenic Ly49A � B6 NK cells also did not, as opposed

to B6 NK cells, kill efficiently MHC-I- target cells (b2m KO lymphoblasts),

whereas Dd expression by those NK cells (and therefore cis interaction) restored
this lysis. This was further confirmed by the observation that IFN-g production was
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TUNING

TUNING

IR interacting in cis Ligands of IRIR interacting in trans Immunological synapse

Tuned : Self-tolerant

Tuned : Missing-Self sensitive

Untuned : Maximally inhibited

Untuned : Hyporeactive
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c

healthy target

pathological target

engrafted target
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Fig. 1 NK cell inhibitory receptors: “Inhibiting” and “Tuning” functions. Schematic illustration of

both inhibitory receptor (IR) functions, per se, “inhibiting” and “tuning”, based on compiling data

here described in details and recently reviewed by Held and Mariuzza [40].NK cells are illustrated

in different contexts: (a) physiological conditions: MHC-I expressed both on NK cells and on their

environment. (Upper part) healthy targets and (lower part) abnormal/pathological targets; (b)

artificial conditions like grafts; (c) minor conditions like NK cell subpopulations expressing IR

without known ligand expressed. IR/ligand cis interaction allows NK cells to be efficiently tolerant

towards cells expressing correctly “self” and as opposite, efficiently untolerant towards cells with

“missing-self” phenotype. Thus, cis tuned IR in order to allow NK cells to be properly inhibited. In

the absence of cis, engagement of IR with its ligand in trans causes the substantial recruitment of

IR at the immunological synapse in an uncontrolled way resulting with massive inhibition of NK

cells. The latter are totally useless as they will not be able to sense improper “self” expression, as

retrieved upon infection or tumorization. In fact, even if trans ligands get down regulated, a

substantial quantity of IR is still engaged and inhibits the NK cell. This recruitment (uncounter-

acted by absent cis ligand) upon syngeneic encounters has been also demonstrated for NK cells

expressing IR without cis ligand and trans ligand, explaining their hyporeactivity phenotype
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not restored to normal by the presence of Dd when Ly49A�CD72 transgenic NK

cells (no cis interaction with Dd) were tested.

Crucially, all results obtained with transgenic mice were confirmed with (1) two

independent transgenic lines and with (2) endogenous IR expressed on B6, Balb/c

and b2m KO backgrounds.

A more in-depth experimentation has led to an important observation. Indeed,

after NK1.1-mediated activation of wild-type B6 and B6 � Dd NK cells, a signifi-

cant fraction of the Ly49A�Ly49C+ population produced IFN-g. This percentage
was significantly reduced (by more than 50%) in Ly49A+Ly49C+ cells from B6,

showing that even the endogenous Ly49A dampens NK cell activation in the

absence of ligand. Cytokine production was restored in Ly49A+Ly49C+ NK cells

from B6 � Dd mice. Thus, the engagement of two IR by high affinity ligands, Dd

and Kb respectively, leads to optimal NK cell education. This observation is not

inclusive of the “disarming” model which stipulates that the presence of Ly49C

alone should fulfill the requirements to ensure proper NK cell education.

Further work was necessary to investigate the mechanism behind the hypo

responsiveness of NK cells expressing unengaged Ly49A. Yet another transgenic

mouse allowed demonstrating that the dampening of these NK cell functions is

inhibitory function-dependent and is mediated by their cytoplasmic ITIM motifs.

For this transgenic a critical tyrosine residue of the ITIM sequence which is

essential for the inhibitory function of Ly49A has been mutated to phenylalanine.

Although they displayed normal numbers of NK cells with a normal phenotype, NK

cells from these mice were not inhibited, as expected, by Dd-expressing tumor cells.

On the other hand, they killed b2m lymphoblasts as efficiently as wild-type B6 NK

cells in contrary to Ly49A transgenic B6 NK cells. It was then shown by confocal

microscopy that Ly49A accumulated significantly at the NK cell synapse in the

absence, but not in the presence, of Dd on the NK cell surface, and this even when

the targets were MHC-I-deficient.

Finally, cocrosslinking experiments with anti-NK1.1 and anti-Ly49A Ab

revealed that the cocrosslinking inhibits, whereas Ly49A sequestration (artificially

induced by the Ab) improves NK1.1-mediated stimulation. This sequestration

outside of the immunological synapse, physiologically realized through cis interac-
tion with Dd, is thus crucial for NK cell education and function. Therefore, hypo

responsiveness of NK cells expressing an unengaged IR can be counteracted by the

expression of its ligand(s) in cis.
The following conclusions can be drawn from this second series of studies:

1. Cis interaction continuously sequesters a considerable fraction of Ly49 recep-

tors, limits their redistribution at the synapse as well as their activity as negative

regulators of NK cell functions

2. Cis interaction adjusts Ly49 receptor functions to the inherited self-MHC-I

environment. In fact, the NK cells functional adaptation is based on the fact

that the MHC-I expressed by NK cells corresponds to that of their environment

3. Trans interaction is not sufficient to educate NK cells

4. Cis interaction is necessary for NK cell education
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5. Importantly, our data suggest two roles for Ly49; inhibiting and tuning. This

model reconciles the fact that IR behaves as instinctively expected; as an

inhibitory receptor (see Figure)

Our model hypothesizes that unassociated Ly49A, both in cis and in trans, would
interfere in some instance, either by interacting directly or indirectly, with a

component of the activation signaling cascade (receptor, adhesion molecule or

signaling molecule) or with the proper synapse constitution. Importantly, this

function is ITIM-dependent, suggesting an inhibitory-dependent mechanism. The

presence of its ligand in trans, saves its owner by strong inhibitory signal to the NK
cell. Tumorization for example, will not be sensed by those “only trans” interacting
Ly49A, such as C1498Dd that will not be lysed. That said, the presence of its ligand

in cis, will “tune” the activation threshold of the NK cell accordingly as they will be

now able to recognize and eliminate tumorized cells despite the expression of the

ligand (in trans), as is the case for Ly49A�Dd NK cells in face to C1498Dd targets.

Several important questions still remain to be answered, notably: are AR able of

cis interaction? Does human and nonhuman primate IR possess cis ability? What is

the functional relevance of this absence or existence?

The path to fully understand the mechanisms behind the diverse functions of NK

cells, such as their education, is still going on, but major advances have been

achieved in recent years. All models presented above cannot be entirely excluded

and would probably be finally mutually nonexclusive. The picture is certainly

complex, as is the level of the importance of the functions presumed for these cells.
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Trogocytosis and NK Cells in Mouse and Man

Kiave-Yune HoWangYin, Edgardo D. Carosella, and Joel LeMaoult

Abstract The intercellular exchange of membrane-associated proteins between

interacting cells is a mechanism which has recently become the subject of intense

investigations, whether at the phenomenological, mechanistic, functional, or even

conceptual levels. Even though the most prominent examples of intercellular

transfer of membranes concern antigen presenting cell–T cell interactions, they

have also been described between NK cells and target cells. In this chapter, we will

focus on the characteristics of these mechanisms in the context of NK/target cell

communication, and discuss the functions associated with intercellular transfers of

membrane-bound proteins and their possible relevance.

1 Introduction

NK cells may serve as a first line of defense against tumors and viruses, thanks to

their capability to kill MHC class I deficient cells. The function of NK cells is

regulated by the balance between activating and inhibitory signals that are sent

through triggering and inhibitory receptors.

Activating receptors recognize ligands usually expressed at low levels on

healthy cells but that are often up regulated on tumor cells or virus-infected cells.

Examples are the activating complex NKG2D/DAP10 which recognizes polymor-

phic MHC class I chain-related molecules (MIC) MICA and MICB, several toll-

like receptors (TLRs) and the low affinity Fc receptor CD16. On the other hand, NK

inhibitory receptors recognize MHC class I molecules that are constitutively

expressed by most healthy cells but that are often down regulated in tumor cells.

In humans, the main inhibitory receptors are killer cell immunoglobulin-like
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receptors (KIR) and the lectin-like CD94/NKG2A heterodimers. In mice, the main

inhibitory receptors are the lectin-like Ly49 dimers. These inhibitory receptors

contain one or two intracytoplasmic inhibitory signaling domains called immunor-

eceptor tyrosine-based inhibition motifs (ITIMs) and recruit phosphatases such as

SHP-1 to switch off activating signals. Hence, NK cells do not react to cells which

express low levels of activating ligands and high levels of MHC class I molecules,

but kill cells such as tumor cells which express higher levels of activating ligands

and low levels of MHC class I molecules (for review, see [1]).

Activating and inhibitory signals are sent through a specific structure called the

immunological synapse (IS), i.e., highly organized supramolecular clusters of

specific molecules recruited to the interface between the NK cell and its target

[2]. It is now known that inhibitory and activating receptors are spatially segregated

in two different structures called cytotoxic NK IS (cNKIS) and inhibitory NK IS

(iNKIS). It is the integration of the signals received through these structures which

dictates whether or not NK cells will lyse their targets.

Thus, the function of NK cells seems to be controlled by the signals they receive

from target cells through their activating and inhibitory receptors. However, NK

cells are constantly proving to be more complex than previously thought, and their

function to be ever more complex than the basic activating ligand versus inhibitory

ligand dichotomy. In particular, it was recently shown that NK cells exchange

membranes and proteins with their surroundings, and that this has potentially

dramatic consequences on their function. Intercell antigen exchanges do not fit

well into the basic model of the immune reaction because they imply that cells can

act through molecules they do not express, react to molecules they express no

receptor for, and perform functions unrelated to their nature. Yet, intercellular

exchange of materials might be part of the normal behavior of NK cells and thus

bear high significance.

Intercell antigen exchange was first demonstrated in 1973 in the context of LPS

transfer between lymphocytes [3], and since then, various mechanisms have been

described for it. One can cite uptake of shed antigens, uptake of apoptotic cell

antigens, and uptake of exosomes, nanotube formation, and trogocytosis (for a

review on each of these various mechanisms, see [4]). In the present chapter, we

will focus on intercellular exchanges through trogocytosis, although we shall incor-

porate data concerning intercellular exchanges through nanotubes. Indeed, it is only

recently that the differences between these two mechanisms have been highlighted.

Hence, most of the available literature only deals with antigen exchanges taken as a

whole and does not distinguish between nanotubes and trogocytosis. In truth, these

two mechanisms do share common features and might happen concomitantly [4].

Membrane nanotubes (reviewed in [5]) are thin structures composed of F-actin

that connect two cells. Nanotubes can either be actin-driven protrusions extending

from one cell to another [6], or tethers which form when two cells dissociate after

cell-to-cell interaction [7]. Depending on whether or not membrane fusion sub-

sequently occurs, either an open-ended or closed membrane nanotube may be

formed. Membrane nanotubes have been observed in a wide variety of cells,

including NK, B, T cells and myeloid cells; they represent a novel route for
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intercellular communication [7–9]. Nanotubes may mediate the intercellular trans-

fer of material through several mechanisms: (1) cargo such as vesicles or larger

organelles might traffic between cells within open-ended nanotubes [6], or (2) cargo

might traffic along the surface of nanotubular connections, as demonstrated by

intercellular trafficking of bacteria [10] or viral particles [11]. (3) Cell-surface

proteins and/or patches of surface membrane might also transfer via nanotubular

connections [4, 6, 7]. (4) Finally, activation signals such as calcium signals may be

transmitted from one cell to another through nanotubular connections [12]. In this

chapter, we will only consider the transfer of membranes or membrane-bound

molecules via nanotubular connections as these may resemble trogocytic transfer.

Trogocytosis (reviewed in [4, 13]) is a mechanism of fast, cell-to-cell contact-

dependent uptake of membranes and associated molecules from one cell by another.

Trogocytosis has been documented in a/b T cells [14–16] g/d T cells [17], B cells

[18], NK cells [19], antigen presenting cells (APC) [20] and tumor cells [21].

Molecules whose transfers have been studied the most, include but are not restricted

to MHC-I, MHC-II, CD54, CD80, CD86, and NK receptors. Regardless of the cell

types involved, the main parameters of trogocytosis are (1) a dependence on cell-

to-cell contact, (2) fast transfer kinetics in the order of minutes, (3) transfer of

membrane patches containing intact membrane-bound molecules and proper orien-

tation on the new cell, and (4) limited half-life of the acquired proteins at the surface

of the acquirer cell.

The strict dependence of trogocytosis on cell-to-cell contact means that disrup-

tion of the initial cross-talk process might be sufficient to abrogate membrane

transfer. For example, it was shown that CD4+ and CD8+ T cell acquisition of

APC MHC Class II and MHC Class I molecules, respectively, was antigen-specific

and consequently, could be blocked by disrupting TCR–MHC interaction [16]. This

also implies that interactions between membrane-bound ligands and receptors drive

the trogocytic transfer. In the example cited, MHC–TCR interaction was shown to

be one of these driving interactions, but this cannot be generalized. In other systems

and even in some APC-T trogocytosis experiments, transfers could be blocked by

disrupting other ligand–receptor interactions [22], or could not be blocked at all

[23], or happened in all-autologous antigen-free conditions [24–26]. Hence, it is

commonly accepted that the mechanisms which underlie trogocytic transfers are

either multiple/redundant, and/or incompletely understood.

Nevertheless, trogocytosis is not a transfer of individual molecules, but one of

the entire membrane patches that contain intra- and trans-membrane proteins.

Consequently, since disrupting only one receptor–ligand interaction is sometimes

sufficient to block trogocytosis [16, 26, 27], it is clear that all molecules other than

those absolutely necessary to trogocytosis are transferring passively. This is well

illustrated by the fact that CD8+ T cells can non-specifically acquire MHC Class II

molecules along with the MHC-Class I:peptide complexes they are specific for

[24, 28], the reverse being true for CD4+ T cells [28].

What makes these transfers important is that the transferred membrane patches

may temporarily endow the acceptor cell with some functions of the donor cells.

Indeed, (1) CD8+ T cells which acquired their cognate MHC Class I:peptide ligands
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became susceptible to “fratricide” antigen-specific cytolysis [16, 29], (2) T cells

which acquired HLA-DR and CD80 could stimulate resting T cells in an antigen-

specific manner, and thus behave as APC themselves [25, 30, 31], and (3) CD4+ T

cells and NK cells which acquired HLA-G behaved as suppressor cells [23, 32].

Even though the most prominent examples of intercellular transfer of mem-

branes concern APC–T cell interactions, trogocytic transfers have also been

described between NK cells and target cells. In this chapter, we will focus

on the characteristics of these mechanisms in the context of NK/target cell
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NKL

HLA-G+
Target NKL

NKL

HLA-G+
Target

1 min 5 min 30 min

NKL

HLA-Gacq+ NK cell

Acquired
membranes

Acquired
Molecule

a

b

Fig. 1 Confocal visualization of trogocytosis Visualization of HLA-G1 transfer from HLA-G1-

positive melanoma cells to the NK cell line NKL by confocal microscopy. (a): Kinetics of

intercellular protein exchanges between target and NK cells. Red: cytoplasmic labeling of target

cells, Blue: cytoplasmic labeling of NKL cells, Green: membrane bound HLA-G molecule. The

pictures were taken at the indicated times after the beginning of the target-NK cell co incubation.

After 1 min of co incubation, contact areas between target and NK cells were clearly visible. After

5 min and even more so after 30 min of co incubation, multiple HLA-G-positive areas can be seen

on the surface of the NKL cells, some of which located outside of the contact area with target cells.

The latter patches might indicate multiple contacts between the NK cell and HLA-G-positive

target cells, and/or membrane movements. An isolated NKL cell which acquired HLA-G from

target cells by trogocytosis is shown on the right. Arrows indicate areas of interest. (b): Three-

dimensional reconstruction of an NK cell which acquired two membrane patches of different

composition from a target cell: the transfer of lipids of target cell origin is evident in both cases

(red labeling), but only one patch contains the HLA-G molecule (green staining). Blue: nuclear
staining of NKL cells, Red: stained membranes from the target cells: prior to co incubation with

NK cells, the target cells were labeled with the lipophilic PKH26 dye. Green: membrane bound

HLA-G molecule originally expressed by the target cells
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communication, and discuss the functions associated with these transfers and their

possible relevance. For the sake of clarity, one example of target-to-NK cell transfer

of membranes and associated molecules (including HLA-G, in this case) are shown

in Fig. 1.

2 Intercellular Transfer Between Target Cells and NK

Cells: Characteristics and Mechanisms

2.1 Phenomenology

The transfer of molecules between NK cells and target cells has now been

described in several contexts. Arguably, the most complete demonstration was

made in two independent reports published at the same time, which described in

depth the acquisition of target MHC molecules by NK cells expressing Ly49

receptors at the iNKIS [33, 34]. Ly49A is a C-type lectin-like Ly49 receptor that

recognizes H-2Dd and H-2Dk strongly but H-2Db very weakly. In vitro experi-

ments from both articles show that Ly49A+ NK cells from C57BL/6 mice (H-2b)

acquire Ly49A ligand H-2Dd from the splenocytes of H-2d mice. In this system,

the transfer of H-2Dd was directly dependent of the H-2Dd:Ly49A interaction

and could be blocked by anti-Ly49A or anti-H-2Dd antibodies. Of note, the

transfer of membrane patches was not demonstrated in these reports but by

using C-terminus GFP-tagged H2-Dd it was recently shown that the transferred

MHC molecules were whole and included the intact intracellular part [35].

It seems therefore logical to assume that at least some donor cell membrane

transferred along with H2-Dd in this system as it was shown in others [9, 19, 21,

36]; whether trogocytosis or nanotubes are involved, remains an open issue. In

these two reports, it was further established that H2-Dd transfer to Ly49A+ NK

cells occurred in vivo. For instance, H-2bDd mice were lethally irradiated and then

reconstituted with a mixture of bone marrow cells from B6 (H-2b) and H-2bDd

donors, and in this system, H2-Dd-negative NK cells from B6 origin stained

weakly positive for H2-Dd molecules which they continuously acquired from

H2-Dd-expressing cells in their environment [33].

Trogocytosis by NK cells is an active process. Indeed, it was shown at the

cNKIS, that intercellular membrane exchanges are regulated by Src kinases and

relied upon ATP, PKC, calcium, actin cytoskeleton and activation of NK cells at the

cNKIS [37]. Interestingly, the transfer of HLA-C from target cells to NK cells at the

iNKIS requires actin cytoskeleton and NK cell activation [19] but in this system Src

kinases were not involved [9].

Several reports further showed that following NK cell–target cell interaction,

proteins also transferred from NK cells to target cells. One can cite the NK-to-target

transfer of KIR2DL1 [9, 21], NKG2D [38, 39], 2B4 [40], and in the mouse,
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Ly49A [21]. These transfers have been comparatively less studied than target-to-

NK transfers, but it seems they depend on the same parameters.

The existence of NK-to-target transfers asks the question of whether target-

to-NK and NK-to-target transfers which have been described within the same

experimental system occur independently as concomitant monodirectional transfers

or in the same time as bidirectional transfers. This question is difficult to answer

because it requires an analysis at the level of the structure where transfers occur

with a possible requirement for kinetics analysis. Furthermore, the results obtained

may depend on the nature of the individual transfers that are investigated. Never-

theless, it was shown that KIR2DL1 and its ligand HLA-C transferred from within

the same synapse to target and to NK cell, respectively [9]. These results proved

that bidirectional transfers of membrane-bound molecules are possible.

Thus, intercellular protein transfers occur between NK cells and target cells but

open questions remain on the basic parameters of the intercellular protein

exchanges, in particular: (1) which are the mechanisms involved (trogocytosis or

nanotubes), are the proteins integrated or not in the recipient membrane, (2) where

does the transfer take place (cNKIS or iNKIS), is it killing dependent and (3) is it

specific of a particular interaction? In the following paragraphs, we will focus on

these different issues.

2.2 Mechanisms Involved in the Transfer of Membrane-
Anchored Proteins, and Integration of Acquired Proteins
Within the Recipient Cell Membrane

Trogocytosis is a transfer of membrane proteins contained within a membrane

patch, whereas nanotubes might cargo membrane-anchored proteins from one cell

to another in the absence of lipid transfer [4, 5]. Several situations have been

observed for protein exchanges between target cells and NK cells.

First, membrane-bound proteins may transfer even though membranes do not. It

has been hypothesized that H-2 molecules which are specifically acquired by Ly49

expressing NK cells may transfer in the absence of lipid exchange [34]. This

hypothesis would resemble the cargo of MHC molecules through nanotubular

connections, but definite proof and characterization of the mechanism involved

remain elusive.

Second, membrane-bound proteins may transfer within membrane patches but

may not integrate within the membrane of the acceptor cell. In this case, the

transferred structures may remain affixed onto the acceptor cell. This was particu-

larly well illustrated in the context of HLA-C transfer from target cells to NK cells,

for which the transferred proteins were shown to remain inside long thin membra-

nous structures at the surface of the recipient cells [9]. The same mechanism

seemed to drive the transfer of KIR2DL1 from NK cells to target cells [21] and

in both configurations, transferred proteins and membranes could be removed by
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a brief acid wash. It was postulated that transferred HLA-C was contained within

nanotubes which remained stamped on the NK cells after they dissociated from

their targets. This may occur not only at the iNKIS, but also at the cNKIS, as shown

for the transfer of the activating receptor 2B4 and its associated signaling adaptor

molecule SAP from NK cells to target cells [40].

Third, membrane and proteins may integrate within the membrane of the

acceptor cell. Although there is no formal demonstration that acquired membranes

integrate properly and in a way that allows the acquired molecules to function

within this new environment, evidence accumulates that this may be happening. For

instance, in one of the systems described in the previous paragraph, only a fraction

of the transferred KIR2DL1 could be removed from the acceptor cell surface [21],

indicating that some membranes and associated molecules may have been more

than just affixed on acceptor cells. In a recent report [41], it was shown that

recombinant H-Ras, a signal transducing protein that is attached to the inner leaflet

of the plasma membrane integrated into the plasma membrane of the adopting NK

cell in a way that seemed to allow free diffusion. There is some debate on whether

or not definite proof of free diffusion was provided in this report, but still, after

transfer, H-Ras was found evenly redistributed within the plasma membrane of the

adopting NK cell, and not clustered within a membrane patch of donor cell origin,

which suggests proper integration.

2.3 Do Intercellular Transfers Depend on the Cytotoxic Activity
of NK Cells?

NK cells are mainly characterized by their killing activity on target cells, i.e., on

tumor cells or class I deficient cell lines. As trogocytosis and nanotubes are

dependent of the activation of NK cells, one of the main questions of the exchange

of proteins is whether they depend on the lytic activity of the NK cells.

In some cases, the inhibition of lysis prevented membrane uptake by NK cells,

thus demonstrating that intercellular transfers may be dependent on cytolytic

function. Indeed, Tabiasco et al. reported that cytolytic NK cells acquired mem-

branes from their targets, but that when target cells expressed HLA-B27, the

interaction between this molecule and ILT2 blocked both killing of target cells

and membrane uptake [37]. In another study, the same authors demonstrated that

CD21 acquisition by NK cells was inhibited when target cells were protected from

lysis [42]. Recently, a study demonstrated that IL-2 activated NK cells could

acquire membrane fragments from autologous monocytes and that this was corre-

lated with the lytic activity of the NK cells towards the monocytes [43]. These

results demonstrate that intercellular transfers may be linked to the cytolytic

activity of NK cells. Yet, it was also shown that NK cells acquired the activating

molecule MICA at the cNKIS rapidly after intercellular contact, and before the lysis

could begin [38]. This interesting observation does not question the possible link
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between cytolysis and membrane transfers, but challenges the dependence of

transfers on lysis.

In other contexts, intercellular protein transfers occurred in the complete absence

of lysis. For instance, NK cells from a perforin-deficient patient acquired the

inhibitory molecule carcinoembryonic antigen (CEA) from target cells even though

they had no cytolytic function [44]. Similarly, NK cells and NK lines efficiently

acquired the nonclassical HLA class I molecule, HLA-G from target cells even

though this very molecule completely inhibited the cytolytic function of NK cells

through interaction with its receptor on NK cells, ILT2 [32].

All data considered, there is not one definite answer to the question of whether or

not intercellular transfer from/to NK cells depends on the cytotoxic activity of the

NK cells and it all seems to depend on the interactive context. As far as our

knowledge stands, it is safest to state that NK-target antigen exchanges seem to

depend on NK activation, but may or may not be linked to NK cytolytic activity.

The reason for this vague statement is that since we do not fully understand the

mechanisms that drive NK-target antigen exchanges it is likely that one key

parameter eludes us, which prevents us from discriminating between various

exchange situations.

2.4 Do Intercellular Transfers Depend on a Specific
Ligand–Receptor Interaction?

One of the key questions which remain unanswered is what are the molecules which

actually mediate the intercellular transfer? All studies carried on so far emphasize

the absolute requirement for cell-to-cell contact, and most hypothesize that antigen

exchange occurs at the NKIS, since this is mainly where cell-to-cell contact occurs.

Thus, it seems logical to conclude that some ligand–receptor interaction is required

for antigen transfer. Most studies have investigated this point and some have

identified a ligand–receptor pair that, in the system being considered, mediated

the transfer.

For instance, in the murine system, the uptake of H-2Dd by NK cells depended

on the presence of Ly49A receptors at the surface of these NK cells, and blocking of

the H-2Dd:Ly49A interaction prevented H-2Dd uptake. This demonstrates that the

H-2Dd:Ly49A interaction was directly responsible for antigen transfer in this

system [33, 34]. Similarly transfer of MICA and MICB molecules to NK cells was

shown to depend on recognition by NKG2D [38, 39]. In these systems, the interaction

being considered seemed to play a crucial role. In other systems, specific interac-

tions between receptor and ligand could only enhance protein transfers. This is the

case of HLA-Cw6 uptake by NK cells, which is enhanced by KIR2DL1 recognition

but does not require it [9]. This likely means that another ligand–receptor inter-

action drove HLA-Cw6 uptake by NK cells, and that several ligand–receptor

interactions may participate in antigen transfer.
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Many other examples exist showing that the specific interaction between the

protein being studied and its receptor or ligand is not responsible for the transfer of

that very protein. To cite only one: it was shown that the very efficient transfer of

HLA-G from target cells to activated human NK cells bearing only one HLA-G

receptor, ILT2, does not involve the HLA-G:ILT2 interaction. Indeed, the blocking

of HLA-G:ILT2 interaction using anti-HLA-G or anti-ILT2 antibodies had no

effect on HLA-G uptake by NK cells [32].

Thus, it seems that results which concern the requirement for a specific receptor–

ligand interaction for antigen exchange to occur between NK cells and target cells

are conflicting. This is however not the case. Indeed, one has to keep in mind that

trogocytosis is the transfer of membrane patches, and not of individual molecules,

which means that many molecules transfer at the same time. The fact that only

few (sometimes even one) receptor–ligand interactions are sufficient to drive this

transfer means that most of the proteins transfer passively. A passive transfer of a

protein is one which does not require the interaction between this protein and one of

its specific ligand/receptor. Consequently, a protein which transfers passively

follows the molecules that really drive membrane and protein uptake [21]. Eventu-

ally, it all comes down to what is the cellular system and what is the protein

followed by the investigator who performs the experiment. In some cases the

protein that is looked at happens to be the one which is important for transfer and

in other cases not. However, we believe it is safe to state that in all systems, a

specific ligand–receptor interaction is indeed required for trogocytic transfer.

Thus, transfer of membrane-associated proteins such as trogocytosis is a process

that is easily observable, but the mechanisms of which remain largely unknown.

Some parameters are clear, such as activation of the NK cell, and the need for cell-

to-cell contact, but others remain largely unknown, and in particular what is the

molecular event that is the key to intercellular transfer. It is very possible that many

types of intercellular exchanges exist, which take place differentially or concomi-

tantly, depending on the cell–cell interaction considered, and also on the purpose of

these interactions. As long as the various types of cell-to-cell antigen exchanges are

not clearly identified, it will remain difficult to draw a clear picture of what are

intercellular protein exchanges and/or what is their real contribution to immune

responses.

3 Functions and Physiological Significance of Protein Transfers

Once it is admitted that proteins transfer between NK and target cells, the next

obvious question is “so what?,” in other words: how does an acquired molecule

impact an immune response, and is this impact significant?

As far as the functions of the acquired molecules are concerned, one line must be

drawn to separate transferred molecules with a ligand-type or a receptor-type

function. Indeed, a ligand-type function is that of a proteic structure which acts

through a receptor expressed on another cell. In this configuration nothing is asked
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of the transferred molecule other than to retain its original receptor-binding proper-

ties, and the actual functional changes are observed on the cell that bears the receptor.

On the other hand, a receptor-type function is that of a proteic structure which signals

to the cell that bears it after engagement with its ligand. In this configuration, the

transferred molecule must not only retain its ligand-binding properties, but also its

capability to send a signal that will yield an observable function. Indeed, in this case,

the functional changes will be observed on the cell that has acquired a new set of

molecules. A proper regrafting of the acquired receptor within the biochemical

machinery of the new host cell is therefore mandatory.

To the best of our knowledge, the function of transferred molecules with ligand-

type functions has been demonstrated numerous times, whereas the function of

transferred molecules with receptor-type functions is still to be proven.

3.1 Functional Impact of the Intercellular Transfer
of Molecules with Ligand-Type Functions

It has been demonstrated that many proteins with ligand-type functions are still

functional after transfer to NK cells. For instance, H-2Dd molecules acquired by

Ly49A+ murine NK cells retained their Ly49A-binding capabilities. As a conse-

quence, H-2Dd-negative but Ly49A-positive NK cells which had acquired exoge-

nous H-2Dd molecules showed a reduced killing activity against MHC class I

negative target cells compared to control NK cells which did not acquire exogenous

H-2Dd [34]. This could be the result of acquired-H-2Dd:endogenous-Ly49 interac-

tion either in cis or in trans between NK cells.

In human beings, one study reports a lack of inhibitory functions for transferred

HLA-C molecules. However, it is possible that no function was observed because

no acquired molecule was left on the NK cell surface due to rapid internalization of

the acquired molecules, along with the receptors they bind [19]. On the contrary,

another study reports that HLA-G1 acquired by NK cells from tumor cells retains its

full inhibitory function and has a dramatic impact on the function of the cells which

acquired it [32]. Indeed, after acquisition of HLA-G1, NK cells stopped proliferat-

ing, became unresponsive to IL-2 stimulation, no longer lysed their targets, and

behaved as regulatory NK cells capable of blocking the functions of other NK cells.

All these inhibitions were directly due to HLA-G1 since blocking HLA-G1 or its

receptor ILT2 completely restored NK cell functions. Thus, HLA-G1+ NK cells

were able to inhibit each other as well as other NK cells through the interaction, at

least in trans, of acquired HLA-G1 with ILT2. The consequence of HLA-G1

acquisition by NK cells was the complete inhibition of the NK cell population’s

lytic capabilities and the transformation of NK cells supposed to lyse the targets

into NK cells which protected that same target. It is interesting to note that

this suppressive function, acquired through membrane transfers was temporary.

Indeed, if HLA-G1-donor cells were removed, NK cells which had acquired HLA-G1
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but no longer had access to it lost HLA-G1 cell-surface expression in a matter of

hours, lost their inhibitory function along with it, and concomitantly recovered their

original lytic capabilities.

These examples are demonstrative but are not the only ones. Indeed, it has been

shown that (1) MICA that had been acquired by NK cells from tumor cells caused

the degranulation of NK cells [38], that (2) NK cells which had acquired MICB

from tumor cells exhibited a reduced NKG2D-dependent cytotoxicity [39], and that

(3) transfer of CD21 on NK cells facilitated binding of and possibly infection by

EBV [42].

Thus, molecules with ligand-type functions seem to keep their receptor-binding

capabilities after intercellular transfer to NK cells. Depending on the molecule

transferred, this may endow the acceptor NK cells with a new function, one that

may alter dramatically its cross-talk capabilities and/or its natural function, albeit

temporarily.

3.2 Functional Impact of the Intercellular Transfer
of Molecules with Receptor-Type Functions

The transfer of proteins with receptor-type functions has been observed in both

target-to-NK (H-Ras [41]) and NK-to-target direction (Ly49A [21], 2B4 [40],

NKG2D [38, 39], KIR2DL1 [9]). Furthermore, the transferred receptors seem to

be correctly oriented, in a manner that should allow binding in trans. In some cases,

activating receptors transferred from NK cells to target cells along with costimula-

tory or adaptor molecules, which means that these receptors could potentially keep

their functions and still signal inside their new host cells. For instance, (1) NKG2D

transferred from NK cells to target cells along with DAP10, a transmembrane

adaptor molecule containing a YINM motif that binds and activates via phospha-

tidylinositol 3-kinase and Grb2 [39]; (2) 2B4, a human activating co receptor also

transferred from NK cells to target cells in association with SLAM associated

protein (SAP), a signaling adaptor molecule. With the clear exception of transfers

through apposition of nanotubes onto the acquirer cell (e.g., KIR2DL1 [9]), it seems

that the conditions could allow signaling of the acquired receptor to its new cell

host. However, with the possible exception of H-Ras transfer [41] no such signaling

and no function of the transferred molecules with receptor-type ligands have been

reported to date. There are, of course, many possible explanations to this fact,

including the fact that such a function may not have been investigated, but we favor

one simple interpretation: as stated before, the function of an acquired receptor is

strictly dependent on, at least, (1) a proper insertion in the plasma membrane of the

new host cell, (2) the existence of a compatible biochemical machinery within the

host cell that will allow the acquired receptor to get its signal through, and (3) an

outcome of this signaling that one can predict and measure. These are the simplest

and the most basic requirements for acquired receptor function, and there must be
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many additional ones. Assuming a proper orientation and integration of the trans-

ferred molecules, in the systems which have been investigated so far, the transferred

receptors may not function at all because donor cells and acceptor cells may be

biochemically/metabolically too different (tumor line versus NK cells), causing a

clear break in the progression of a signal originating from the transferred receptor.

Furthermore, even if the donor cell and acquirer cells were compatible biochemi-

cally with respect to the signaling of the transferred receptor, were the experimental

conditions right for the observation of the transferred receptor’s function? For

instance: how does one observe the effect of an inhibitory receptor transferred to

a tumor cell, what is this receptor going to inhibit, is the acquirer cell in a state at

which inhibition is observable? Thus, it seems to us that no function has been

reported for transferred receptors because the experimental designs were set-up to

focus on ligand transfers and not receptor transfers, with one exception. Indeed, a

recent paper reports the transfer of the oncogenic molecule H-Ras from transfected

B cell lines to lymphocytes that include NK cells [41]. In this configuration, donor

and acquirer cells were both of lymphocytic origin, even if the possible biochemical

compatibility is significantly weakened by the fact that one was a tumor line.

Furthermore, the experiments were specifically set up to focus on the function of

the transferred receptor. In this report, the authors make a strong case for a function

of the transferred receptor and argue that it induced ERK phosphorylation, cytokine

secretion and enhanced proliferation. Even though we believe that undisputable

proof was still lacking, this was the first time the case for a functional regrafting of

an acquired molecule with receptor-type functions was so strongly made.

The possibility of receptor-type molecules functional transfer is a fascinating

one and fully applies to NK cells. For instance, in the simplest of configurations, the

acquisition of a functional receptor which the acceptor cell does not endogenously

produce would temporarily allow this acceptor cell to sense and react to molecules

(membrane-bound or soluble) it was insensitive to before. In more complex situa-

tions, the acquired receptor might signal and trigger pathways which, in the context

of the new host cell, may differ from the one triggered by the same stimulus in the

original host cell. Variations of this are of course open to speculation, but regardless

of the details, the demonstration that transferred receptor-type molecules may be

functional opens a window on an entirely new way of looking at the regulation of

immune responses, one that would fully integrate the contribution of environmental

cells, be microenvironment- and situation-dependent, and highly adaptable, even

though it would also be a very unpredictable one.

It is now evident that NK cells exchange antigens with their targets upon cell-to-

cell contact, and in particular membrane-bound proteins. It is also clear that in the

case of proteins with ligand-type functions, functions may be transferred from cell

to cell, and that this may have a dramatic impact on the eventual behavior of

NK cells, implying that the biology of NK cells is really more complicated than

originally thought. The requirements of antigen transfers between NK cells and

target cells are so that it is difficult not to consider the idea that antigen (and

function?) transfers are an integral part of immune responses. This is already

a great achievement: if intercellular transfers are part of the normal course of
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immune responses, then they constitute one potent regulation mechanism that is

clinically completely unexploited. However, the parameters which dictate which

molecules transfer from which to which cell, and with what possible impact are less

evident. When all the various types of membrane-bound antigen exchanges have

been clearly identified, the picture may get clearer and the consequences more

predictable, but for the moment, only possibilities are certain.
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Virus Interactions with NK Cell Receptors

Vanda Juranić Lisnić, Iva Gašparović, Astrid Krmpotić, and Stipan Jonjić

Abstract Natural killer cells are among the first cells of the immune response to

recognize and react to threats. They do so by surveying other cells for aberrant

behavior such as altered expression of MHC class I, and molecules produced or

induced by pathogens. As such, they are very important in host resistance to viral

infection. Various unrelated viruses have evolved numerous evasion techniques in

order to avoid detection by NK cells. The many immunoevasive techniques may be

roughly divided into two main groups: camouflage of infected cells aimed at

inhibitory receptors and obstruction of activating receptors. By differential down-

modulation of MHC class I molecules and production of MHC class I homologues,

viruses prevent CTL recognition and camouflage their presence from NK cells.

Additionally, viruses have directed even greater attention towards preventing the

engagement of activating receptors by interfering with the receptors per se or by

down modulating their ligands and coactivating molecules, providing soluble

competitors, modification and interference with translation of ligands.

1 Introduction to NK Cells and Their Receptors

Natural killer (NK) cells are a subset of bone-marrow derived lymphocytes initially

identified by their ability to lyse cancer cells without prior sensitization. Nowadays,

it is known that this ability, termed natural killing, plays a major role not only in the

rejection of tumors but also in the early defense against pathogenic organisms,

especially viruses, while the adaptive immunity is still being mounted. NK cell

activity is primarily regulated by a balance of inhibitory and activating signals
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coming through receptor structures on the cell surface [1]. Probably, the most

important role of inhibitory receptors is to prevent NK cells from engaging self

antigens, a situation which could lead to autoimmune disorders. In general, inhibi-

tory receptors monitor the presence of MHC class I molecules on the cell surface as

explained by the “missing self” hypothesis [2]. It was noticed that NK cells

preferentially kill tumor cells that do not express MHC class I molecules on their

surface. Lately, it has been shown that upon ligation of their respective ligands,

inhibitory receptors confer silencing signals thus preventing the release of cytotoxic

molecules and the secretion of cytokines and chemokines.

All mature NK cells express at least one self MHC class I-specific inhibitory NK

cell receptor (the “at least one” rule), ensuring NK cell tolerance to self [3, 4]. This

implies that inhibitory receptors are needed for the proper maturation of NK cells in

order for the NK cells to be able to recognize the “self” and become tolerant to it

(“licensing” model) [5, 6] or to prevent hyporesponsiveness (“disarming” model)

[7, 8]).

Inhibitory receptors signal through a characteristic amino-acid sequence motif

located in their cytoplasmic tail: the immunoreceptor tyrosine-based inhibitory

motif (ITIM). Upon ligand binding, the tyrosines located in the ITIM motif become

phosphorylated leading to a signaling cascade. In turn, this results in the inhibition

of NK cells through dephosphorylation of substrates for tyrosine kinases linked to

activating NK cell receptors (reviewed in [9]). This interesting feature may explain

why inhibitory signals often dominate over activating ones.

Aside from surveying other cells for any sign of transformation or viral infection

through the expression of MHC class I molecules via inhibitory receptors, NK cells

also rely on a vast and very diverse array of activating and coactivating receptors.

Quite a few are structurally related and belong to families of inhibitory NK

receptors. As with their receptors, activating receptor ligands are equally diverse

and still not a sufficiently understood group of molecules. Some of them are

constitutively expressed (like MHC class I), others are inducible as a consequence

of cellular stress or viral infection while some are encoded by viruses. Despite their

diversity, activating receptors use common signaling pathways, many of which are

employed by T and B cells. However, unlike inhibitory receptors, cytoplasmic

domains of most activating receptors do not contain signaling motifs. Rather, they

transmit their signals through their interaction with signaling motif-bearing adaptor

proteins [10].

2 NK Cell Receptors

Activating and inhibitory NK cell receptors can be classified into two families

based on the chemical structure of their extracellular domains: receptors containing

Ig-like ectodomains and receptors containing C-type lectin-like domains [11]. Most

families of NK cell receptors contain both activating and inhibitory members. It is

important to mention that many NK cell receptors are shared by other cells of the
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immune system. However, since numerous inhibitory and activating receptors and

their signaling pathways far exceed the scope of this chapter, we will focus only on

those most often targeted by viral evasion techniques.

2.1 The Ly49 Family

The first among many of MHC class I specific receptors discovered was the Ly49
family. Expressed in mice but lacking in humans, genes encoding this family of C-

type lectins are highly polygenic and polymorphic and encode both inhibitory and

activating receptors which are expressed on the cell surface as disulphide homo-

dimers (reviewed in detail in [10, 12, 13]). Although the majority recognize MHC

class I molecules, the most studied activating member of this family, Ly49H, adds

an interesting twist to the story – it recognizes mouse cytomegalovirus (MCMV)-

encoded protein m157 [14–19] conferring NK dependent resistance to Ly49H+

mice. Recently it was shown that Ly49P plays a similar role: expressed in MA/My

mice, which show a partial resistance to MCMV, it recognizes the H2-Dk mole-

cule in complex with the MCMV m04 protein. Similar to the infection with the

m157 deletion mutant in C57BL/6 mice [20], the infection of MA/My mice with

the m04 deletion mutant abrogates the resistance of MA/My mice to MCMV

infection [21].

Yet another interesting feature of Ly49 receptors is the fact that each NK cell

expressing a particular inhibitory receptor will also express at least one activating, a

feature shared by their human functional homologues belonging to the KIR (killer

cell immunoglobulin-like receptors) family [4]. The potential problem of two

receptors with opposing activity sharing the same or similar ligands is explained

by the fact that most inhibitory receptors dominate over the activating ones, as

mentioned above. Two or more activating signals are needed to rescue NK cells

from inhibition. An important role in providing the additional positive signal is

played by various cytokines [22].

2.2 The KIR Family

Human functional homologues of Ly49, KIR, belong to the immunoglobulin (Ig)

superfamily of receptors. Unlike Ly49, KIR display a greater degree of complex-

ity and diversity in ligand binding [23]. Various members of the KIR family can

be distinguished by the number of their extracellular Ig domains (two or three),

while their function depends on the length of their cytoplasmic tails [24]. KIR

bind peptide loaded HLA-A, HLA-B, HLA-C and HLA-G by specifically recog-

nizing amino acids belonging to the C-terminal portion of the MHC class I a1
helix [25].
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2.3 The ILT Family

Ig-like domains in the extracellular region are also a common feature of another

family of human receptors named ILT (Ig-like transcripts; also known as LILR and

MIR), which map close to KIR genes. ILT receptors are expressed on the surface of

many cells including monocytes, macrophages, dendritic cells, B, T and NK cells

[26]. Only one of these, the leukocyte immunoglobulin receptor (LIR-1, ILT2,

MIR7, CD85j) [27, 28], is expressed on a subset of NK cells where it acts as an

inhibitory receptor. Like KIR and Ly49, this receptor also surveys the cell surface

for the presence of MHC class I by binding to a broad spectrum of HLA class I

molecules (A, B, C, G alleles and nonclassical HLA-F molecules) [29, 30]. When

bound by a ligand, LIR-1 blocks killing and antigen dependent cellular cytotoxicity

(ADCC) by NK cells, TCR induced cytotoxicity of T cells and the activation of B

cells and monocytes [27].

2.4 The CD94/NKG2 Family

Aside from directly monitoring the expression of MHC class I molecules on the cell

surface, NK cells also survey the expression of these molecules indirectly. This is

achieved by CD94/NKG2, a C-type lectin family of receptors, which recognizes

nonclassical MHC type I molecules (HLA-E in humans and Qa-1 in mice). Though

structurally similar to classical MHC class I molecules, HLA-E and Qa-1 display

only peptides derived from a leader sequence of classical class I molecules. A nine

amino acid peptide sequence, contained within the presented leader peptide, is

recognized by CD94/NKG2 [31]. The members of this family include the inhibi-

tory receptor CD94/NKG2A and the activating receptors CD94/NKG2C and

CD94/NKG2E.

2.5 NKG2D

Despite its name, NKG2D, a C-type lectin-like glycoprotein expressed as a trans-

membrane homodimer, is only distantly related to other NKG2 molecules [32]. The

many evasive tactics employed by viruses, which target NKG2D, underline its

importance in innate and possibly adaptive immunity.

NKG2D comes in two isoforms; long and short which differ not only in the

length of their cytoplasmic tails but also in adaptor molecules they can interact

with. NKG2D-L (long) splice variant only interacts with DAP10, whereas

NKG2D-S (short) can transmit its signaling through the interaction with either

DAP10 or DAP12 molecules [33]. In mice, both isoforms are present while

humans only possess the long variant. However, signaling through DAP10 is
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sufficient to induce cell-mediated cytotoxicity in both humans and mice. More-

over, unlike most other activating receptors, signaling through NKG2D can

overcome inhibitory signals and can therefore activate NK cells even if the target

expresses sufficient amounts of self-MHC class I molecules to avoid killing via

the “missing self” axis [34].

Another remarkable feature that distinguishes NKG2D from other activating NK

cell receptors is its promiscuity: so far seven ligands have been identified in humans

and nine in mice. Human NKG2D ligands fall into two families, the MHC-class-I-

polypeptide-related sequence A (MICA) and B (MICB) family and CMV UL16-

binding protein (ULBP) family (five members; ULBP1-4 and RAET1g) (reviewed

in [35]), whereas mice express five retinoic acid early transcripts 1 (RAE-1a to e)
[36–38], minor histocompatibility protein 60 (H60 a to c [39, 40]) and murine

UL16-binding-protein-like transcript 1 (MULT-1) [41]. All NKG2D ligands are

characterized by a structural homology to MHC class I molecules and are inducible

by cell stress, rather than constitutively expressed on the cell surface [35]. They

show a great structural variability and are either expressed as GPI-anchored or as

transmembrane proteins. Many are polymorphic in human populations or among

various mouse strains and different alleles can show different susceptibility to viral

evasion [42].

2.6 The NKR-P1 Family

Another group of C-type lectin-like receptors, Klrb1 genes encoding NKR-P1

(natural killer cell receptor protein 1) molecules were originally identified in rats

and are expressed on NK cells and T cell subsets [43, 44]. So far, five distinct

murine Nkr-p1 genes and one pseudogene have been described encoding for both

activating (NKR-P1A, NKR-P1C, and NKR-P1F) and inhibitory (NKR-P1B and

NKR-P1D) isoforms. The Klrb1 genes in rodents are characterized by a high

number of copies and also allelic variability, whereas in humans only one ortholog

has been found (encoding NKR-P1A) (reviewed in [45]).

2.7 NCR1

All receptors mentioned so far are not expressed on NK cells exclusively but are

also shared by other cells of the immune system. However, natural cytotoxicity

receptors (NCR) seem to be an exception to this rule [46, 47]. These members of the

Ig superfamily have been found in both humans and mice. Human NK cells express

three types of NCR1 receptors – NKp30, NKp44 and NKp46 [48], while mouse

cells express only one – NKp46, although NKp30 exists in the mouse genome as a

pseudogene [49, 50]. Although their binding to several viral hemagglutinins has

been shown, their cellular ligands are still unknown [51, 52]. Despite this, the
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importance of NCR1 receptors is evident since it has been shown that their surface

density correlates well with the ability of NK cells to lyse tumors [53], while a

reduced or defective NCR expression during HIV or HCV infection has been

associated with a decrease in NK-cell mediated killing [54, 55].

3 Viral Evasion Techniques

3.1 Camouflage of Virally Infected Cells

The immune system is a complex collection of different biological mechanisms

involving numerous, highly specialized cell types. In order to effectively cope with

various threats, two specialized “arms” of the immune response have evolved: less

specialized but quick to act innate immune system, and a slower but highly specific

adaptive immune system. The innate immune system plays a crucial role during the

early times after viral infection, a time during which the more specific adaptive

immune response is still not properly mounted. Since the cells of the adaptive

immune response, specialized in eliminating intracellular pathogens such as virus-

es, can only recognize the threat in the context of MHC class I molecules, many

viruses use down-modulation of MHC class I molecules as an immunoevasive

strategy [56]. However, this renders the infected cells susceptible to NK cells

which survey other cells for aberrant behavior including diminished levels of

MHC class I and expression of ligands for NK activating receptors. In response

to this, in order to evade the detection and control by the innate immune system,

viruses have developed various strategies aimed at compromising NK cell function

(Table 1). Production of MHC class I homologues and the upregulation of nonclas-

sical MHC class I molecules not recognized by T lymphocytes as well as the

production of ligands for the inhibitory NK receptors are commonly used evasion

strategies.

3.1.1 Production of MHC Class I Homologues

The most obvious and straightforward approach in camouflaging the viral presence

is by producing MHC class I homologues. In order to efficiently perform their role,

these homologues must not be capable of inducing a T cell response, while still

retaining their ability to engage the inhibitory NK cell receptors. Cytomegalo-

viruses (CMV) are especially successful in employing this strategy [57]. Interest-

ingly, although all CMV-encoded homologues are structurally very similar to MHC

class I and some can even bind peptides, they share only a moderate degree of

sequence homology with MHC class I. As a perfect example of this the human

CMV (HCMV) gpUL18 shares only 21% of sequence homology with MHC class I,

while still retaining a structural similarity to MHC class I [58], the ability to
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associate with b2-microglobulin and the ability to bind endogenous peptides [59,

60]. An MHC class I-deficient cell line endogenously expressing gpUL18 was

shown to express an increased level of cell surface b2-microglobulin and was

resistant to NK cell lysis [61]. Moreover, it has been shown that the receptor

recognizing this immunoevasin – LIR-1, binds UL18 with a 1,000-fold higher

affinity than other HLA class I molecules [28, 62]; therefore, even a small amount

of UL18 is sufficient for a successful immune evasion. In addition, UL18 has

Table 1 Common viral camouflaging techniques

Virus Immunoevasin Receptor Mode of action References

MHC I homologues
HCMV gpUL18 LIR-1 Binds to inhibitory receptor LIR-1 [28, 57]

MCMV m144 Unknown Possible ligand for inhibitory

receptors

[58]

RCMV ORF r144 Unknown Unknown [59, 60]

MCV MC080R Unknown Unknown [61]

Regulators of MHC I expression
HCMV US6 – Prevents peptide loading into MHC

I molecules

[62–64]

HCMV US2, US11 – Differentially target MHC I for

degradation

[62, 65–68]

HCMV US3, US10 – Retain HLA molecules in ER [69–71]

HCMV gpUL40 – Maintains HLA-E expression on

the cell surface by providing

leader sequence for loading to

HLA-E

[72, 73]

MCMV m04 Ly49P Binds to MHC I in ER and rescues

their expression on the cell

surface

[21, 74–76]

MCMV m06 – Targets MHC I for lysosomal

degradation

[77]

MCMV m152 – Causes retention of MHC I in

ER-cis-Golgi intermediate

compartment

[78]

HIV p24 aa14-22a – Binds to HLA-E and stabilizes it [79, 80]

HIV Nef – Downmodulates HLA-A and

HLA-B by accelerating their

endocytosis but spares HLA-C

and HLA-E

[81–83]

KSHV K3 – Downregulates all four allotypes

(A,B,C and E) by rapid

endocytosis

[84]

KSHV K5 – Downregulates HLA-A and

HLA-B by rapid endocytosis,

HLA-C is affected only weakly,

while HLA-E is unaffected

[84]

Homologues of non-classical MHC I molecules
RCMV RCTL NKR-P1B Ocil (Clr-b) homologue, binds to

inhibitory NKR-P1B receptor

[45, 85]
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another interesting feature – it is heavily glycosylated. It appears that glycosylation

stabilizes the protein [63] and protects it against degradation. Also it was speculated

that glycosylation may play a role in the prevention of its down-modulation by

HCMV encoded immunoevasins [64], such as US2, US3, US6, US10 and US11

which down-modulate MHC class I (reviewed in [65]). Glycosylation may also

play a role in the prevention of UL18 engagement by other receptors or coreceptors

recognizing MHC class I [63]. Recently, it has been shown that despite a high

structural homology to MHC class I, UL18 is capable of avoiding down-modulation

by US6 by restoring TAP function [66]. Subsequent reappearance of MHC class I

on the cell surface is prevented by a coordinated action of UL18 and US6 where

UL18 interferes with peptide loading by preventing the physical association be-

tween MHC class I and TAP. Therefore, the virus has not only ensured its survival

by camouflaging MHC class I deficiency through a homologue with a higher

affinity for the inhibitory ligand, but also by ensuring its long life on the cell surface

(Fig. 1a).

Interestingly, despite the apparent successful strategy of UL18 as viral immu-

noevasin, it has been shown that the cellular receptor recognizing UL18, LIR-1, is

expressed only on a minor subset of NK cells [29]. The controversy surrounding

this receptor has been broadened by the finding that UL18 not only inhibits NK cells

but it can also in some cases activate NK cells not expressing the LIR-1 receptor

[28, 67, 68]. Since LIR-1 appears also on monocytes and dendritic cells much

earlier in their development than during NK cell maturation it can be speculated

that this viral tactic is targeted mostly at monocytes and dendritic cells [67].

An MCMV encoded MHC I homologue, m144, like UL18 uses glycosylation to

ensure stability and avoid down-modulation [69]. However, unlike UL18 it does not

bind peptide. Although its receptor is still unknown, its importance is underscored

by the finding that deletion mutants showed increased susceptibility to NK cell

control in vivo [70].

Other structural MHC homologues like ORF r144 [71] in rat CMV or a poxvirus

gene MC080R [72] are still subjects of studies.

3.1.2 Differential Modulation of MHC Class I Molecules

Viruses are pretty successful at subverting the cell to do their bidding. A perfect

example is differential modulation of different MHC molecules. Not all MHC class

I molecules are capable of presenting viral peptides and alerting T cells of viral

infection. Such MHC molecules, like HLA-E in humans and mouse Qa-1, present

only peptides derived from leader sequences of other HLA/MHC class I molecules

and thus serve as an indirect indicator of MHC class I production. NK cells survey

the presence of these nonclassical MHCmolecules through the CD94/NKG2 family

of receptors. Since the binding of HLA-E to inhibitory CD94/NKG2A prevents NK

cell mediated killing, even when other MHC class I molecules are down-
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Fig. 1 Camouflaging techniques employed by cytomegaloviruses. (a) Regulation of MHC class I

expression by HCMV. HCMV encodes several proteins which selectively interfere with MHC I

expression on the cell surface. US6 prevents peptide loading, US2 and US11 target HLA-A for

degradation, while US3 and US10 retain MHC class I in the ER. In order to evade recognition by

NK cells, HLA-E is spared from down-modulation, while HCMV-encoded UL40 provides leader

peptide for loading into HLA-E. Additionally, HCMV encodes MHC class I homologue UL18. (b)

Regulation of MHC class I expression by MCMV. Like HCMV, MCMV also encodes several

proteins which interfere with MHC class I expression. m152 causes retention of MHC class I in

ERGIC compartment while m06 targets MHC class I for degradation. Interestingly, m04 does not

prevent MHC class I expression on the cell surface. Rather, a complex of m04 and MHC class I

appears on the cell surface. Like HCMV, MCMV also encodes one MHC homologue – m144
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modulated, it should not come as a surprise that HLA-E molecules are common

targets for viral camouflaging techniques.

HCMV encodes several proteins that down-modulate various MHC class I

molecules with different efficacy. US6 protein prevents peptide loading into

MHC class I molecules and thus prevents them from reaching the cell surface.

US2 and US11 target HLA-A for degradation, while sparing HLA-E expression on

the cell surface [65]. The activation of NK cells is prevented by gpUL40 which has

a leader sequence identical to other MHC class I leader sequences [73, 74].

Expression of this protein results in a maintained expression of HLA-E molecules

on the cell surface and consequent inhibition of NK cell-dependent lysis even in the

case of diminished expression of other MHC molecules.

Like HCMV, MCMV also down-modulates MHC class I molecules in order to

prevent the destruction of infected cells by CD8+ T cells (Fig. 1b). Among three

regulators of MHC class I molecules, m152 arrests the maturation of MHC mole-

cules at the level of ERGIC compartment [75], whereas the product of m06

redirects MHC class I molecules to lysosomes for degradation [76]. While the

role of m152 and m06 in MHC class I presentation is well established, the role of

the third MCMV regulator of MHC class I molecules, m04 is more complex.

Contrary to the other two, m04 does not prevent MHC class I molecules from

reaching the cell surface. Instead, it binds to MHC class I, forming a complex that is

expressed on the cell surface [77, 78]. Although it has been shown that m04 may

inhibit MHC class I presentation [79], it has also been shown that it may actually

antagonize the function of m152 and enhance the recognition of infected cells by

virus specific CD8+ T cells [80]. Since m04 brings class I molecules to the cell

surface, it has originally been proposed that this function serves to inhibit NK cells

by providing ligands for its inhibitory receptors. Although it has not been so far

demonstrated that m04 does indeed serve as an NK cell inhibitor, recent results

showing that m04 is essential for the recognition of infected cells by the activating

Ly49P receptor [21] suggest that inhibitory Ly49 receptors may, in a similar way,

recognize host MHC class I in complex with m04 in order to prevent NK cell

activation. Therefore we speculate that m04 did actually evolve during the coevo-

lution of the host and the virus to serve as a NK cell inhibitor, since the down-

regulation of MHC class I in order to prevent CD8 recognition could make infected

cells susceptible to NK cells via the “missing self” mechanism.

HIV-1 virus also takes advantage of this mechanism by expressing p24 aa14-

22a, a HIV T cell epitope that binds to HLA-E and stabilizes its presence on the cell

surface [81, 82], while Nef protein downregulates HLA-A and HLA-B molecules,

but has no effect on HLA-C or HLA-E [83]. Kaposi’s Sarcoma Associated Herpes

Virus (KSHV) K3 and K5 proteins show similar selectivity [84, 85].

An interesting twist comes from the finding that HLA-E molecules are ligands

for the activating CD94/NKG2 receptors as well. An increase of NK cells expres-

sing activating CD94/NKG2C receptor was observed in HCMV infected and

HCMV and HIV-1 coinfected humans [86, 87]. Moreover, these NK cells out-

numbered those expressing inhibitory CD94/NKG2A. The increased proliferation

of CD94/NKG2C+ NK cells was independent of the UL16, UL18, and UL40
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HCMV genes, but was impaired upon infection with a mutant lacking the US2-11

gene region responsible for MHC class I inhibition [88].

3.1.3 Viral Homologues of Nonclassical MHC Molecules

The original “missing self” hypothesis assumed that only the altered expression of

classical MHC class I molecules prompts NK cells to reaction. However, the

finding that tumors expressing the non-MHC molecule osteoclast inhibitory lectin

(Ocil, also known as Clr-b) are protected from NK cell lysis, indicates that “missing

self” recognition can also be mediated through other molecules [89].

Infection with rat CMV (RCMV) causes the down-modulation of Ocil, most

probably due to cellular stress. The subsequent NK cell activation is prevented by

RCMV-encoded ortholog RCTL (rat C-type lectin-like product), which binds to an

inhibitory receptor present on NK cells, NKR-P1B. RCTL sequence closely resem-

bles that of rat Ocil indicating that virus might have acquired it through an act of

“molecular piracy” [45, 90]. Interestingly, some rat strains counteracted this mech-

anism by evolving an activating NKR-P1A receptor capable of recognizing RCTL,

while others have evolved inhibitory NKR-P1B variants which fail to bind the

decoy while still binding Ocil; this shows that viruses can be an important factor in

shaping the host evolution [90].

3.2 Obstruction of Activating Receptors

A second line of viral defense against the immune system utilizes a more direct

approach by obstructing activating receptors. As inhibitory signals prevail over

activating ones, obstruction of activating receptors ensures NK cell evasion even

when inhibitory signals are weakened. Immunoevasive tactics by obstruction

are many and can target activating receptors directly or circumspectly by down-

modulation of their ligands or coactivating molecules, providing competition for

the receptor or by modulation of host gene expression (Table 2).

3.2.1 Interference with Activating NK Cell Receptors

This most direct of all approaches has been observed in HIV and Hepatitis C virus

(HCV) infections. NK cells of chronically infected patients are reduced in numbers

and functionally impaired, displaying reduced cytotoxicity [91]. Additionally, NK

cells of HIV patients show altered expression of activating receptors [92, 93].

The first mechanism providing a possible explanation of this phenomenon came

with the discovery that binding of HCMV tegument protein pp65 causes a general

inhibition of NK cell cytotoxicity towards a wide variety of targets [94]. Tegument

molecules are part of an HCMV virion positioned between the lipid envelope and
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Table 2 Common viral obstruction techniques

Virus Immunoevasin Receptor Mode of action References

Interference with activating NK cell receptors
HCMV pp65 NKp30 Causes dissociation of CD3x

chain from NKp30

receptor complex

[104]

Downmodulation of ligands for activating NK cell receptors
HCMV UL16 NKG2D Causes intracellular retention

of NKG2D ligands MICB,

ULBP-1 and ULBP-2

[105, 106]

HCMV UL141 CD96,

CD226

Retains CD155 in an

immature form associated

with ER

[107]

HCMV UL142 NKG2D Downregulates full-length

MICA

[108]

MCMV m138 (fcr-1) NKG2D Downregulates MULT-1,

H60 and RAE-1e,
interferes with clathrin-

dependent endocytosis

[109, 110]

MCMV m145 NKG2D Intracellular retention

of MULT-1

[111]

MCMV m152 NKG2D Intracellular retention

of RAE-1

[112]

MCMV m155 NKG2D Intracellular retention of H60 [113, 114]

KSHV K5 NKG2D,

NKp80

Ubiquitylates MICA and

targets to unknown

compartment,

downmodulates MICB

and targets NKp80 ligand

AICL for lysosomal

degradation

[115]

HIV Nef NKG2D Downmodulates MICA,

ULBP-1 and ULBP-2

[116]

Ligand modification
Influenza virus HA NKp46 Viral attachment and fusion

protein, prevents

recognition by NKp46

by addition of new

glycosilation motives

[117]

Competition for receptor
zoonotic

orthopoxvirus

OCMP NKG2D Soluble antagonist of

NKG2D; prevents

recognition and binding

of host NKG2D ligands

[118]

Downmodulation of co-activating and accessory molecules
KSHV K5 LFA-1 Inhibits ICAM-1 expression

by promoting its

ubiquitylation and

lysosomal degradation

[99, 119,

120]

(continued)
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capsid and, as such, are among the first molecules to be delivered into the host cell

upon infection. While pp65 is a dominant antigen for CTL, it exerts just the

opposite effect on NK cells. Direct binding of pp65 to NKp30 causes the dissocia-

tion of the CD3x chain from the receptor complex, thus preventing the transduction

of activating signals (Fig. 2a). By inhibiting NK mediated lysis via NKp30, HCMV

does not only protect infected cells from lysis but also modulates the adaptive

immune response via dendritic cells. Mainly, NKp30 is the only activating NK

receptor involved in the maturation and lysis of normal, self cells – primarily

immature dendritic cells (DC). Additionally, NK cell inhibition may impair DC-

NK cross talk which is considered important in DC priming as well as in the

maturation and consequent CD4+ Th1 cell induction and CD8+ CTL development.

Therefore, long-term inhibition of NK cells could impair the DCmaturation process

and thus have an indirect effect on the efficacy of T cell responses [95]. Also, recent

findings suggest that DC progenitor cells are a major hiding place for the virus

during latency, while differentiation to mature DC has been linked with reactivation

of infectious virus particles (reviewed in [96]). Therefore, pp65-mediated inhibition

of NK cell killing may serve to protect this hiding place [94]. Taking all this into

account, it is not surprising that HCMV infection often comes accompanied by

general immunosuppression and an increased susceptibility to various infections.

3.2.2 Downmodulation of Ligands for Activating Receptors

The most widespread of all obstruction techniques, the down-modulation of ligands

for activating receptors offers a wide variety of targets. Taking into account its title

Table 2 (continued)

Virus Immunoevasin Receptor Mode of action References

HTLV-1 p12I – Downmodulates ICAM-1 and

ICAM-2 thus interfering

with NK cell adhesion to

infected cells

[121]

HCV E2 CD81 CD81 crosslinking generates

inhibitory signals

[122, 123]

Micro RNAs
HCMV miR-UL112 NKG2D Completely prevents

translation of MICB and

to some extent full length

MICA, also targets viral

IE1

[124–126]

Other
MCMV m157 Ly49H;

Ly49I

Binds to inhibitory Ly49I and

activating Ly49H

receptors

[15, 18]
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Fig. 2 Viral obstruction techniques. (a) Interference with receptor. Influenza virus protein pp65,

a component of tegument, enters the cell upon infection and by binding to NKp30 receptor causes

the dissociation of CD3x from the receptor complex thus preventing transduction of activating

signals. (b) Modification of ligands. Major Influenza virus protein, hemagglutinin (HA) is recog-

nized by NKp46. However, in newer influenza virus strains, recognition by NKp46 is prevented

by the addition of new glycosylation motifs in HA. (c) Downmodulation of ligands. Murine

NKG2D ligands are not normally expressed on healthy cells. Rather, their expression is triggered

by cellular stress such is transformation, irradiation or infection leading to NK cell activation.
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of the promiscuous activating receptor [35], as well as the nature of its ligands

whose expression is connected to cellular stress, infection or transformation, it does

not come as a surprise that NKG2D is the most common target of this evasion

technique. Moreover, the importance of NKG2D in early control of viral infection

is underscored by the number of viruses targeting this particular receptor, as well as

the redundancy of the immunoregulative genes targeting it.

Although many viruses target this versatile receptor, the most advanced arsenal

against NKG2D belongs to CMV. The first protein shown to negatively regulate

NKG2D ligand is HCMV UL16. This 50 kDa transmembrane glycoprotein causes

intracellular retention of NKG2D ligands MICB, ULBP-1 and ULBP-2 [97–99].

MCMV also encodes negative regulators of NKG2D ligands: surface expression

of MULT-1 is affected by m145, RAE-1 family by m152 and H60 by m155 [100–

104] (Fig. 2c). Deletion of either of these genes from the viral genome is followed

by the reappearance of their target NKG2D ligands on the infected cell surface and

results in enhanced sensitivity of the mutant viruses to NK-mediated killing

(reviewed in [105]). MULT-1 and H60 are, in addition to their own specific down-

regulators, both targeted by m138/fcr-1 [106], a protein previously described as

MCMV FcgR and also implicated in down-modulation of T cell costimulatory

molecule B7-1 and some RAE-1 proteins [105, 107]. As was the case with other

downregulators of NKG2D ligands, deletion of this gene resulted in virus attenua-

tion in vivo. Recently, we have observed that various members of the RAE-1 family

are not equally susceptible to down-modulation by MCMV. We have shown that

m152 acts on RAE-1 molecules in a similar fashion to MHC I molecules – blocking

newly synthesized molecules in the ERGIC compartment. Therefore, since m152

cannot affect mature RAE-1 molecules, another viral immunoevasin, m138/fcr-1, is
needed for down-modulation of mature RAE-1e [108].

The broad range of ligand modulators for just one receptor can be explained by

the differential expression of viral and/or cellular genes and protein localization in

different tissues, and implies a strong selective pressure on the virus exerted by the

NKG2D-mediated immune responses. Additionally, unlike the majority of signals

from NK cell activating receptors, the engagement of NKG2D can override inhibi-

tory signals [109, 110]. Also, the numbers and nature of NKG2D receptor ligands,

which are induced by the infection, might play a significant role. In this light, it does

not seem so unlikely that it would take a coordinated action of two or more

immunomodulators to bring down a resilient or versatile ligand (reviewed in detail

in [105]).

Fig. 2 (Continued) MCMV encodes multiple regulators of NKG2D ligand expression. RAE-1

proteins are targeted by m152, MULT-1 by m145 and m138 and H-60 by m155 and m138. (d)

Competition for receptor. Zoonotic orthopoxviruses secrete soluble NKG2D ligands which, by

competitive binding, prevent binding of NKG2D ligands expressed on the surface of the cell as a

consequence of viral infection. (e) Viral miRNA. HCMV regulates MICB by RNA interference. It

encodes miRNA miR-UL112 which is homologous to 30-UTR of MICB (and to some extent, full-

length MICA). Binding of miR-UL112 to MICB mRNA initiates RNA silencing and results in the

blockade of MICB translation

<
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Another accomplished NKG2D obstruction specialist is KSHV. Its most power-

ful weapon is K5 – a member of the E3 family of membrane bound ubiquitin ligases

encoded by some herpes and pox viruses and often associated with the down-

modulation of MHC class I molecules [111]. K5 reduces cell surface expression

of NKG2D ligands MICA and MICB and the newly defined ligand for NKp80

AICL (activation-induced C-type lectin) by ubiquitylation of three lysine residues

positioned in the cytoplasmic tail near the plasma membrane. Ubiquitylated MICA

is targeted to a currently undefined intracellular compartment, while AICL is

degraded in endolysosomes. However, the coevolution of host and virus resulted

in a widespread MICA 008 allele which has a frameshift mutation leading to a

premature stop codon (thus lacking lysine residues in cytoplasmic tail) and its

resistance to K5 down-modulation. This allele is also resistant to down-modulation

by HCMV [112]. Full length MICA is targeted by HCMV UL142 [113]. Interest-

ingly, the most commonly used HCMV laboratory strain AD169 lacks the Ulb’

region which contains the UL142 gene but is still capable of MICA down-modula-

tion by an undefined gene product [114].

NKG2D ligands are also targets for HIV Nef protein. Unjustly termed negative

function, this protein exerts a majority of HIV’s immunomodulatory functions. It

selectively down-modulates HLA-A and HLA-B molecules thus protecting the

cells from CTL attack while avoiding NK cell activation through the engagement

of inhibitory receptors through HLA-C and HLA-E molecules [83]. However, since

not all NK cells express inhibitory receptors specific for HLA-C and HLA-E

molecules, this could still render virus-infected cells vulnerable. Nef counters that

by down-modulation of NKG2D ligands MICA, ULBP-1 and ULBP-2 thus adding

another, more general layer of protection from NK cells and enabling HIV to

establish chronic infection [115]. The ability of Nef to downregulate MICA and

ULBP-2 was shown to be conserved among patient-derived HIV strains indicating

an importance of NK cells in anti-HIV defense.

3.2.3 Modification of Activating Ligands

Another approach employed by viruses is chemical modification of ligands on the

cell surface. Zheng et.al [116] have shown that retroviruses HTLV-I, HTLV-II

(Human T-cell Leukemia Virus) and HIV prevent lysis of infected cells by

the addition of sialic acid residues on cell-surface molecules, presumably including

activating receptor ligands. In contrast to this, sialylation of NKp44 and NKp46

is crucial for the recognition of hemagglutinin (HA) of influenza virus and

hemagglutinin-neuroaminidase of Sendai virus [51, 52]. HA serves as viral attach-

ment and fusion protein which, by binding to sialic acid expressed on the surface of

target cells, ensures infection. It seems that NK cells have outsmarted the virus by

sialylating their own activating receptors. However, it has been shown that recent,

more virulent influenza virus strains owe their virulence in part to weaker recogni-

tion of HA by NKp46 receptor expressed on NK cells [117]. This weaker
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recognition is due to the acquisition of new glycosilation motives in HA which alter

its affinity for NK cell receptors (Fig. 2b). Experiments showing severe sensitivity

of NKp46 knockout mice to influenza virus infection emphasize the importance of

NK cells in the early control of viral infection.

3.2.4 Competition for Receptor

Rather than targeting its many ligands, zoonotic orthopoxviruses (ZPXV) have

opted for a less selective approach in dealing with the NKG2D receptor. In contrast

to CMV, ZPXV have adapted the class-I domain to create a soluble competitive

antagonist of NKG2D [118]. Binding of soluble antagonist prevents recognition of

host ligands, NKG2D receptor cross-linking and blunts activation signals (Fig. 2d).

It also attenuates NKG2D-driven immune responses to any NKG2D-controlled

pathogen which may compromise host resistance to other infections. A similar

mode of action can be seen in some tumors which shed soluble NKG2D ligand

MICA inducing internalization and degradation of the receptor [119]. Taking into

account that NKG2D expression is not reserved to NK cells, but that it also plays an

important role as a coactivating molecule on T cells, especially under conditions of

suboptimal activation signals [120], this immunoevasive strategy might seriously

compromise the immunological fitness of the host.

3.2.5 Down-Modulation of Coactivating and Accessory Molecules

NK cell cytotoxicity is a complex mechanism involving various processes like

adhesion, synapse formation, polarization and degranulation which are regulated by

a variety of receptors and accessory molecules. Such a complex mechanism offers a

wide variety of targets for viral obstruction.

Certain strains of HCMV increase the resistance of their infected host cells to

NK cell cytotoxicity by down-regulating LFA-3, a member of the integrin family

necessary for efficient cytotoxicity [121]. This downregulation possibly interferes

with the binding of LFA-3 to the NK cell activating receptor CD2 [122].

KSHV K5, among its many other roles, inhibits ICAM-1 expression by promot-

ing its ubiquitylation and lysosomal degradation [85, 123, 124]. ICAM-1 is a cell-

surface ligand for the leukocyte receptor LFA-1, an integrin which is believed to

play a dominant role in target cell lysis. Expressed in low amounts on all leukocytes

and endothelial cells, its concentrations increase upon cytokine stimulation and it is

required for neutrophil migration into inflamed tissue. Antibody blocking of LFA-

1–ICAM interactions impairs ADCC and natural cytotoxicity by human NK cells

[125, 126]. Strong adhesion to target cells, mediated by integrins such as LFA-1 is

involved in the formation of NK cell–target cell immune synapse and therefore

critical in triggering NK cell mediated cytotoxicity [127].

ICAM-1, along with ICAM-2, is also a target for the HTLV-1 p12I protein [127].

HTLV-1, agent of adult T-cell leukemia, an aggressive and fatal T cell malignancy,
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infects CD4+ T cells and establishes life-long persistence. Its T cell evasion

strategy through MHC I down-modulation leaves this virus susceptible to NK cell

mediated attack. By down-modulating ICAM-1 and -2 on infected CD4+ T cells,

HTLV-1 reduces the ability of NK cells to adhere to infected cells.

HCV envelope protein E2 directly inhibits NK cell activity by cross-linking

CD81, a component of large molecular complexes that act as cell-surface organi-

zers (coupling different cellular functions) through an as of yet undefined, nega-

tive signaling pathway [128]. Interestingly, CD81 is a potent costimulator of T

and B cells, so the engagement of CD81 by HCV’s E2 has just the opposite effect

on T and B cell activity. This suggests that the inhibition of NK cells early in

infection allows the virus a replicative advantage prior to the induction of

adaptive immunity [95]. This obstruction tactic could have even graver conse-

quences since the inhibition of NK cells during early times of infection could

affect NK-DC cross-talk. As previously mentioned, the impairment of NK-DC

cross-talk can affect T cell maturation through impairment of DC maturation,

thus leading to lowered efficacy of T cell responses even in the presence of

CD81-mediated costimulatory signals [95].

3.2.6 Targeting the NK Cell Receptor Ligands by Various Herpesviral

microRNAs

Recently, it has been shown that many viruses, primarily herpesviruses (HCMV;

EBV, HSV-1, MCMV, KSHV, but also simian polyomaviruses, HIV-1 and human

adenovirus) encode several micro(mi) RNAs (reviewed in [129]). miRNAs are

members of a large family of small, 22 nucleotides long, noncoding RNAs whose

function is posttranscriptional regulation of gene expression. They are transcribed

from the genomes of all multicellular organisms and some viruses. Although the

exact function of viral miRNAs has not yet been fully determined, it has been

predicted that more than 30% of animal genes may be subject to regulation by

miRNAs. Due to their small size, lack of immunogenicity and the fact that they do

not encode proteins, they cannot be targeted by known effectors of the immune

system. This fact makes miRNAs a very attractive mechanism for viral immunoe-

vasion [111, 130]. The importance of miRNA in viral evasion is perhaps under-

scored best by the HCMV cDNA library generated by Zhang et al. [131];

surprisingly, 45% of all transcripts analyzed were derived from genomic regions

predicted to be noncoding and more than half were at least partially antisense to

known or predicted HCMV genes.

The first direct evidence for miRNA-related immunoevasion mechanism was

discovered in SV40 virus infection. miRNA, encoded by this virus, regulates

expression of its own early transcripts thus reducing the expression of viral T cell

antigens and resulting in CTL evasion [132].

HCMV encodes miR-UL112 which, by binding to 30-UTR of MICB (and to a

lesser extent MICA) miRNA prevents their translation [133] (Fig. 2e).

142 V.J. Lisnić et al.



Interestingly, miR-UL112 also targets one of the virus’s own proteins – a major

immediate early protein IE1 [134, 135].

Considering the fact that immune regulation/evasion by the usage of miRNA has

many advantages including an evolutionary advantage (it is faster to produce a

small antisense molecule than to develop a whole protein and it costs less to do it),

and the fact that antisense transcripts seem to constitute a large part of the viral

genome, it will not come as a surprise should many more similar immune evasion

strategies be discovered in the future.

3.3 Evolutionary Arms Race

The plethora of receptors and the robust activation of NK cells during viral

infection have put selective pressure on the viruses to evade such recognition

making NK cells an important force in shaping viral evolution. Alterations in the

structure of one of the influenza virus’ main proteins – hemagglutinin have led to its

weaker recognition by NK cells and consequently enhanced virulence, thus

showing that the necessity to avoid NK cells plays an important role in driving

the evolution of viruses [51, 52]. The importance of NK cells in shaping the

outcome of viral infections is perhaps best pointed out by the vast numbers of

unrelated pathogens and various NK evasion techniques employed by them. How-

ever, the host has not turned a blind eye to constantly emerging viral tactics, thus

leading to a fierce and ongoing evolutionary arms race between viruses and the

immune system.

One of the most well known examples of the evolutionary race between hosts

and viruses is Ly49H-mediated resistance to MCMV in the C57BL/6 mouse strain

[14, 16, 17]. Unlike MCMV susceptible strains, C57BLL/6 mice effectively control

the infection with the wild type MCMV. The resistance is conferred by a single

dominant locus named Cmv1 located in the NK-cell complex (NKC) on mouse

chromosome 6 [136] which encodes many NK cell receptors, including NKG2D

and the members of the Ly49 family. In C57BL/6 mice, resistance is provided by

the activating receptor Ly49H, which specifically recognizes viral MHC-like pro-

tein m157 [17, 19]. In susceptible mouse strains, such as 129/J, m157 is recognized

by an inhibitory Ly49I receptor [18]. This and the extensive homology to MHC

class I molecules of m157 indicate that the virus might have obtained m157 from its

host for the purpose of evading NK-mediated control. Such an act of “molecular

piracy” is not unheard of in the viral world – KSHV obtained many of its genes by

an act of theft from its host and is using them to shape the cell cycle, apoptosis and

immune responses [111]. Indeed, multiple passages of MCMV through resistant

C57BL/6 mice lead to loss-of-function mutations in the m157 gene [137] while a

strong selective pressure of Ly49H+ B6-SCID mice selected escape variants in just

one passage [138] showing NK cell-mediated selective pressure against the expres-

sion of this gene in Ly49H+ strains.
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A comparison of extracellular domains of Ly49H, Ly49I and Ly49U showed

they all share extensive homology and have probably arisen from a common

ancestral gene [139]. Activating Ly49 receptors (and their human analogs KIR)

have in fact evolved from inhibitory receptors by losing their ITIM and through

gene duplication and genetic recombination [140].

Cmv1 is not the only genetic locus conferring NK cell-dependant resistance to

MCMV infection. In MA/My mice resistance is conferred by an alternative, the

Cmv3 locus encoding Ly49P activating receptor recognizing H-2Dk MHC mole-

cules coupled with viral m04 protein [21]. Additionally, in wild derived PWK

mouse strains resistance to MCMV is conferred through Cmv4 locus encoding a

still undefined receptor [141].

Virus driven evolution and diversification of receptor genes is also present in the

rat NKR-P1 family of receptors. Selective pressure by RCMV decoy protein RCTL

resulted in the appearance of inhibitory NKR-P1B receptor variants with no speci-

ficity for the decoy ligand and appearance of activating NKRP-1A receptor variants

with mild specificity for the decoy [45, 90]. Similar allelic diversity exists among

mNKR-P1B and mNKR-P1C gene products from the C57BL/6, SJL, BALB/c, and

129 strains [142].

Recent findings that differential expression of activating NK cell receptor

KIR3DS1 can lead to a better control of HIV virus by NK cells and slower

progression of the disease [143], along with similar effect in individuals possessing

KIR2DL3 allele coupled with HLA-C I alleles, who are able to clear HCV infection

[144], imply that selective pressure exerted by the viruses may also play an

important role in shaping human evolution at the population level [145].

Additionally, viral activity directed against NK cells influences other cells and

may lead to weaker response from the second, adaptive arm of the immune

response. Although NK cells are considered to be a part of the innate immunity,

their interactions with other cells indicate that they may also act as a bridge between

the two arms of the immune response. The line between adaptive and innate

immunity is blurred even more in the light of the fact that many NK cell receptors

are present in cells of the adaptive immunity. Thus, viral evasion of those receptors

may not be exclusively targeted at NK cells.

4 Conclusion

Since their discovery in early 1970s, NK cells have been the subject of intensive

research, and new data about their importance is being generated every day.

However, there are many questions still left unanswered. In addition, with each

new discovery new questions are emerging. So far we know that the importance of

NK cells in the early control of viral infection is unquestionable, but there are still a

lot of problems to address. For example, what is the purpose of NK immunoevasion

for viruses, which regardless of NK control, still enter latency? Why is there a need
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for so many possibly redundant viral immunoevasins directed at NK cells? What is

their role in the context of other immune cells bearing the receptor being targeted?

In order to answer these and other questions yet to arise in the future we feel that

new, more complex and more sensitive approaches will be needed. Therefore, these

are challenging but interesting times to be involved in NK cell and viral evasion

research.
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The Role of NK Cells in Bacterial Infections

Brian P. McSharry and Clair M. Gardiner

Abstract Natural killer (NK) cells are best known for their ability to kill virally

infected and transformed cells. Evidence of the contributions they make to other

immune functions is, however, growing. This review will focus on the important

role that NK cells play in the immune response to bacterial pathogens. We will

present the experimental evidence defining recent advances in our understanding of

NK cell receptor recognition of bacteria. In particular, we now appreciate the

fact that NK cells can recognize and respond to bacteria directly through pattern

recognition receptors including Toll-like receptors and Nod-2. They can also be

activated indirectly by accessory cells that have responded to pathogen infection.

Stimulated accessory cells produce cytokines including IL-12 and IL-18 which

activate NK cell functions. They also upregulate NK cell ligands leading to NK cell

activation through engagement of receptors on their surface. In addition to their

antiviral defences, we will describe the impressive arsenal of antimicrobial

defences that NK cells employ, including cytokine production, cytotoxicity, pro-

duction of antimicrobial peptides, and immuno-regulation.

1 Introduction

Natural killer (NK) cells are lymphocytes which are best known for their ability to

kill virally infected and cancer cells [1–3]. Indeed, it is because freshly isolated NK

cells demonstrated their lack of need for priming (in contrast to T cells) to mediate

cytotoxicity that they received their provocative name. Although their name

inspired significant research on their cytotoxic functions over the last 30 years or

B.P. McSharry

Immunology Research Centre, School of Biochemistry and Immunology, Trinity College, Dublin

2, Ireland

C.M. Gardiner (*)

NK cell group, School of Biochemistry and Immunology, Trinity College, Dublin 2, Ireland

J. Zimmer (ed.), Natural Killer Cells,
DOI 10.1007/978-3-642-02309-5_7, # Springer-Verlag Berlin Heidelberg 2010

153



so, it probably biased scientists in terms of their research strategies and delayed the

broader potential of NK cells as immune effector cells from being appreciated.

Recently however, additional important roles for NK cells in regulating immune

responses and as effector cells in bacterial and parasitic infections have been

defined. In contrast to the historical dogma surrounding NK cells, cytotoxicity is

probably not the primary effector mechanism involved. It is the production of

cytokines, in particular IFN-g, by which NK cells contribute most to the immune

response controlling non-viral infections. Monocytes produce IL-12 early in bacte-

rial infection and it is extremely potent and important in stimulating NK cells to

produce IFN-g [4–6]. Cells that provide “help” to another cell to stimulate a

functional response are termed accessory cells and although almost all antigen

presenting cells can act as such, monocytes are the most common accessory cells to

provide help to NK cells in peripheral blood [7]. In fact, extremely limited numbers

of monocytes can dramatically affect NK cell functions. This complicates interpre-

tation of scientific data using “purified” NK cells. In the human system, <1%

contaminating CD14+ monocytes in a preparation of magnetic bead purified NK

cells (>97% CD56+CD3� cells), can still have profound effects on NK cells,

mainly through cytokine production [7]. Cell sorting is currently the only definitive

way to investigate the effects of particular molecules/pathogens directly on NK

cells without the confounding presence of accessory cell populations. This needs to

be considered when reading the literature defining a role for NK and accessory cells

in response to bacterial infection.

2 Evidence of a Role for NK Cells in the Immune Response

to Bacterial Infections

Much of the evidence of a role for NK cells in bacterial infections comes from

murine models that allow defined deletion or depletion of NK cells. Pulmonary

infections with the extracellular bacteria Staphylococcus aureus induces markedly

increased numbers of TNF-a+, activated NK cells in the airway lumen of wild type

mice [8]. IL-15�/� (knock-out (KO)) mice that are NK-cell deficient, and NK cell

depleted wild type mice also have significantly increased bacterial burdens in the

lung and spleen compared to control [8]. Similarly, pulmonary Bordetella pertussis
challenge is associated with the recruitment of activated NK cells to the lung, and

depletion of NK cells with an anti-asialo GM1 antibody renders mice more suscep-

tible to higher bacterial loads and accelerated mortality [9].

IFN-g is a key cytokine involved in the resolution of Legionella pnemophilia
infection with NK cells identified as the major source of early IFN-g secretion in

response to challenge [10]. NK cell-depleted or IFN-g receptor KO mice also

demonstrated increased bacterial loads and failure to control infection. MyD88,

an adaptor molecule in Toll-like receptor (TLR) signaling, KOmice have a severely

diminished cytokine response to legionella infection suggesting an essential role for
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TLR signaling in driving NK cell IFN-g production [10]; however no specific TLR
was identified as the principal receptor promoting the bacterial induced response.

Another TLR signaling molecule, IRAK-4, has been implicated in the immune

response to bacterial pathogens in humans, with children deficient in IRAK-4

highly susceptible to Streptococcus pnemoniae and S. aureus infections. In addition
to other effector cells, NK cells isolated from these individuals failed to produce

IFN-g in response to TLR stimulation suggesting that defective NK cell function

could play a role in the symptoms seen [11].

A significant body of literature exists, investigating the role of NK cells in

mycobacterial infections. Tuberculosis, primarily caused byMycobacterium tuber-
culosis, is one of the most serious bacterial infections in the world. Although

depletion of NK cells from T-cell sufficient wild type mice infected with mycobac-

terial species has been reported to have a minimal effect on bacterial loads and

pathogenesis [12, 13], most evidence supports a role for NK cells in the control of

mycobacterial infections: infection with mycobacterial species is known to activate

NK cells in vivo [14–16] and NK cell depleted mice exhibit elevated bacterial loads

suggesting a protective role for NK cells [17]. Experiments from model systems

using mice lacking functional T-cells have implicated NK cells as playing a vital

role in the response to mycobacterial infection. Depletion of NK cells from SCID

mice, which lack mature T and B cells, was associated with decreased granuloma

formation following Mycobacterium avium infection [18]. In a more recent study

using a Rag�/� model (again lacking mature T and B cells), depletion of NK cells

with antibody or use of specific genetic mutants that inhibit IFN-g production/

function indicated that NK cells play an important role in inhibiting mycobacterial

replication and pathogenesis [19].

A number of studies have examined NK cell activity following infection with

Listeria monocytogenes, a facultative intracellular bacteria associated with food

borne infections. There is conflicting evidence in the literature regarding the role

that NK cells play in L. monocytogenes infections. In support of a protective role for
NK cells, IFN-g deficient mice are extremely sensitive to listeria infection [20, 21]

and listeria is a potent activator of NK cells in vivo [22, 23]. Furthermore, Dunn and

North 1991, described that NK cell depletion prior to infection with L. monocyto-
genes via the mouse footpad was associated with enhanced bacterial loads in

draining lymph nodes [24]. However, other studies suggest that depleting NK

cells appears to be primarily beneficial to the host and is associated with enhanced

bacterial clearance [23, 25, 26]. This phenomenon is not unique to listeria infections

as depletion of NK cells has also been shown to be associated with protection from

challenge with other bacteria, in particular in models of sepsis, including Escher-
ichia coli [27], S. pneumoniae [28], and Pseudomonas aeruginosa [29]. The

mechanism underpinning this enhanced replication and reduced pathogenesis is

not well understood. A more recent report indicates a potentially important role for

the Natural Killer dendritic cell subset (NKDC) in listeria infections. NKDC have

attributes of both NK cells (cytoxicity) and dendritic cells (DC; antigen presenta-

tion). Adoptive transfer of NKDC into IFN-g deficient mice was associated with

diminished bacterial loads and protection from listeria challenge that was
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dependent on IFN-g production [30]. Further study will be necessary to confirm the

role of this specific cellular subset on listeria infection in wild type mice.

It is important to note that the majority of these reports use one of two

antibodies to deplete NK cells (anti-NK1.1 or anti-asialo GM1). Both these

antibodies can target the depletion of additional cell subsets including invariant

natural killer T-cells (anti-NK1.1), myeloid and T-cell subsets (anti-asialo GM1).

The use of murine models that allow more specific deletion of the NK cell subset

[31] may help resolve some of the conflicting literature that exists on the role of

NK cells in a number of bacterial infections. Differences in the model systems

used, routes of administration, infecting inoculum, and specific bacterial strains

could all contribute to the different responses reported and suggest that the role of

NK cells in a specific bacterial infection cannot be predicted a priori but must be

determined empirically. It is clear however that NK cells play an important role

following bacterial infection in murine models with NK cell deficiencies or

depletion associated with both positive and negative effects on bacterial replica-

tion and pathogenesis.

There is also a growing body of literature demonstrating activation of human NK

cells in bacterial infections, and NK cells isolated from the blood and pleural

effusions of patients with tuberculosis pleuritis demonstrate an activated phenotype

[14, 15, 32]. Stimulation of peripheral blood mononuclear cells (PBMC) and/or

purified NK cells in vitro with a wide range of bacteria leads to increased cytotoxic

potential and cytokine release from human NK cells. Such studies have also

confirmed the important role of accessory cells in promoting NK activity (see

later section). Additional evidence of the importance of NK cells in bacterial

infection has also come from studies of individuals with natural mutations in

different components of the immune system. While humans with defects in their

NK cell compartment or effector functions are best known for deficiencies in their

immune response to viral infections, they are also highly susceptible to bacterial

infections and often present with severe disease. Wendland et al. described an NK

cell deficient patient (lacking all CD56+ cells) who had no cytotoxic activity against

a classical NK cell target - the myelogenous leukemia cell line, K562 [33]. The

patient also had low numbers of monocytes and B-cells but could produce and

respond to both IL-12 and IFN-g. This individual presented with a disseminated

infection of the facultative intracellular bacterium M. avium and was also suscepti-

ble to infection from another intracellular bacterium, Salmonella enteritidis [33]. A
number of case studies reported in the literature describe increased susceptibility to

bacterial infections in patients presenting with immune defects including decreased

or absent NK cell function (reviewed by Orange, 2002) but almost all are compli-

cated due to the common occurrence of additional immune defects. This makes it

difficult to specifically implicate defective NK cell responses as the primary

immune deficiency in these patients [34]. The importance of cytokine secretion as

an effector mechanism in response to bacterial infections is also exhibited by

patients presenting with mutations in genes important in the production/activity

of IFN-g including IL-12 p40, IL-12Rb1, IFN-gR1, and IFN-gR2 genes as they

have increased susceptibility to intracellular bacterial infections, in particular,
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mycobacteria and salmonella species [35–39]. NK cells can play a crucial role in

such responses, e.g., individuals lacking IL-12Rb1 expression had virtually no IFN-
g secretion by unstimulated NK cells in vitro [36]. Interestingly, basal NK cell

cytotoxicity in these patients was normal which supports the tenet that cytokine

production and not cytotoxicity is a more important effector mechanism in the NK

cell response to bacterial pathogen.

The capacity of NK cells to be activated by bacterial infection has been utilized

therapeutically in developing a number of anticancer therapies. The administration

of the live vaccine strainMycobacterium bovis bacillus Calmette Guerin (BCG) via

catheter has been used as a successful immunotherapy for superficial bladder

cancer. Such treatment induces an inflammatory immune response associated

with the recruitment and activation of NK cells [40]. In a murine model of bladder

cancer, depletion of NK cells or the use of NK cell function deficient beige mice

was associated with increased tumor load and enhanced morbidity [41]. In addition,

depletion of NK cells in vitro from spleen cells of BCG vaccinated mice signi-

ficantly reduced the ability of such cells to lyse bladder cancer cells [42].

L. monocytogenes infection is also associated with potent NK cell activation

in vivo with NK cells isolated following challenge showing enhanced cytotoxicity

against the YAC-1 tumor cell line [43, 44]. This immune activation has also been

investigated as a potential treatment for hepatic tumors due to the natural tropism

of the bacteria for liver cells. Administration of attenuated L. monocytogenes
strains to mice provokes antitumor responses against hepatic metastases that

are dependent on NK cell activation and NK cell depletion is associated with

accelerated mortality [45].

3 NK Cells Have a Diverse Repertoire of Antibacterial

Effector Mechanisms

3.1 Secretion of Cytokines

NK cells secrete a number of Th1-type cytokines – in particular IFN-g and TNF-a.
IFN-g plays a key role in controlling bacterial infections, exemplified by the

exquisite sensitivity of IFN-g or IFN-gR deficient patients or genetically mutated

mice to infection with a range of bacteria [20, 38, 39]. These cytokines and IFN-g in
particular, have a wide range of antibacterial activities. IFN-g and TNF-a secreted

by NK cells play a vital role in controlling DC function; they promote DC cell

maturation through upregulation of MHC Class I molecules and costimulatory

molecules in addition to stimulating secretion of IL-12 [46]. These activated

mature DC in turn control the T-cell effector responses that are vital for an

effective immune response to bacterial infection. IFN-g secretion also stimulates

phagocytosis of bacteria by macrophages and facilitates their elimination via a

number of mechanisms including the generation of reactive oxygen and nitrogen
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species via the NADPH phagocyte oxidase and iNOS pathways [47–50]. IFN-g
also limits the availability of iron, an essential nutrient for bacterial replication, in

Salmonella typhimurium infected macrophages, by modulating iron efflux and

uptake pathways [51]. NK cell secretion of the cytokines TNF-a and IFN-g are

known to play a crucial role in granuloma formation following challenge with

intracellular bacteria, including M. avium and Francisella tularensis [18, 52].

Granulomas help protect the host from bacterial dissemination by isolating

infectious foci.

3.2 NK Cell Cytotoxicity

NK cells mediate target cell death by one of two major mechanisms that require

direct contact between NK cells and target cells – secretion of cytotoxic mole-

cules or engagement of death receptors on the target cell. In the first pathway,

cytoplasmic granule contents are secreted by exocytosis. The main cytotoxic

effector molecules include a membrane pore inducing protein, perforin, and

granzymes - a family of serine proteases that can promote both caspase-dependent

and independent apoptosis. The second pathway of NK cell cytotoxicity involves

the engagement of death receptors (e.g., Fas/CD95, TRAIL-R) on target cells by

their appropriate ligand (e.g., FasL, TRAIL) on NK cells, resulting in caspase-

dependent apoptosis of the target cell. NK cells have been shown to directly lyse

cells infected with intracellular bacteria [46, 53–55]. However, the specific

mechanisms involved in this process are as yet unknown. Brill et al. demonstrated

that NK cells induced apoptosis of M. tuberculosis infected monocytes and could

directly target intracellular bacteria [53]. This apoptosis was not inhibited by

either blocking Fas–FasL interactions or blocking cytotoxic granule release from

NK cells.

3.3 Secretion of Antimicrobial Proteins

NK cells can also secrete molecules that are directly cytotoxic to intracellular

bacteria. Granulysin, a membrane damaging peptide with homology to the anti-

microbial defensin proteins, is secreted by NK cells from their cytolytic granules

[56]. Granulysin induces discrete lesions and distortions in the membrane of

bacteria when viewed by electron microscopy [57] and has demonstrated potent

antimicrobial activity against both gram-positive and gram-negative bacteria

including M. tuberculosis, S. typhimurium, L. monocytogenes, E. coli, and S.
aureus. Importantly, these include intracellular bacterial infections, e.g., myco-

bacteria and listeria species. The ability of granulysin to target such intracellular

pathogens is at least partially dependent on perforin activity. Stenger et al.
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demonstrated that granulysin alone was incapable of lysing intracellular myco-

bacteria in the absence of perforin; the authors suggested that this was due to the

inability of granulysin to access mycobacteria containing phagosomes [57].

However, Walch et al. reported a perforin-independent pathway of granulysin-

mediated lysis of Listeria innocua in infected human DC [58]. In this system,

granulysin was bound and endocytosed into lipid rafts before transfer into

L. innocua containing phagosomes. However, perforin can increase the anti-

listeria efficacy of granulysin: coadministration of perforin and granulysin

promoted colocalization of granulysin and listeria by inducing endosome–

phagosome fusion (triggered by Ca2+ flux), leading to enhanced levels of

bacteriolysis compared to granulysin alone [59].

Defensins are a family of small cysteine rich antimicrobial peptides, which are

primarily known to be secreted by activated neutrophils [60]. These molecules also

mediate their antimicrobial activity through disruption of the bacterial cell mem-

brane. Defensin mRNA was first shown in IL-2 stimulated NK cells [61] and more

recent reports have indicated that freshly isolated NK cells exhibit constitutive

expression of a-defensins 1–3 [62]. NK cells can be activated to secrete defensins

following stimulation with bacterially derived molecules and higher levels of

secretion are noted in combination with IL-2 [62]. In addition to their direct

antimicrobial effects, defensins also have immunomodulatory activity promoting

proinflammatory cytokine secretion including IL-8 and MCP-1 [63]. Cathelicidins

are precursor proteins that release antimicrobial peptide after proteolytic cleavage;

such peptides have been demonstrated to play an important role in the innate

immune response to tuberculosis infection [64]. LL-37 is thus far, the only cathe-

licidin-derived antimicrobial peptide described in humans. Although it is primarily

associated with neutrophils, its expression has also been reported in freshly isolated

NK cells and NK cell clones [61].

3.4 Regulation of Other Immune Cells

NK cell cytotoxic activity is also important in regulating the cellular immune

response to bacteria. T-regulatory cells (T-regs) are a population of suppressor,

regulatory cells which are defined as CD4+CD25+Foxp3+ T-cells that play an impor-

tant role in controlling the immune response to intracellular pathogens. T-regs

suppress Th1 immune responses through the secretion of immunosuppressive cyto-

kines including IL-10 and TGF-b, and direct cell–cell interactions. T-regs induced to
proliferate in response toM. tuberculosis lysate stimulatedmonocytes, are susceptible

to NK cell mediated cytolysis via NKG2D and NKp46 activating receptors [65].

T-regs exhibited higher surface expression of the NKG2D ligand, ULBP1, which was

at least partially responsible for the enhanced recognition, reported. These data

suggest that NK cells could promote an enhanced Th1 response to mycobacterial

infection through elimination of a suppressor cell population. It has also been shown
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that NK cells directly activated by BCG in combination with IL-12 can lyse immature

DC [66]. This process where NK cells selectively target immature DC while sparing

mature DC, is known as NK cell-mediatedDC editing. Cytolysis of immature DCwas

fully or partially blocked using antibodies against the NK activating receptors,

NKp30 and DNAM-1 respectively [66]. It has also been reported that the protection

of mature DC is due to their enhanced expression of NK cell inhibitory ligands

including classical HLA Class I molecules and the non-classical Class I molecule,

HLA-E [67]. Specific elimination of immature DC may allow the selection of the

most potent antigen presenting cells expressing higher levels of MHC Class I and

costimulatory molecules, thereby promoting a more robust T-cell response to the

invading pathogen [46].

4 Receptors Involved in NK Cell Sensing of Bacterial

Pathogen

4.1 Pattern Recognition Receptors

It has been known for many years that the immune system has receptors that

recognize foreign pathogen, e.g., mannose receptor on macrophages which can

distinguish the specific orientation and spacing of microbial sugars. In recent years,

major advances have been made in the identification of novel families of pattern

recognition receptors (PRR) that have evolved to recognize conserved microbial

moieties termed pathogen associated molecular patterns (PAMPs). PRRs benefit

the immune system by allowing a relatively small number of receptors to recognize

many diverse microbes. In addition, to avoid microbes evading immune recogni-

tion, these PRRs target conserved molecules that are essential for microbial growth.

Among the PRRs recently identified are the TLRs, the Nod-like receptors (NLRs),

and the RIG-I like receptors [68–70].

TLRs are a family of highly conserved proteins expressed by cells of the innate

immune system [68]. There are ten human family members and each receptor has a

different specificity for a conserved microbial product. Some of them (TLR3,

TLR7, TLR8, and TLR9) recognize products of viral/bacterial replication while

others (TLR2, TLR4, TLR5, TLR6, and TLR9) are more specific for bacterial

structural components [68, 71, 72]. TLRs, as one of the first receptor systems to

recognize and respond to invading pathogen, play a key role in initiating an

adaptive immune response. TLR signaling on DC increases antigen processing,

activates DC functions by upregulating costimulatory molecules, and induces their

migration to lymph nodes facilitating antigen presentation to naı̈ve T cells [71, 72].

TLRs on monocytes and macrophages function to orchestrate an appropriate innate

immune response by directly activating antimicrobial effector functions and by

stimulating cytokine production which can in turn regulate other cells of the

immune system.
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4.2 TLRs on NK Cells

Given the importance of NK cells in the early innate immune response, we and

others have examined TLR expression in NK cell lines and purified primary NK

cells. We have found mRNA for TLR2, TLR3, TLR4, TLR7, and TLR8 in the

human NKL cell line [7 and unpublished observations]. Human, primary NK cells

have been shown to express TLR2 [73], TLR3 [7, 74, 75], TLR4 [3, 73], TLR5 [62],

TLR7 [7, 73], TLR8 [7, 73], and TLR9 [75]. However, data regarding the functional

relevance of TLRs on NK cells is only starting to emerge and it will be some time

before we fully understand their role in the overall NK cell response. Although TLR

signaling on accessory cells can potently affect NK cell responses, TLRs on NK

cells themselves can directly sense pathogen and transduce positive activating

signals to NK cells (see Fig. 1).

TLR2 recognizes lipoproteins and lipopeptides from a wide range of microbial

pathogens including parasites and bacteria [76]. It can also form heterodimers with

TLR1 and TLR6which increases its ligand range. mRNA for TLR2 has been found in

purified primary human NK cells and cell surface expression of the receptor, albeit at

low levels, has been described by a couple of groups [62, 66]. TLR2 provides a

receptor on NK cells that allows them to directly sense and respond to bacterial

pathogen. Experiments with the TLR2 ligand, KpOmpA (outer membrane protein A

of Klebsiella pneumoniae), demonstrated that it could directly activate human NK

cells [62]. Importantly, these experiments were performed using sorted NK cells as it

is known that the presence of even tiny numbers of accessory cells (<1% monocyte

contamination after purification from a PBMC preparation) are sufficient to provide

accessory cell help in the form of cytokines for NK cell activation [7]. The authors

supported this result by demonstrating, using NK cells purified from TLR2�/�mice,

that KpOmpA mediated activation of NK cells was TLR2 dependent. Cytokines

known to be produced locally at the sites of bacterial entry (IL-1b, IL-12, IL-15 and

IFN-a) all synergized with KpOmpA to increase the level of NK cell activation and

functional responses. In particular, NK cells produced IFN-g and the classical anti-

bacterial defensemolecule,a-defensin.More recently, blocking antibody experiments

were used to identify TLR2 as a receptor by which human NK cells directly recog-

nized M. bovis (BCG). Stimulation of human NK cells with live BCG activated NK

cell functions, including upregulation of activation antigens, production of cytokines

(IFN-g and TNF-a), and cytotoxicity against target cells including immature DC [66].

Although the NK cells were not purified by cell sorting, the authors did include a

blocking anti-IL-12 antibody in experiments to exclude possible confounding effects

of IL-12 (IL-12 is themost potent accessory cell derived cytokinewhich promotes NK

cell activities that is likely to be present in their experiments). Exogenous addition of

IL-12 in experiments greatly enhanced the NK cell responses to BCG which was

similar to the response observed for KpOmpA. Indeed, this is a repeating theme seen

for NK cell activation with PAMPs and supports the emerging paradigm that NK cells

can and do directly respond to pathogen but that this response is greatly enhanced and

regulated by the presence of accessory cell cytokines [3, 7, 75]. It is also likely that
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accessory cells and NK cells will be activated by the same PAMP, e.g., TLR2 is

present on monocytes and also on NK cells; this facilitates a rapid and coordinated

response to invading pathogen. It is also interesting that the authors of the BCG study

found heterogeneity in terms of TLR2 expression by NK cells [66]. Not all donors

tested had detectable TLR2 expression and NK cell clones from a single donor varied

in their TLR2 expression patterns. However, the authors did not investigate if varia-

bility in TLR2 expression by NK cells was responsible for the heterogeneity of

functional responses seen in NK cells responding to BCG stimulation.
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Fig. 1 NK cells in the immune response to bacterial infection. Upon infection, bacteria and bacterial

components activate cells of the immune system. TLRs and NLRs interact with bacterial pathogen

associated molecular patterns (PAMPs) which results in immune signaling. Natural killer (NK) cells

can be activated directly by whole bacteria and bacterial components or indirectly through accessory

cell activation. NK cells express a range of pathogen recognition receptors (PRR) that allow direct

interaction with bacterial PAMPs including TLR2 (lipopeptide), TLR5 (flagellin), TLR9 (CpG

motifs), and Nod-2 (muramyl dipeptide, MDP). Accessory cells, including monocytes, are activated

very early in infection by recognition of PAMPs through specific PRRs. Activated accessory cells

produce cytokines including IL-12, IL-18, and IL-15 which activate NK cell functions. Interaction

with pathogen also changes surface molecule expression on accessory cells and alters the repertoire

of NK cell ligands they express. Stress molecules, e.g., ULBP1 and MICA/B are upregulated in

response to infection; both these provide ligands for the activating NK cell receptor, NKG2D.

Vimentin has recently been reported to be expressed on mycobacterial infected monocytes, where it

provides a ligand for the NKp46 activating receptor on NK cells. All of the above mechanisms signal

the presence of bacterial pathogen in the NK cell. It becomes activated and deploys a range of

antimicrobial effector mechanisms. NK cells produce IFN-g and TNF-a which have inherent

antimicrobial activities. NK cells can also induce cytotoxicity of infected cells using Fas-ligand

and conventional perforin/granzyme pathways. Finally, it has recently been appreciated that NK

cells can also secrete bactericidal proteins including defensins and granulysin
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TLR5 is the receptor for the bacterial PAMP, flagellin, a component of flagella

involved in bacterial motility [68, 76]. mRNA for TLR5 is expressed by human NK

cells and highly purified NK cells (isolated by cell sorting) respond directly to

flagellin by upregulating activation antigens, increasing cytokine production (IFN-

g), and producing a-defensins [62]. Although KpOmpA was more potent in terms

of direct NK cell activation, cytokines including IL-1b, IL-12, IL-15, and IL-2

synergized with flagellin to activate NK cell functions to a level seen with

KpOmpA and cytokine. IL-10 was defined as a potent inhibitor of flagellin and

KpOmpA induced responses [62]. Tsujimuto et al. reported that NK cell numbers

and activation status were also increased after in vivo administration of flagellin to

C57/BL6 mice [77]. The authors report that flagellin directly activated murine NK

cells in vitro, inducing proliferation and CD69 antigen expression (but not cytokine

production). Flagellin was also demonstrated to indirectly activate NK cells by

inducing DC maturation; however, as the purities of the preparations were only

approximately 60%, it is difficult to determine the relative effect of flagellin

directly on NK cells versus indirect effects from flagellin-activated accessory cells.

TLR9 is a receptor which recognizes unmethylated CpG motifs that are charac-

teristic of microbial (bacteria and some viruses), but not vertebrate DNA [78, 79]. It

is highly expressed by B cells and plasmacytoid DC. Although, there have been

some reports to the contrary [80, 81], the general consensus is that human NK cells

do express TLR9 [73, 75]. It is less clear however, whether they respond directly to

TLR9 ligand or if they are activated indirectly through TLR9 activation of acces-

sory cells (or a combination of both). Using NK cell clones, Sivori et al. demon-

strated direct activation of NK cells using the TLR9 agonist, oligodeoxynucleotide

(ODN)-A/B [75]. However, NK cell clones and freshly isolated cells only

responded to TLR9 agonists in the presence of IL-12 which suggests priming of

NK cells as a prerequisite for TLR9 signaling. We have previously reported similar

findings where accessory cell derived IL-12 was essential for NK cell cytokine

production in response to the TLR7/8 agonist, R848 [7]. Subclasses of ODN

differentially modulate immune responses with ODN-A and ODN-C most effective

at activating human NK cells [82]. ODN induced expression of the activation

antigen, CD69, and increased both cytotoxic activity and cytokine secretion by

human NK cells. It is unclear what proportion of NK cells express TLR9 as almost

all freshly isolated NK cells expressed CD69 and CD25 in response to ODN

(suggesting that most NK cells are responsive to TLR agonists); however, similar

to findings for TLR2 [66], there was heterogeneity in the responses to ODN among

the NK cell clones examined [82].

4.3 Nod-Like Receptors

Unlike TLRs which recognize a wide spectrum of pathogens (bacteria, virus,

parasite), NLRs are best known for their ability to respond to bacterial PAMPs

[69, 83]. The best characterized NLRs, Nod-1, and Nod-2, are activated by
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D-g-glutamyl-meso-DAP and muramyl dipeptide (MDP) peptidoglycan subunits of

gram positive and negative bacteria respectively. Both receptors signal through

RIP-2 leading to NFkB activation [83]. Nod-2 plays an essential role in detecting

invasive bacteria in the gut and mutations in the protein are associated with the

development of Crohn’s disease [84, 85]. Until recently, Nod-2 expression was only

associated with monocytes and DC in humans [86, 87]. However, we have recently

demonstrated a role for Nod-2 in human NK cells [88]. mRNA for Nod-2 was found

in NK cell lines and in purified primary NK cells, and western blotting demon-

strated constitutive expression of Nod-2 protein [88]. Stimulation of NK cells with

MDP resulted in NK cell activation, as measured by CD69 antigen expression and

IFN-g production. In the absence of exogenous cytokine, the ability of MDP to

activate CD69 expression on NK cells was highly variable and modest increases in

CD69 expression were seen in only five out of fifteen donors. However, in support

of the emerging theme of NK cells requiring cytokine priming for an effective

response to PAMPs [3, 89], MDP synergised with IL-12 to increase IFN-g produc-

tion, and IFN-a to increase CD69 expression by NK cells. Furthermore, and in

contrast to NK cell activation through TLRs which results in the activation of global

NK cell responses (cytokine production, cytotoxicity, proliferation etc.), MDP did

not induce cytotoxicity in NK cells, even in the presence of IL-12 or IFN-a. This
provides further supporting evidence for the relative importance of cytokine pro-

duction, and not cytotoxicity, as an NK cell effector function important in bacterial

infection. Our data support a scenario in which NK cells function as effector cells

against bacterial pathogen: they can respond directly to bacterial products (e.g.,

MDP) but function optimally in the presence of cytokine secreted from accessory

cells. It is likely that different pathogens will stimulate different cytokine secretion

profiles depending on the cells of the immune system that they first encounter (and

the PRR they express) and their constitutive PAMPs [90]. These different cytokine

milieus will prime NK cells for an appropriate effector response when they encoun-

ter pathogen. While cytotoxicity may be important in the context of a viral

infection, it is not as critical in bacterial infections. NK cell production of cytokines

and possibly defensins (as seen in NK cells in response to TLR2 and TLR5

agonists), may be more appropriate.

4.4 Natural Cytotoxicity Receptors

Natural cytotoxic receptors (NCRs) (NKp30, NKp44 and NKp46) are receptors that

are exclusively expressed by NK cells [91]. The cellular ligands for NKp44 and

NKp46 have not been conclusively identified, but both NKp44 and NKp46 are

known to be engaged by haemagglutinin of influenza virus [92, 93]. Recently a

putative cellular ligand for NKp30, BAT-3, has been identified and demonstrated to

promote NK cell recognition of immature DC [94, 95]. pp65 of human cytomega-

lovirus (HCMV) also interacts with NKp30 to prevent its activating activity [96].
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There is emerging evidence in the literature of a role for NCRs in the NK cell

response to bacterial pathogen.

The NKp44 receptor is poorly expressed on freshly isolated NK cells and is

associated with an activated NK cell phenotype [97]. Esin et al. have suggested that

NKp44 is involved in the direct recognition of BCG by human NK cells [98]. They

reported increased expression of NKp44 in response to BCG stimulation of NK

cells, in the absence of accessory cells (although NK cells were not purified by cell

sorting). The authors ruled out a role for NKp46 in this response; however, the dot-

plot shown in the paper would suggest that NKp46 also increases on NK cells and

while the data do not reach statistical significance, the MFI values also suggest a

possible increasing trend. Following up on their more dramatic findings, the authors

used a fusion protein to NKp44 to demonstrate binding to bacterial BCG cells using

both flow cytometry, and immunogold staining followed by analysis with transmis-

sion electron microscopy. Interestingly, they did not find any binding of BCG using

a fusion protein to NKp46 (see below). Given that expression is low and that

blocking the NKp44 receptor did not inhibit BCG induced CD69 expression on

NK cells, the extent of importance of NKp44 for the primary detection of BCG by

NK cells is unclear.

NKp46 is found uniquely on NK cells (it is not present on NKT cells) [99]. It has

also been implicated as a receptor involved in NK cell recognition ofM. tuberculo-
sis [54]. Vankayalapati et al. found an increase in two NCRs (NKp30 and NKp46,

but not NKp44) and also NKG2D on NK cells in response to stimulation with

monocytes infected withM. tuberculosis [54, 55]. This contrasts with the data from
Esin et al. (no change in NKp30 or NKp46) although one study was using live

bacteria and the other bacterially infected monocytes to activate NK cells [98]. In

this second body of work [55], important roles for both NKp46 and NKG2D were

described. In addition to blocking NKp46 to demonstrate functional importance, the

authors have biochemically identified and characterized vimentin, expressed on the

surface of M. tuberculosis infected monocytes, as a putative ligand for NKp46 on

NK cells [100]. The main receptors involved in direct recognition of bacterial

PAMPs by NK cells are detailed in Table 1.

4.5 Additional Receptors on NK Cells Activated by Bacterial
Infection

A number of ligands for the activating receptor NKG2D have been identified – the

MHC I chain related proteins A and B (MICA/B) and the UL16 binding proteins

ULBP (RAET1) in man, and the RAE-1 molecules, MULT-1, and H60 in mice

[101]. The activating NK cell receptor DNAM-1 (CD226) binds to the nectin and

nectin-like molecules, CD112 and CD155. NKp80, another C-type lectin activating

receptor, has recently shown to bind the AICL molecule and stimulate cytokine

production by NK cells [102]. The 2B4 receptor, expressed on NK cells, can be
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ligated by its ligand CD48 to drive both NK cell proliferation and cytotoxicity

[103]. In contrast, NKR-P1A (CD161) is an inhibitory C-type lectin receptor

expressed by NK cells which interacts with the lectin-like transcript-1 (LLT-1)

[104]. Bacterial infection and stimulation with bacterially derived or synthetic

ligands has been shown to modulate the surface expression of these ligands on

accessory cells that can help control NK cell function (see Fig. 1).

5 Activation of NK Cells by Accessory Cells

5.1 Infection Induced Changes in NK Cell Ligand Expression

As described above, NK cells have a range of receptors that allow them to recognize

pathogen directly. However, we now know that accessory cells are fundamentally

important in regulating NK cell responses to a diverse array of pathogens [3, 89].

This can occur either by the release of cytokine which activates NK cell functions,

or by the altered expression of receptors on the surface of the accessory cell, e.g.,

pathogen induced expression of NK cell ligands, which affects the ability of

accessory cells to interact with and modulate NK cell functions (see Fig. 1). A

number of studies have examined the expression of NK ligands following infection

with the intracellular bacteria M. tuberculosis. It has been known for many years

that infection of monocytes with mycobacterial species renders such cells suscepti-

ble to NK cell lysis. NK cells also appear to limit intracellular bacterial growth and/

or target mycobacteria for lysis [53, 105]. More recently the specific interactions

Table 1 Direct activation of NK cells by bacteria/ bacterial derived agonists

Agonist/

pathogen

Receptor

mediating

recognition

Accessory

cytokine

NK cell function Reference

KpOmpA TLR2 IL-1b, IL-12,
IL-15, IL-

2, IFN-a

IFN-g secretion Defensin

production NK cell

proliferation CD69 expression

[62]

Flagellin TLR5

M. bovis
(BCG)

TLR2 IL-12 IFN-g, TNF-a secretion Cytoxicity

(CD107a, 51Cr release) CD69,

CD25 expression

[66]

ODN TLR9 IL-12, IL-8,

IFN-a,
IL-2

IFN-g, TNF-a secretion Cytoxicity

(CD107a, 51Cr release) CD69

expression

[75]

Muramyl

dipeptide

(MDP)

NOD-2 IFN-aIL-12 IFN-g secretion CD69 expression [88]

M. tuberculosis TLR2,

TLR4

IL-12 IFN-g secretion CD69 expression [15]

H. pylori lysate Unknown IL-12 IFN-g secretion CD69, CD25

expression

[122]
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governing the recognition/activation of such cells have begun to be characterized.

Infection of monocytes or alveolar macrophages with M. tuberculosis rendered

cells susceptible to NK cell lysis that was inhibited by both anti-NKG2D and anti-

NKp46 antibodies [54, 55]. Co-culture of NK cells with mycobacteria infected cells

also stimulated the upregulation of NKG2D, NKp30, and NKp46 on the surface of

the effector cell. The NKG2D ligand, ULBP1, was upregulated in bothM. tubercu-
losis infected monocytes and alveolar macrophages, and blocking with an anti-

ULBP1 antibody indicated this was the specific NKG2D ligand involved in NK cell

recognition of infected cells [55]. The upregulation of surface ULBP1 by M.
tuberculosis was blocked by anti-TLR2 antibody. As there is a known TLR2 ligand
(19 kDa lipoprotein of M. tuberculosis), known to drive ULBP1 expression, it is

likely that this may be the specific bacterial derived molecule promoting NKG2D

ligand expression in infection. A previous report also demonstrated increased

surface expression of another NKG2D ligand, MICA, on M. tuberculosis infected
monocyte derived DCs; however a very high multiplicity of infection (2000:1) was

used in this study and the expression of other NK cell ligands was not tested [106].

As mentioned above, infection of monocytes with the H37Ra strain of M. tubercu-
losis (or L. monocytogenes), also upregulated surface expression of vimentin, a

putative ligand for the activating NKp46 receptor [100]; however further studies

will be necessary to confirm the direct interaction between NKp46 and vimentin.

It is not just for M. tuberculosis for which evidence exists for bacterial modula-

tion of NK cell ligands on accessory cells. Binding of diffusely adherent E. coli via
the adhesion AfaE to CD55 on epithelial cell lines leads to an upregulation of the

NKG2D activating receptor MICA on the cell surface [107]. Co-culture of lipopo-

lysaccharide (LPS, Salmonella minnesota) stimulated macrophages with autolo-

gous NK cells induced NK cell proliferation, IFN-g production, and cytotoxicity.

LPS stimulation of macrophages was associated with increased surface expression

of the NKG2D ligands ULBP1, 2, 3 and MICA/B, and cytolysis of stimulated

macrophages was blocked by anti-NKG2D antibodies. However NK cell prolifera-

tion and IFN-g secretion were not modulated by anti-NKG2D blocking antibody

but were inhibited by blocking the interaction between 2B4 on the NK cell, and

CD48 on the macrophage [108].

TLR ligands which activate NK cells also dramatically activate other cells of the

immune system and can thus lead to indirect activation of NK cells. Treatment of

human monocytes with the TLR ligands LPS (TLR4), Poly (I:C) (TLR3), or

Pam2Cys SK4 (TLR2) stimulated the surface expression of the NK cell activating

ligand, AICL. AICL upregulation sensitized treated cells to NK cell-mediated

cytolysis [102]. Although monocytes are generally considered to be key accessory

cells, other cell types can also modulate NK cell activities, e.g., activation of TLR

signaling by synthetic ligands or heat killed E. coli and L. monocytogenes increased
surface expression of NKG2D ligands on the surface of murine peritoneal macro-

phages [109]. In particular, the interplay between NK cells and DC has become a

significant area of recent scientific research and there seems to be an important two-

way communication (and subsequent regulation) between these cells occurring

early in infection and which affects the development of a downstream adaptive
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immune response [46, 110]. Stimulation of immature DC with specific TLR ligands

resulted in differential cell surface expression of NKG2D ligands. Treatment with

LPS from E. coli induced both mRNA and surface expression of ULBP1 and

ULBP2 but did not induce a significant change in surface expression of other

NKG2D ligands. In contrast, Pam3 (TLR2) and Malp2 (TLR2/6) did not modulate

surface expression of any NKG2D ligands indicating differential effects depending

on the specific TLR activated [111]. While most reports to date have demonstrated

increased expression of activating ligands following stimulation with PAMPs,

Rosen et al. recently demonstrated induction of the NK cell inhibitory ligand

LLT1 following stimulation with TLR3, TLR4, TLR7, TLR8, and TLR9 agonists.

Interestingly, specific cell types demonstrated alternative activation patterns: plas-

macytoid DC stimulated via TLR7 and TLR9 exhibited increased LLT1 expression

while monocyte derived DC was activated in response to TLR3, TLR4, and TLR8

agonists [112]. Thus, there is a growing range of microbial ligands (summarized in

Table 2) which, in addition to directly activating NK cells, can indirectly regulate

NK cell functions by inducing changes in receptor expression on accessory cells.

5.2 Infection Induced Changes in the Cytokine Environment

The importance of cytokine production in NK cell activation in vitro has been

demonstrated in studies that separate purified NK cells from accessory cells via

semipermeable membranes, the incubation of NK cells with supernatants from

Table 2 Regulation of NK cell ligands by bacteria/bacterial derived agonists

Pathogen/agonist Receptor

mediating

recognition

Accessory cell NK cell ligand

upregulated

Reference

M. tuberculosis TLR2 Human alveolar

macrophage/

Monocytes

ULBP1 [54]

E. coli AfaE CD55 Human epithelial

cells (Hela)

MICA [107]

LPS (S. minnesota) TLR4 Human macrophages MICA/B,

ULBP1-3

CD48

[108]

M. tuberculosis,
L. monocytogenes

Not shown Human moncytes NKp46 Ligand

(vimentin)

[100]

E. coli
L. monocytogenes
LPS

TLR4 (LPS) Murine peritoneal

macrophages

RAE-1 proteins [109]

LPS (E. coli) TLR4 Human immature

DC

ULBP1,

ULBP2

[111]

Pam2Cys SK4

LPS

CpG DNA

TLR2

TLR4

TLR9

Human monocytes AICL [102]

LPS TLR4 Monocyte derived DC LLT1 [112]
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pathogen stimulated accessory cells, and the demonstration that cytokine neutraliz-

ing antibodies inhibit NK cell activation. In particular, IFN-g plays a central role

in the NK cell response to a wide range of bacterial pathogens. Both IL-12 and

IL-18 are potent cytokines capable of driving IFN-g production from NK cells.

The stimulation of IFN-g secretion from NK cells in vivo by M. tuberculosis was

inhibited in Rag�/�mice that lacked IL-12 expression (both p35�/� and p40�/�)

and such mice were susceptible to higher bacterial loads and accelerated mortality

[19]. In humans, in vitro mycobacterial stimulation of pleural fluid lymphocytes

isolated from patients with tuberculosis pleuritis indicated that the production of

IFN-g following bacterial stimulation was partially dependent on the production of

IL-12 from antigen presenting cells, and was blocked by treatment with anti-TLR2

and anti-TLR4 antibodies [15]. Interestingly, NK cells were most potently activated

by the whole bacterium rather than purified TLR2 and TLR4 agonists. Treatment of

human monocytes with UV irradiated gram positive bacteria (including staphylo-

cocccus, streptococcus, and lactobacillus species) potently induced IL-12 secretion

[113]. Pompei et al. examined IL-12 production from specific cellular subsets

following TLR stimulation and demonstrated higher levels of IL-12 production

from murine bone marrow derived DC than macrophages, with the enhanced IL-12

secretion associated with the triggering of TLR9 in DC rather than TLR2 in

macrophages [114]. This may provide another level of control in determining levels

of NK cell activation in response to different pathogens.

Listeriolysin O (LLO), the major cytolytic virulence factor from L. monocyto-
genes, is a potent inducer of IL-12 and IL-18 both in vivo and in vitro. Treatment of

murine spleen cells with LLO purified from L. monocytogenes induced the expres-

sion of IFN-g in vitro and was blocked by both anti-IL-12 and IL-18 antibodies

[115]. Depletion of cellular subsets from spleen cells implicated NK cells as the

major IFN-g producing cell type and CD11b+ cells (mainly macrophages) as the

primary source of both biologically active IL-12 and IL-18 [115]. Activation of

IL-12 expression by listeria appears primarily to be a TLR-dependent mechanism

with KO mice lacking TLR2, TLR4, and MyD88 expression all exhibiting reduced

capacity to drive efficient IL-12 secretion [116, 117]. In contrast, the secretion of

IL-18 in listeria infection appears primarily to be TLR independent but rather

involves the NLRs. IL-18 is produced in an inactive proform that must be cleaved

to produce the biologically active cytokine. Initiation of this processing is con-

trolled by a multiprotein complex known as the inflammasome in which NLRs

activate caspase-1. Infection of murine macrophages with L. monocytogenes or

S. aureus induced the release of IL-18 that was dependent on the presence of an

intact inflammasome complex and caspase-1 activity [118]. A more recent study

using a LLO listeria mutant implicated LLO as the listeria factor driving the

production of biologically active IL-18 via caspase-1 [116]. However, a number

of other reports have implicated flagellin, from a number of bacteria including

L. monocytogenes, S. typhimurium, or L. pneumophilia, as being responsible for

inflammasome complex activation and IL-18 secretion [119–121]. It has been

suggested that the deletion of LLO from the bacterial genome inhibits the access

of the bacteria to the cytosol and thus limits access to the inflammasome complex
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but this remains controversial [116]. Bacteria can also modulate IL-12 dependent

NK cell functions indirectly. Pulsing of purified NK cells with Helicobacter pylori
lysate induced an upregulation of IL-12bR2 expression rendering NK cells more

sensitive to activation with IL-12 [122].

Type 1 interferons, primarily known for their potent antiviral effects are also

capable of activating NK cells. A large number of bacteria or bacterially derived

molecules are capable of inducing the production of type 1 IFNs (reviewed in

Bogdan et al. [123]) and studies have shown that IFN production induced by

stimulation with bacteria/TLR agonists is important in activating NK cells both

in vivo and in vitro [124, 125]. Infection of DC with M. tuberculosis induced

secretion of both IL-12 and type 1 IFNs [126, 127]. This production of 1 IFN was

also associated with an increased secretion of the chemokine CXCL10 from

infected cells, which was shown to enhance the chemotactic ability of purified

NK cells [124].

IL-15 plays a vital role in the development and expansion of NK cells and can

induce increased cytotoxic potential. IL-15 is a soluble molecule that appears to be

bound by the IL-15 receptor on the surface of the cytokine secreting cell and it is

presented to the NK cell in a cell contact dependent manner (trans presentation) and
so straddles the crossover between soluble/cell mediated interactions [128]. Lucas

et al. described the importance of trans presentation of IL-15 in priming NK cells

in vivo following TLR agonist stimulation or L. monocytogenes infection [125].

The production of IL-15 from CD11chigh DC was dependent on type 1 IFN

signaling and NK cell effector function was markedly reduced following specific

deletion of such DC. Stimulation of human DC with TLR agonists alone or in

combination with NOD1/2 agonists in vitro also induced surface expression of

IL-15; however, soluble secreted cytokine was undetectable [129].

6 Bacterial Modulation of NK Cell Functions

It is well known that pathogenic organisms manipulate the host immune system to

enhance their own survival. They employ a wide range of mechanisms to evade and

interfere with host immunity. While evasion from NK cells has best been described

for viruses [130, 131], it seems likely that similar type mechanisms will also be

discovered that help bacteria escape from NK cell immune responses. Indeed some

examples have already been described. Yersinia pestis, the causative agent of

plague, secretes Yop proteins into host cells. One of these, YopM, has been

implicated in targeting innate immunity by inducing targeted depletion of NK

cells from the host [132]. This depletion was associated with reduced transcription

of IL-15 mRNA from spleen cells and IL-15RamRNA expression specifically from

NK cells. In mycobacterial infections, ManLAM (a component of the bacterial cell

wall), inhibits NK cell activation and IFN-g production. One possible mechanism

for this is through bacterial interference of DC maturation. ManLAM binds to
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DC-SIGN, interferes with DC maturation, and inhibits its ability to secrete NK cell

activating cytokines, e.g., IL-12 and also promotes expression of the immunosup-

pressive cytokine IL-10 [133]. More controversial is the idea of bacterial activation

of NK cells as a pathogen virulence factor. Humann et al. suggest that L. mono-
cytogenes secretes a protein - p60 autolysin - which activates NK cell cytokine

production, thereby allowing bacterial expansion in the host [134]. Indeed, other

reports, which describe NK cell depletion as beneficial to the host in certain

bacterial infections (see section 2 of this review) also exist in the literature.

However, as it has also been reported that IFN-g is critical in the control of listeria,
further experimentation by a number of groups is required for clarification.

In summary, significant progress has been made towards identifying the role

played by NK cells in bacterial infections. As with any field in its infancy,

conflicting reports abound and much needs to be done to resolve the issues. The

beneficial versus detrimental effects of NK cells reported following in vivo chal-

lenge must be rigorously tested in numerous, well-defined models of infection.

More clinical studies on the role of NK cells in human bacterial infections are also

required. In recent years, heterogeneity of response has become a defining charac-

teristic of NK cells and it is possible that NK cell subsets may differ in their

antibacterial activities. This will be elucidated through more detailed investigations

of NK cell function at both cellular and molecular levels. While significant

advances in innate immunology have been made with the discovery of novel

immune receptor families, in particular the TLRs and NLRs, their role in NK cell

biology has only begun to be appreciated. While these receptors are highly con-

served between species, humans and mice differ significantly in other NK cell

receptors, particularly those for MHC class I (KIR in humans and Ly49 in mice);

the significance of this in terms of NK cell responses during bacterial infection

awaits discovery. Finally, the identification of novel pathogen molecules that can

activate NK cells directly and indirectly also adds to the growing body of evidence

which supports an important role for NK cells in bacterial infections. These recent

discoveries may provide new therapeutic targets for modulation of NK cell activ-

ities in infection and disease. It seems that the time is right for the importance of NK

cells to be appreciated, not just as an antiviral effector cell, but as a significant and

potent effector cell in the immune struggle against bacterial pathogens.
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NK Cells and Autoimmunity

Hanna Brauner and Petter Höglund

Abstract Most, if not all, individuals carry immune cells in their bodies which

display inherent reactivity to self cells. For example, all T lymphocytes are self-

reactive to some extent as a result of positive selection on self MHC in the thymus.

This reactivity is required for self–nonself discrimination by T cells and is therefore

necessary for proper function of T cells. However, carrying self-reactive T cells in

the circulation is potentially dangerous and multiple mechanisms have developed to

ensure that self-reactive T cells are kept in check under normal circumstances.

Despite all the control, there are situations in which self-tolerance fails and auto-

immune diseases result. T cells are critical players in autoimmunity, either as

primary effector cells or as helper cells promoting autoreactive B cell responses

and autoantibody production. Many cell types can modulate T cell responses,

however, and may act as critical determinants whether or not autoimmune diseases

will prevail. In this chapter, we discuss the role for natural killer (NK) cells in

autoimmunity. Most evidence suggest that NK cells participate in disease patho-

genesis, primarily as cytokine-producing cells, but it is also possible that cytotoxicity

may be of importance. Furthermore, while most data so far suggest a disease-

promoting role for NK cells, there are also evidence for a downregulatory role for

NK cells in some models. We here review data from individual autoimmune

diseases and give suggestions for possible future directions for the field.
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1 Autoimmunity

Autoimmune diseases result from breakdown of self-tolerance and an immune-

mediated attack on self cells. The disease can be either systemic or affect a specific

organ, such as the thyroid, the pancreas or the brain (Table 1). Autoimmune

diseases are mostly polygenic and complex, meaning that they are controlled by

multiple genetic loci and usually modified by a multitude of unknown environ-

mental factors. However, autoimmune manifestations may also be part of genetic

diseases with monogenic traits. Studies of such monogenic diseases have demon-

strated the role of specific genes controlling autoimmunity. For example, APECED

patients have a mutation in the AIRE gene, which controls the presentation of

self antigens in the thymus [1]. Without AIRE, self-reactive T cells escape clonal

deletion and cause organ-specific damage. IPEX patients have a mutation in the

gene FoxP3, which results in deficiency of regulatory T cells, leading to autoim-

munity [2]. Complex autoimmune diseases are not possible to link to single genes

but result from an interplay between functional variants of several genes that act in

concert to create an autoimmune phenotype. Just a few years ago, disappointingly

few genes had been identified besides the MHC, but powerful techniques that allow

genome-wide scans of common polymorphisms in human cohorts and animal

models are now generating exciting results [3].

Consistent with the complexity of this group of diseases, the immunological

effector mechanisms vary between different autoimmune disorders. For example,

deposition of autoantibodies is a central pathogenic mechanism of systemic auto-

immune diseases, such as Systemic Lupus Erythematosis (SLE) and Rheumatoid

Arthritis (RA). In organ-specific autoimmune diseases, such as Type 1 diabetes

(T1D) and Addison’s disease, T cells are instead key players in the disease dev-

elopment, and autoantibodies, are considered a consequence, rather than a cause,

of disease.

Specific treatments that prevent autoreactive responses in autoimmune diseases

are rare. Systemic immunosuppressive treatments, for example corticosteroids,

cytostatic drugs and antibodies against TNF-a are powerful and efficient in many

patients [4]. However, they sometimes cause unwanted side effects and do not act

in a very selective way, and more specific therapies are therefore needed. Better

knowledge regarding the role of individual cell subsets in autoimmunity will help

this development. In this chapter, we discuss the role of one specific innate cell

type, the natural killer (NK) cell, in autoimmune diseases.

2 NK Cells as Possible Players in Autoimmunity

NK cells protect against viruses and cancer [5, 6], playing roles both as cytotoxic

cells and as cells that affect other cells via cytokines [7]. NK cells are abundant in

hematopoietic organs, including lymph nodes [8, 9], and are surprisingly frequent
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also in various nonhematopoietic organs such as liver, lung, uterus, thymus and

intestine [10–15]. NK cells enter inflamed lymph nodes in a CXCR3-dependent

fashion [16, 17], where they can influence the outcome of T cell activation via

interactions with dendritic cells (DC) [8, 18]. NK cells can also be recruited across

endothelium to nonlymphoid inflamed tissue where they could participate in

inflammatory reactions [19, 20]. In humans, the minor population of CD56bright

NK cells and the major population of CD56dim NK cells express overlapping as

well as specific chemokine receptors [20] implying heterogeneity in migratory

properties.

The location of NK cells in most normal organs suggests a possible role of those

cells as sentinels, perhaps surveilling the body for altered cells or danger, in a

similar fashion as DC. The widespread location also raises the question if the NK

cell population is more heterogenous than previously thought. In fact, growing

evidence supports the existence and importance of environmental niches for NK

cells in vivo, with an increasing awareness of the influence of the microenviron-

ment in shaping NK cell responses [21]. This notion is greatly relevant for the

understanding of how NK cells partake in autoimmune diseases, especially organ-

specific diseases.

In addition to their localization, the increasing array of identified effector

functions displayed by NK cells [22] has opened up multiple possible roles in

autoimmune development [23]. The effector functions of NK cells include cellular

cytotoxicity mediated by perforin and granzymes, as well as production of Th1 and

Th2 cytokines [24]. Via their cytokine production, NK cells are able to modulate

the innate and adaptive immunity, for example, by affecting DC maturation and T

cell polarization [17, 18, 25, 26]. In addition to DC, NK cells have also been shown

to influence the function of several other cells in the immune system, such as

regulatory T cells [27], NKT cells [28], T cells [29, 30] and macrophages [31],

suggesting that NK cells may be capable of influencing the outcome of autoimmune

inflammation in many different ways [22, 23].

3 Evidence for the Involvement of NK Cells

in Autoimmune Diseases

3.1 Myastenia Gravis

In an experimental model of Myasthenia Gravis (EAMG), NK cells promoted the

development of the disease by influencing Th1 responses [32]. Consequently, NK

cell depletion skewed the cytokine response of CD4+ T cell towards Th2 dominance

and reduced levels of pathogenic antibodies against the acetylcholine receptor [32].

By the use of gene deletion strains lacking NKT cells, a role for IFN-g production in
NK cells was demonstrated in an unusually rigorous way. The regulatory role of

NK cells in EAMG seemed to take place during the priming phase of the disease,
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since depletion of NK cells during later stages of the disease had no effect. The

role of NK cells in patients with Myastenia Gravis is poorly studied and is limited

to analyses of NK cell frequencies, which seem to be lowered in patients with

disease [33, 34].

3.2 Type 1 Diabetes

Conflicting results have been generated as to the role of NK cells in type 1 diabetes,

leaving open the question as to whether or not NK cells are protective cells or

accelerate disease. Poirot et al. compared two transgenic mouse strains: BDC2.5/

NOD, which develop a mild insulitis but no diabetes, and BDC2.5/B6g7, which

rapidly develop both an aggressive form of insulitis and diabetes [35, 36]. A

correlation between expression of NK genes in the infiltrating cells and aggressive

insulitis was shown, as well as a higher frequency of NK cells in aggressive

infiltrates compared to the mild ones. When NK cells were depleted in these

models of diabetes, disease incidence was decreased, suggesting a role for NK

cells in the effector phase also in these models of diabetes. However, the antibodies

used to deplete NK cells also recognize other immune cells, which must be taken

into consideration when interpreting the data. A similar disease-accelerating role

for NK cells was found in transgenic NOD mice expressing IFN-b in the b cells

[37], which led to recruitment of NK cells to the inflamed islets. Yet another

example for an accelerating role of NK cells came from Flodström et al., who
suggested that NK cells were pathogenic during later disease stages in a virally

induced model of autoimmune diabetes [38].

Conversely, a protective role of NK cells was reported in NOD mice in which

diabetes was prevented by administration of complete Freund’s adjuvant (CFA)

[39, 40]. CFA induced NK cell trafficking to the blood and spleen, induced IFN-g
production by NK cells and decreased activation of b cell-specific T cells. Deple-

tion of NK cells abrogated the protective effect of CFA and addition of sorted NK

cells to the depleted mice restored the protective effect. NK cell IFN-g was recently
been found to be responsible for the protective effect [40], which is surprising given

results from other autoimmune models in which IFN-g was the accelerating cyto-

kine. It is possible that the use of CFA to induce diabetes protection, which is

triggered at a location distant from the pancreas (skin), enhances a special type of

immune response with immunosuppressive functions and prevention of diabetes

development. More work is required to explore the interesting difference in the role

of NK cell IFN-g in diabetes pathogenesis in these various models.

Several studies have proposed a reduced NK cell activity in NOD mice [41, 42]

and in patients with T1D [43]. It will be of importance to further clarify the role

of this impairment for diabetes pathogenesis. It must also be remembered that

few studies so far thoroughly address the numbers, phenotypes and functions of

NK cells from the target organ itself, in diabetes or in any other autoimmune

disease. This remains a critical development of autoimmunity studies in order
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to reach a better understanding of organ-specific autoimmunity. One interesting

report in this aspect is a recent study where NK cells and coxackie virus were found

in the pancreas of 3/6 newly diagnosed type 1 diabetic patients, suggesting involve-

ment of NK cells in human virus-induced diabetes [44]. Another study has analyzed

29 pancreases from patients that died from recent-onset diabetes [45] and found

evidence for infiltration with many cell types. NK cells were found in some islets

but did not seem to be very abundant. In our ongoing work in NOD mice, NK cells

are present in the islet infiltrate of prediabetic mice. As in humans, they are less

abundant that T cells, but are nevertheless part of the islet infiltrate, where they may

execute effector functions.

3.3 Rheumatoid Arthritis

RA is a chronic systemic autoimmune disease characterized by joint inflammation and

immune-mediated cartilage destruction. Cytokine production and cytotoxicity

mediated by NK cells are deficient in RA patients [46], which may be related to a

macrophage activation syndrome similar to the abnormalities observed in patients

with hemophagocytic lymphohistocytosis [46]. The inverse relationship between NK

cells and macrophages suggest a possibility that NK cells actively regulate macro-

phages [31]. Furthermore, NK cells accumulate within inflammatory joint lesions

[47, 48], where they could influence monocytes to differentiate into DC. Thus, NK

cells are actively participating in the initiation of the joint pathology and perhaps

determine the intensity of local inflammation by engaging other lymphocytes.

It is of interest that joint NK cells are phenotypically different from blood NK

cells. They are almost all CD56bright, are less likely to express KIR receptors and

rely on CD96/NKG2 receptors for inhibition [47, 48]. It is unclear if this difference

results from selective recruitment of a small population of blood NK cells to the

joint niche [21], or from local differentiation from stem cells of a unique NK cell

subset in the joint. This finding further emphasizes the need for a more in depth

exploration of NK cell in the target organ of the autoimmune attack.

3.4 Multiple Sclerosis

Multiple Sclerosis (MS) has been shown to be associated with low NK cell activity

[49–51]. A protective role for NK cells in humans with MS was proposed [52].

Protection was associated with secretion of Th2 cytokines such as IL-5 and IL-13

[52, 53]. Takahashi et al. suggest that those NK cells may control IFN-g secretion in
memory T cells, as depletion of NK cells in ex vivo PBMC increased IFN-g
responses in T cells after stimulation with myelin basic protein [52]. A regulatory

role for NK cells was further suggested by the fact that, before disease relapse, NK

cells lost their NK2 phenotype, and thus presumably their regulatory role.
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Experimental autoimmune encephalomyelitis (EAE) is an animal model of MS

that can be induced in susceptible strains of rats and mice. NK cells are present in

the central nervous system of rats at the early stages of EAE and when NK cells

were depleted, the disease was aggravated [54]. Zhang et al. found a similar

protective role of NK cells during the effector phase of EAE [55]. Interestingly,

NK cell depletion led to an in vivo increase in production of Th1 cytokines by CD4

T cells and an increased T cell proliferation in vitro when NK depleted spleen cells

were used as antigen presenting cells. The regulatory role of NK cells in rodent

models of EAE is further strengthened by a study of Smeltz et al. showing that NK

cells inhibit proliferation of autoreactive T cells from DA rat in vitro [56].

3.5 Systemic Lupus Erythematosis

In SLE, which is another relapsing-remitting disease, it has been shown that low

NK cell numbers in the blood are associated with relapses, while the NK cell

number is restored during remission. Some studies have also shown that a low

NK cell activity on a per cell basis is sustained throughout the disease cycle in these

patients [49, 50, 57]. This low NK cell activity has been explained either by a

genetic polymorphism in the FcgIIIR (CD16), resulting in a low avidity binding of

IgG antibodies [58], or by an abnormality in the expression of the signaling adapter

molecule DAP12 [59–61]. A recent paper did not replicate the low number of NK

cells in SLE patients, but instead found an increased frequency of cytokine-produc-

ing CD56bright NK cells [62]. No functional assessments were done.

Lpr mice, harboring a mutation affecting Fas expression, display an SLE-like

phenotype [63] and have low NK activity, especially in aging mice [64]. An

association in time has been found between disease development and ceasing NK

activity [65]. In this model, the disease process could also be accelerated or

decelerated by depleting or transferring NK1.1+ cells, respectively. A regulatory

role of NK1.1+ cells was seen in vitro, and NK cells from nude mice were also

efficient in this respect, making an effect of contaminating NKT cells less likely.

3.6 Some Other Autoimmune Diseases

NK cells have been suggested to play a role also in several other autoimmune

disorders. In Pemphigus Vulgaris, a blistering autoimmune disease affecting the

skin and multiple mucosal membranes, an increased percentage of circulating NK

cells was observed [66]. Interestingly, these NK cells showed an activated pheno-

type and secreted Th2-associated cytokines [66]. In another recent study, NK cells

were suggested to act as antigen presenting cells, on the basis of their expression of

MHC class II and the costimulatory molecule B7-H3. In cocultures, they stimulated

proliferation of CD4+ T cells after addition of the autoimmunogenic peptide

desmoglein 3 [67].
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In Sjögren’s syndrome, studies on the number of NK cells in the blood have

given conflicting results, ranging from no difference [68], increased frequencies

[69] and decreased frequencies [70]. The latter study also showed alterations in the

expression pattern of NK cell activating receptors and a higher percentage of

apoptotic Annexin V positive cells compared to controls [70]. It cannot be dis-

cerned if these changes are primary or secondary changes in relation to disease.

Nevertheless, they imply an altered peripheral NK cell compartment in Sjögren

syndrome. In the salivary gland, less is known about the presence and function of

NK cells. In an early study, it was shown that affected salivary glands from patients

with Sjögren’s disease lacked the antigens Leu-7 and Leu-11 (which were used as

NK cell markers at the time) and lacked NK cell activity [71]. These interesting data

suggest a lack of infiltrating NK cells, or a change in phenotype and function of NK

cells, in the autoimmune target organ. In our studies of NK cells infiltrating in the

pancreas of NOD mice, we have come to the conclusion that NK cells do infiltrate

this target organ, but that they display a completely different phenotype and have a

decreased function (our unpublished data), possibly consistent with the latter idea

regarding NK cells in Sjögren’s syndrome [71, 72].

4 Synthesis

The role of NK cells in immunoregulation needs further study. This appears

especially important given the recent notion that NK cells not only patrol the

blood and hematopoietic organs, but also occupy many different niches in the
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Fig. 1 Schematic drawing of NK cell niches and possible functions of NK cells in each niche. The

source of NK cells in human studies is the peripheral blood. In the mouse, spleen NK cells are

normally used. These niches are thought to be in equilibrium, but this is not well studied. NK cells

likely migrate freely between blood and lymphoid organs (A). Traffic from organs to the blood and

spleen is less clear (B, C), but is suggested by the possibility to transfer autoimmune diseases with

spleen cells in diseased animals. Migration from blood and the lymphoid niche to organs (B and C,

other direction) is unclear; NK cells residing in organs may derive from the blood or represent

entirely different subsets. Suggested functions of NK cells in each niche are indicated
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body such as the gut, liver, decidua and pancreas. Figure 1 depicts possible role of

NK cells in various locations in the body (Fig. 1). Regarding the role of NK cells in

autoimmunity, the current picture contains evidence for both disease-promoting

and disease-preventing roles. A closer and comparative dissection of diseases

models in which NK cells perform different functions will be important to identify

potential differences in NK cell biology that may be responsible for these opposing

roles. In humans, low NK cell numbers in the blood are frequently observed but this

is also difficult to interpret, both because autoimmunity may be associated with

systemic inflammation that may deplete or affect NK cells, and because it is

uncertain, at least in organ-specific autoimmunity, which roles are played by

circulating NK cells in disease pathogenesis.

Difficulties in understanding discrepancies in the role of NK cells in autoimmu-

nity may also lie in our incomplete understanding of the in vivo biology of NK cells

as well as the role of different functional subsets. In order to dissect the role of NK

cells in autoimmune diseases, the following aspects of NK cell biology must be

studied in greater detail.

4.1 Exploring NK Cell Niches in Relation to Autoimmune
Disease

It is becoming increasingly clear that there exist several subsets of NK cells, with

distinct phenotype and/or function and/or tissue distribution. A more thorough look at

NK cells in tissues and target organs during different phases of disease must therefore

be undertaken. In the target organ, NK cells may change their phenotype and function

compared to when in the blood. They may even represent different subsets with

different ontogenies. The balance between NK cell functions at different anatomical

sites may thus be different in different autoimmune conditions and may explain why

NK cells play different roles depending onwhich disease that is studied. This problem

includes the question of how NK cell circulate and whether organ-residing NK cells

and NK cells in the circulation are the same cell type or distinct subsets.

4.2 Characterizing Functional NK Cell Subsets

There certainly exists several subsets of NK cells that mediate different effector

functions depending on how, where and when they may be stimulated. Just as for

Th1 and Th2 T cells, such subset compositions are likely to be partly genetically

determined but may also be a consequence of the local microenvironment to which

they home and become activated. An important question will be how functionally

distinct NK cell subsets overlap with subsets distinguished by their expression of

activating and inhibitory MHC class I-specific receptors, the balance of which is

important in autoimmunity.
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4.3 Study the Genetic Control of Autoimmunity with NK
Cell Eyes

The genetic analyses of autoimmunity may reveal NK cell-related genes. A partic-

ular gene family, killer immunoglobulin-like (KIR) receptors, show interesting

polymorphisms that have been associated to disease suseceptibility. Also ligands

for other NK cell receptors are polymorphic with some variants being associated

with disease, suggesting a genetic control of autoimmunity at the level of both NK

cell receptors and their ligands. Studying these genes in more detail should give

novel insights into possible roles for a balance between activating and inhibitory

signals in autoimmunity. When genetic profiles for different functional subsets

are generated, new markers suitable for disease predictions could potentially be

developed.

4.4 A Kinetic look of NK Cell Responses in Different Diseases

Cells and molecules of the immune system may play varying and sometime

opposing roles at different ages and different stages of disease. For example, several

cytokines, TNF-a being one example, play opposite roles at early and late stages of

autoimmunity. Thus, differences in time kinetics of critical NK-related events in

induction, progression and final stages of different autoimmune diseases may hold

clues as to why NK cells could play both protective and disease-promoting roles

in different diseases.

4.5 Intensify Studies of Human Autoimmunity

Much of the studies on NK cells in autoimmunity are performed in animal models.

Although such model systems have proven to be very useful tools, several differ-

ences exist relative to humans that need further exploration. One example is the

apparently different patterns of lymphocyte infiltration in the pancreas preceding

diabetes. Greater efforts to perform studies on human subjects will therefore be of

utmost importance to fully understand the human autoimmune pathogenesis and

ultimately be able to design new treatments.
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NK Cells and Allergy

Tatiana Michel, Maud Thérésine, Aurélie Poli, François Hentges,

and Jacques Zimmer

Abstract NK cells are an important component of the innate immune response.

They play a significant role in defense against tumor cells and viral infections, but

also during human pregnancy. Until recently, few things were known about a

possible role of NK cells in allergic diseases. Studies in animal models of asthma

but also of peripheral blood from allergic patients suggest the possibility that NK

cells also have a key function in inflammatory airway diseases. This hypothesis will

be examined in this chapter.

1 Introduction

Immediate hypersensitivity is the most widespread immune disease in humans. In

some countries, allergies represent a prevalent chronic health problem among

individuals over 15 years of age. In the United States, allergic diseases affect

more than 50 million people [1].

Common allergic reactions include eczema, hives, hay fever, asthma, food

allergies, and reactions to the venom of stinging insects such as wasps and bees.

Environmental substances called allergens, especially of animal, mould, pollen and

mite, can trigger allergic reactions. These reactions are dependent upon previous

exposure and sensitization to specific allergens that ultimately result in the devel-

opment of antigen-specific IgE antibodies. Allergenic cross-linking of IgE bound to

the surface of mast cells and basophils will release numerous preformed or second-

ary mediators from these cells. These mediators induce constriction of smooth
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muscle in the airways and edema in the tissues. They increase mucosal secretions

and stimulation of nerves. Macrophages, neutrophils, eosinophils and lymphocytes

also play a significant role. The T lymphocyte response in allergic diseases is

characterized by a Th2-biased respiratory response. Allergen exposure in sensitized

individuals leads to chronic airway inflammation and asthma. The asthmatic air-

ways are characterized by infiltrates of eosinophils and T lymphocytes secreting

type 2 cytokines: interleukin (IL)-4, IL-5 and IL-13 [2]. The production of IL-5

results in maturation and enhances the recruitment of eosinophils in airways

mucosa. In certain sensitized people, acute allergic triggers may result in life-

threatening anaphylactic reactions. To identify significant therapeutic targets in

these frequently disabling diseases, great efforts have been made in these last years

to characterize the regulatory events involved in the balance of Th1/Th2 cytokines.

The factors responsible for initial induction of the Th2-like response in vivo remain

incompletely understood.

Recent data suggest that NK cells play a role in the initiation of allergen-specific

T cell response and hence, in the subsequent development of allergic airway

inflammation [3, 4]. The early appearance of NK cells at the site of immunization

in animal models and their capacity to produce a panel of cytokines suggest that

these cells play a critical role at several steps in the development of the acquired

immune response to allergens. NK cells influence the adaptive immune response by

the secretion of cytokines, but also through other mechanisms like lysing dendritic

cells (DC) or macrophages, and thereby modulating antigen presentation. The NK

cell cytokine production rather than cytolytic activity contributes to the resistance

against infectious agents. NK cells can rapidly produce IFNg. In addition, they

produce a variety of other immunoregulatory mediators, like several members of

the IL-family: IL-1, IL-3, IL-5, IL-8, and IL-10, as well as TGFb, TNFa, TNFb,
GM-CSF, macrophage inflammatory protein (MIP)-1a, [5–7].

NK cells are divided in two functionally different subsets NK1 and NK2,

analogous to T cell subsets Th1 and Th2. NK1 cells produce IFN-g and IL-10,

whereas NK2 cells produce IL-4, IL-5 and IL-13 [8]. NK cells are influenced by the

nature of cytokines present in the microenvironment. NK cells stimulated in vitro

by IL-12 produce increased levels of IFNg and decreased levels of IL-4. On the

contrary, the presence of IL-4 in the medium inhibits IFNg and increases the

secretion of IL-13 [9]. However, NK1 and NK2 subsets show similar cytotoxicity

to K562 cells [10]. It is suggested that depending on the cytokine profile of

individuals, NK cells may display different inflammatory properties.

In human, NK cells are subdivided in two major functional subtypes according

to the level of CD56 expression (CD56bright and CD56dim) [11]. CD56bright NK cells

are capable to produce large quantities of type 1 and type 2 cytokines. Therefore,

they are considered immunoregulatory cells, whereas CD56dim NK cells produce

less cytokines but are cytotoxic.

NK cells are present in human lung interstitium, and their profile is compara-

ble to that of NK cells found in peripheral blood. The involvement of these cells

in pulmonary immunity [12] and also in allergic diseases is a matter of great

interest.
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2 NK Cells Involved in Human Allergy

Timonen et al. were among the first to describe the role of NK cells in asthma. They

demonstrated that patients with atopic asthma had significantly stronger NK cell

cytotoxicity activity against the leukemic cell line K562 [13]. Since then, it has

been confirmed that patients with asthma (for instance seasonal asthma due to grass

pollen allergy) show increased numbers of NK cells and elevated NK cell cytotox-

icity in peripheral blood compared to healthy persons [14–16]. Recent data suggest

that cells of innate immunity like NK cells are important regulators of the allergen-

specific T cell response and possibly enhance allergic airway inflammation. The

increased NK cell activity in asthma could reflect a predisposition of individuals

with high NK cell activity to develop exaggerated T cell responses to allergens and

hence to be at risk of developing asthma.

NK cells from healthy individuals produce more type 1 cytokines compared to

those of atopic asthmatic patients whose NK cells secrete more type 2 cytokines.

The ratio of IL-4+CD56+ NK2 cells in the blood of asthmatic patients is higher than

that in healthy individuals, and the level of IFNg+CD56+ NK1 cells is lower in

these asthmatic patients [17, 18]. Furthermore, STAT6 (signal transducer and

activator of transcription 6), a key regulator for type 2 cytokines [19], is constitu-

tively activated in NK cells from asthmatic patients [17]. Aktas et al. have shown

that in polyallergic atopic dermatitis (AD) patients, (the patients are polyallergic to

food and/or airborne allergens, some of them show allergic rhinoconjunctivitis and

asthma), NK cells produce higher amounts of IL-4, IL-5, IL-13 and IFNg than do

NK cells from healthy individuals [10]. By increasing these cytokines, the NK cell

might influence the overall inflammatory response in allergy. Furthermore, these

author show that the expression of killer inhibitory receptors and costimulatory

molecules in NK cells differs between polyallergic and healthy subjects. But

different phenotypes of asthma or allergy were associated with receptor expression.

For example, the CD95 (fas) receptor on NK cells of AD patients is expressed at the

same level than in healthy donors [10]. On the contrary, CD95 is significantly more

expressed on NK cells from asthmatics compared to NK cells from normal persons

in the study of Wingett et al. [20]. The consequence of the CD95 over-expression

may be a signal of inducing apoptosis by cell-to-cell contact between NK cells and

T cells. The expression of CD16 and CD56 on peripheral blood NK cells demon-

strates heterogeneity in immune profile in patients with polyallergic atopic diseases.

Lower percentages of CD56+ CD16+ cells are found in patients with AD compared

to patients with allergic rhinitis and healthy controls [21]. Krejsek et al. showed that

the number of CD56+ NK cells is higher in patients with difficult-to-control asthma

in comparison to healthy controls [22]. Recently, a significant decrease in NK cell

number was observed in asthmatic patients with acute asthma episodes in compari-

son to patients with stable asthma or healthy subjects [23]. A controversial situation

is described by Scordamaglia et al. [18], who showed that peripheral blood lym-

phocytes from allergic rhinitis patients or healthy controls have similar percentages

of CD56+ NK cells. But after analysis of the NK cell subsets, they found that
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CD56bright CD16dim IFNg NK cells are reduced in patients with allergy. CD56bright

CD16dim NK cells give rise to a complex NK/DC cross-talk that would help Th1

responses. A reduction of this NK cell subset in most allergic patients may therefore

affect the capacity to produce IFNg after interaction with DC, and these NK cells

are less efficient in promoting DC maturation and/or in killing immature DC. These

data confirm a role for NK1/NK2 imbalance in allergy.

Different NK cell subsets and different NK cell functions may be affected in

allergy. One hypothesis is that the particular cytokine milieu characteristic of

patients with allergy may play a role [17, 18]. A hypothesis from Korsgren [24]

is that individuals with high NK cell activity have a predisposition to develop high

T cell responses to antigen and consequently an asthma disease. It could be also

correlated with the elevated level of total serum IgE [25].

3 NK Cells in Animal Models of Asthma

To develop new therapeutic strategies and elucidate the pathogenesis of allergic

asthma, animal models help to investigate allergic airway inflammatory mechan-

isms. Although these models are not perfect replicas of clinical asthma, they have

exposed a number of clinical and pathological correlates to the human disease.

These include a strong Th2-driven inflammation involving lymphocytes, eosino-

phils and mast cells and the creation of a proinflammatory pulmonary milieu

involving cytokines such as IL-4, IL-5 and IL-13, and growth factors.

Bogen et al. [26] have demonstrated that after a subcutaneous administration of

the protein antigen ovalbumin (OVA) in mouse, the first cells to appear at the site

of immunization were IFNg-producing-NK1.1+ cells (NK and NKT cells). More-

over in OVA-sensitized and challenged rats, NK cells are increased in lung

parenchyma [27].

In a mouse model of allergic peritonitis, after immunization and challenge with a

short ragweed antigen extract, eosinophils were analyzed in peritoneal lavage fluid.

Intracellular staining shows IL-5 production by NK cells, which contributes to

eosinophil infiltration. IL-5 regulates the production, activation of eosinophils,

their survival and their degranulation. Depletion of NK1.1 cells results in reduced

peritoneal eosinophilia and a complete loss of IL-5 producing NK cells. This

strongly suggests that significant amounts of the IL-5 detectable at the site of

inflammation are derived from NK cells [28].

Depletion of NK1.1 cells before immunization inhibits pulmonary eosinophil

and CD3+ T cell infiltration and increases the level of IL-4, IL-5, IL-12 in

bronchoalveolar lavage fluid in a murine model of asthma. That this is mediated

by NK cells and not by NKT cells is suggested by the fact that NKT cell-deficient

CD1d1 mutant mice developed airway disease like wild-type mice [24].

On the contrary, Wang et al. [29] investigated the role of NK and NKT cells in

the initial induction of immune responses after immunization with OVA allergen in

rat, and they did not observe any effect of NK1.1+ cell depletion on OVA-specific
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IgG2a and IgE levels or on cytokine production. But compared to Korsgen et al.

[24], the NK1.1+ cell depletion was not there during the early stage of immuniza-

tion protocol, which could explain the different results. This suggests that NK cells

play a role during the immunization stage and not during the challenge period. NK

cells might influence the initial antigen presentation to T cells. Hence the role of NK

cells in the regulation of allergic airway disease remains controversial. Recently,

Matsubara et al. [30] studied the effect of exogenous IL-2 combined with IL-18 on

asthma disease in a mouse model. The injection of these cytokines just before each

of OVA allergen challenges, suppressed allergen-induced AHR (airway hyperre-

sponsiveness), airway eosinophilia and goblet cell metaplasia. However, combined

IL-2/IL-18 administration increased the number of NK cells and IFNg secretion in

the asthmatic mouse lung. These different results suggest that NK cells could have

different roles on airway inflammation depending on the nature of cytokines present

in the environment.

Doganci et al. [31] have shown the effect induced by local blockade of the

common IL-2R/IL-15R b-chain (CD122) in a Balb/c murine model of asthma. IL-

2 and IL-15 influence the survival of NK cells thereby CD122 is important for

signal transduction since it acts as a common chain for IL-2R and IL-15R. This

group has observed that CD49b+ cells (NK and NKT cells) represented the majority

of cells in the lung expressing the CD122. The induction of asthma did not influence

CD122 expression on these cells but after an anti-IL-2Rb-chain antibody treatment,

the CD49b+ cell number was reduced in the lung.

4 The Environment Influences NK Cells in Asthma

Genetic and environmental factors influence susceptibility to asthma. When rats are

postnatally exposed to different stress factors, they present different clinical pat-

terns of asthma symptoms. Krutschinski et al. [32] were interested in the maternal

factors in early postnatal period as being relevant for the course of asthma in

adulthood. A rat model of asthma was used after maternal separation, deprivation

or short separation and the development of endocrine and immune regulation was

analyzed after OVA sensitization and challenge. They have shown that ex vivo NK

cell cytotoxicity is increased in the handling stimulation (deprivation or short

separation) compared to prolonged maternal separation or undisturbed rats. There-

by specific postnatal life events lead to a modification of allergic airway inflamma-

tion in adult individuals.

Subjects with asthma or allergic rhinitis exhibit increased pathophysiological

effects after a rhinovirus infection compared to nonatopic, nonasthmatic patients.

NK cells are implicated in the elimination of virus-infected cells and the modulation

of adaptive immunity against viruses. During airway inflammation the environment

is rich in type 2 cytokines, consequently the NK1 function for antiviral activity

might be inhibited. Moreover NK2 cytokines produced by NK cells in response to

viral infection could be responsible for increasing the allergic inflammation [33].
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Chlamydial infection before OVA allergen challenge in a mouse model of

asthma caused an inhibition of the Th2 cytokine response and an increase of the

IFNg production by NK cells. In that case, depletion of NK cells partially

abolished the inhibitory effect of chlamydial infection. NK-depleted mice infected

by Chlamydia, showed higher levels of eosinophilia and mucus production after

asthma induction than infected mice without NK cell depletion [34]. This result

confirms that NK cells play a major role in airway eosinophilia and mucus overpro-

duction caused by allergen exposure.

5 Conclusion

NK cells, components of the innate immune response, could play an important role

during the sensitization phase of an allergen-specific adaptive immune response.

How and whether NK cells are activated by allergens themselves or by other factors

like viral infection remains to be established. By secretion of the cytokines IFNg or
IL-5 [28], NK cells could influence the antigen presenting cells, DC maturation [18]

and could regulate the allergic eosinophilic airway disease (Fig. 1). The NK cells

could also play a role by cytolytic mechanisms, by lysing of DC or macrophages

and thereby influence the T cell response.

NK1       NK2

Amplification of allergic asthma
Low level of IFNg+NK1 cell
Low cross-talk NK/DC

Eosinophil

IgE

NK2

Dendritic Cell

IL-4, IL-5, IL-13

IL-5

IL-4, IL-13

Macrophage

Th2 

Allergens

Fig. 1 Possible roles of NK cells in asthmatic airway inflammation. In asthmatic patients,

the NK1/NK2 balance is modified in favor of an NK2 response. They present lower levels of

IFNg+NK1 cells and lower interactions with DC compared to healthy controls. One hypothesis is

that individuals with high NK cell activity have a predisposition to develop high T cell responses to

antigen and therefore to have a risk to induce asthma
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Natural Killer Cells and Their Role in

Hematopoietic Stem Cell Transplantation

Deborah L.S. Goetz and William J. Murphy

Abstract Hematopoietic stem cell transplantation (HSCT) has been used for the

treatment of malignant and nonmalignant disorders, including leukemias, lympho-

mas, renal cell carcinomas and melanomas. Limitations of allogeneic HSCT are

numerous and include a dearth of suitable donors leading to graft versus host

disease (GvHD), graft rejection, immune deficiency and relapse when used for

cancer. Despite the challenges, the goal of allogeneic HSCT for cancer patients is to

eliminate the tumor through enhancing the antitumor effects of the donor cells.

Natural killer (NK) cells are innate effector cells capable of mediating MHC

unrestricted killing of neoplastic and virally infected cells. The use of NK cells in

HSCT using preclinical models has been found to increase antitumor effects

without increasing GvHD. NK cells have also been found to enhance reconstitution

of the donor hematopoietic stem cells. This chapter will highlight current research

on NK cells used in HSCT including the role that alloreactive NK cells play in

HSCT, NK reconstitution following HSCT, NK involvement in graft versus leukemia

(GvL) and GvHD, and NK adoptive immunotherapy.

1 Introduction

Hematopoietic stem cell transplantation (HSCT) has been used for the treatment of

many types of malignant and nonmalignant disorders, including leukemias, lym-

phomas, renal cell carcinomas, melanomas as well as thalassemia and other primary
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immunodeficiency diseases. HSCT has also been applied to solid tumors such as

breast cancer [1–4]. The use of allogeneic HSCT is limited, however, due to several

significant issues. The search for a suitable donor can take months, allowing time

for disease progression. Conditioning of the recipient with cytoreductive therapies

leaves the recipient immunocompromised and subject to opportunistic infections.

Graft rejection, relapse from the original cancer, and the specter of acute or chronic

Graft versus host disease (GvHD) pose serious complications for the patient [5–9].

Despite these challenges, the goal of allogeneic HSCT for cancer patients is to

eliminate the tumor through enhancing the antitumor effects of the donor cells

while reducing the severity of GvHD. Adoptive cellular immune therapy using NK

cells represents an attractive means to circumvent many of these problems. This

review will highlight current research on NK cells used in HSCT including the role

that alloreactive NK cells play in HSCT, NK reconstitution following HSCT, NK

involvement in graft versus leukemia (GvL) and GvHD, and NK adoptive immu-

notherapy.

2 Hematopoietic Stem Cell Transplantation: Overview

Hematopoietic stem cells (HSC) are derived from one of two sources: autologous

and allogeneic sources. Autologous stem cells are extracted from the patient and

transplanted back into the same person as a rescue after cytoreductive therapy.

Without histocompatibility barriers, autologous transplants show a higher degree of

engraftment and reconstitution. Autologous transplants, however, have a higher

rate of cancer relapse since the transplanted immune cells lack ability to kill the

tumor cells. By contrast, allogeneic stem cells are derived from a different donor

and transplanted into an HLA-matched (as much as possible) recipient. The donor

immune cells can attack the host tumor cells exhibiting graft versus tumor (GvT)

effects, but the allogeneic donor cells can also react to and attack normal host cells

damaging normal tissues in the host causing GvHD [4, 7–9], which is a major cause

of morbidity.

For patients in need of allogeneic HSCT, HLA-matched sibling donors are

optimal. Without an HLA-matched sibling as HSC donor, the use of partial HLA-

matches and even unrelated HLA-matches may be necessary. The incidence of

GvHD, however, increases dramatically among patients who receive HSCT from

such unrelated matches. Currently, some transplantation centers manipulate donor

HSC graft by depleting donor T cells in order to reduce GvHD. Depleting T and/or

NK cells can, however, provide a greater chance for opportunistic infection includ-

ing EBV lymphoproliferative disease, greater graft failure and a greater relapse

rate. Other transplantation centers choose to use the T and NK replete donor graft,

opting for a greater GvT effect, and treating the GvHD post transplant with

systemic immunosuppression [4, 8, 10].

The tissues used to generate HSC generally include bone marrow, cytokine-

mobilized peripheral blood and umbilical cord blood. Bone marrow was typically
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the only source until the 1990s, when utilizing peripheral blood as a source of HSC

became more efficacious. Using growth factors, such as GM-CSF or G-CSF,

hematopoietic precursors could be mobilized into peripheral blood, yielding a

rich source of HSC, and a faster neutrophil and platelet recovery [9, 11]. Currently,

peripheral blood is used for most HSCT, although the use of umbilical cord blood is

becoming more widespread. Umbilical cord blood has been investigated since the

mid-1990s as a rich source of HSCs [12, 13]. Initially, the limited size of the cord

blood graft restricted use to pediatric patients, but with the use of two unrelated,

partially matched grafts, cord blood transplantation is being investigated in adults

[14–24]. As compared with bone marrow transplantation, cord blood transplanta-

tion provides greater ease and safety of the collection of HSC, a lower risk of viral

contamination, a reduced incidence of GvHD due to immunologically naı̈ve T cells,

and greater availability from established public cord blood banks [9, 19, 21].

Immune reconstitution and the limited HSC number obtained from cord blood,

however, limit the use in adults.

The allogeneic HSCT process includes HLA matching of donor to recipient,

conditioning or preparative regimen, graft manipulation, actual transplant of HSC,

and post-transplant treatments. The successful process will suppress or eliminate

host immunity to prevent graft rejection, eliminate tumor cells, minimize or prefer-

ably avoid GvHD without compromising engraftment or GvT effects and to mini-

mize toxicity to other tissues. Suppression or elimination of the host immune

system is critical to the success of the HSCT. Without a successful conditioning

regimen, host effector cells (NK and T cells) can prevent engraftment by the donor

cells, exerting a host versus graft effect, thus rejecting the graft [5, 25]. Generally

this involves either radiation or chemotherapy, and can either be myeloablative or

be reduced intensity. Reduced intensity conditioning uses less cytoreductive thera-

pies but requires extensive immunosuppression. Following the conditioning regi-

men, the unfractionated or fractionated bone marrow, peripheral blood or cord

blood cells are given to the host to repopulate the immune system and generate

GVT effects. This has allowed allogeneic HSCT to be used in elderly patients but

delayed immune recovery remains a significant hurdle. Full engraftment by the

various cell types can take years. The host can be subject to acute or chronic GvHD,

yet can also be subject to opportunistic infection due to the extensive immunosup-

pression. Finally, relapse of the original tumor can occur [8, 9]. NK cells represent a

means to promote GvT without inducing GvHD.

3 Natural Killer Cells – Overview

NK cells were functionally described by Cudkowizc and Bennett in 1971 when they

found that lethally irradiated mice were capable of rejecting allogeneic or parental

bone marrow cell grafts [26, 27]. It was later found that the cells mediating the

cytotoxicity were lymphoid cells that were radioresistant. In vitro studies in

human cells found a population of lymphoid cells that mediated cytotoxicity in
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an MHC-unrestricted fashion. This unique cell type was termed Natural Killer cells

[28–32]. NK cells are a subset of circulating lymphocytes comprising between 10%

and 20% of all peripheral blood lymphocytes, with as many as 2 billion in the

human adult [33–37]. While their lifespan is considered short, they serve primary

cytotoxic and cytostatic functions in the innate immune system and serve as a

bridge between the innate and adaptive immune systems [28, 33, 34, 38–40]. NK

cells are morphologically classified as a large granular lymphocyte, yet NK cells

share many of the same characteristics as other lymphocytes, including T and B

cells. Similar to T cells, NK cells exert their cytotoxicity through secretion of

perforin and granzyme molecules, thus lysing virally infected cells and tumor

cells, as well as secrete other cytotoxic and immunoregulatory cytokines. Pheno-

typically, NK cells also share some of the same cell surface markers as T and B cells

that define each as a subset of lymphocytes.

Despite similarities with T cells, NK cells are not antigen-specific, do not

clonally expand and do not exhibit classical immune memory responses. NK cells

do not have receptors which undergo rearrangement such as T (TCR) and B

(Immunoglobulin) cell receptors. Also, NK cytotoxicity involves a specific balance

of the NK cell’s activating and inhibitory receptors discussed later in this chapter.

Whereas T cells require prior sensitization by an antigen presenting cell, and

presentation of the same antigen in the target cell’s major histocompatibility

complex (MHC) molecule on the cell surface, NK cells do not require antigen

presentation or “self” presentation by the cell’s MHC in order to induce cytotoxi-

city. NK cells have receptors which interact with the MHCmolecule directly. Many

virally transformed or malignant cells can downregulate MHC molecules in order

to escape immune surveillance by T cells; but NK cells detect downregulated or

modified MHC and induce cell lysis. Furthermore, NK cells can also mediate

cell death through death receptor (e.g., Fas, TRAIL) pathways and are potent

mediators of antibody-dependent cell cytotoxicity [34, 41, 42]. NK cells also

perform cytotoxic, cytostatic and immunoregulatory functions through the produc-

tion of cytokines including IL-1, IL-5, IL-8, IFN-g, TNF-a, TGF-b and GM-CSF,

among others.

Although NK cells share some cell surface markers with other lymphocytes,

the combination of cell surface markers label NK cells as unique. Among the many

cell markers in humans that NK cells share with other cell types, CD56 and CD16

have characteristically been used to define NK cells. Since NK cells do not express

CD3, the typical NK signature has been CD56+ CD16+/� CD3� lymphocytes. The

NK cell subset that demonstrates a cytotoxic function has been shown as

CD56DIMCD16+ NK cells in peripheral blood, whereas cytokine generation has

been known as CD56BRIGHTCD16� NK cells which predominate in lymph nodes in

man, and represents a significant difference between man and mouse because a

specific cytokine generating NK subset has not be found in mice [43–45]. Unfortu-

nately, not only do other cell types express CD56 and CD16, some NK cells do not

express either CD56 or CD16. Other phenotypic markers that have been used to

delineate NK cells include NK activating and inhibitory receptors such as NKG2D,

CD161, CD244 and NKp46, as well as killer immunoglobulin receptors (KIR) in
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humans and the Ly49 family of activating and inhibitory receptors in mice [34, 43].

These markers also are not exclusively found on NK cells and may not be expressed

consistently or at all on NK cells [43, 46, 47]. In the murine system, NK cells are

phenotypically defined as NK1.1+CD3� lymphocytes in C57BL/6 mice or

DX5+CD3� lymphocytes in Balb/c mice which are negative for NK1.1. These

phenotypic markers can also be found infrequently on murine T cell subsets.

AsialoGM1 is also expressed on murine NK cells, but like NK1.1 and DX5, this

can also be expressed on other cell types including T cells and macrophages

[43, 48]. CD122, the IL-2/IL-15 b/g receptor chain, has been proposed as a defining
surface marker for NK cells in both humans and mice [34, 43]. CD122 expression

is essential for IL-15 to be functional, and has been found as an early marker

of developing murine NK cells [49, 50]. Through studies with IL-15 knock-out

mice, IL-15 has been shown to be absolutely critical to the development and

survival of NK cells [51–55]. CD122 expression, together with expression of

CD56 and CD16 in humans, and NK1.1 or DX5 in mice, together with PRF1

(perforin) in humans and the nonexpression of CD3, may be the most reliable

primary markers for NK cells.

4 Natural Killer Cells and Their Roles in Allogeneic HSCT

Natural killer cells can serve both positive and negative functions in allogeneic

HSCT depending on whether they are of donor or host origin. Donor NK cells have

the potential to enhance engraftment, promote GvT and reduce or suppress GvHD.

Host NK cells affect GvHD by lysing donor HSC, and can cause graft rejection

[5, 25, 56–63].

The cytotoxic function of the NK cell is regulated by the balance of inhibitory

and activating receptors. Preclinical studies with mice have found that humans

and mice share similarities and differences in the NK inhibitory and activating

receptors.

Discovery of the first MHC class I specific receptors, the Ly49 family in mice

paved the way for the discovery of the KIR family in humans [64]. The Ly49

receptors are C-type lectin receptors whereas the human KIR receptors differ

structurally, in that they are characterized by extracellular immunoglobulin

domains [64]. The murine Ly49 family recognizes the MHC Class Ia molecules

H-2D and/or H-2K [64–69]. In preclinical studies with mice, evidence has shown

that NK cells can serve as not only a barrier to engraftment, but can mediate graft

rejection [70–73]. We have clearly shown that severe combined immune deficient

(SCID) mice which lack T and B cells can reject allogeneic bone marrow cells [70].

In humans, graft rejection by recipient NK cells varies with the cytoreductive

conditioning, as well as the balance and makeup of the recipient KIR and donor

HLA repertoire [5, 74–76]. Generally, some of this can be overcome by the volume

and makeup of the graft. Increasing the number of HSC in a graft will overcome the

potential rejection by NK cells [77]. There are, however, numerous conditions
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which can affect rejection by NK cells. Subclinical infections prior to transplant

may have an effect upon rejection as agents such as poly I:C can promote NK cell-

mediated HSC rejection.

In preclinical studies with mice, Blazar and Bennett found that the conditions of

the mouse colony can also markedly affect rejection and transplant outcomes [78].

Furthermore, murine studies have unlocked a key role of the Ly49 family members

in NK cell-mediated rejection. Different strains of mice have a specific subset of

activating and inhibitory Ly49 receptors. Depending upon the MHC expression on

the HSC, a particular NK subset can reject an allogeneic graft. For example,

rejection of HSC will occur by NK cells without inhibitory Ly49C/I receptors for

MHC Class I molecule H-2Kd and with activating Ly49D receptors for H-2Kd.

However, if the NK cells possess both inhibitory Ly49C/I receptors and activating

Ly49D receptors, the NK cell will not lyse a HSC with the MHC Class I molecule

for H-2Kd. Our earlier studies have also indicated that depletion of specific and

“opposite” inhibitory Ly49 subsets increase rejection [79–81]. The idea of licens-

ing, which will be discussed later in this chapter, can also possibly play a role in

rejection.

The distribution of human MHC Class I molecules for inhibitory KIR are

relatively generic. KIR2DL2 and/or KIR2DL3 are the receptors for HLA-C

group 1, which is ubiquitous among humans. KIR2DL1 is the receptor for

HLA-C group 2 present in about 97% of humans [82]. HLA-Bw4 binds to the

KIR3DL1 receptor which is found in about 90% of humans [83]. In contrast, KIR

activating receptors display extensive genetic variation. This leads to heterogeneity

in the human population. In contrast to inhibitory KIR, activating KIR may be

absent from large percentages of ethnic groups [84].

In addition to the murine Ly49 and human KIR inhibitory receptors, the C-type

lectin molecule, CD94 covalently bound to an inhibitory member of the NKG2

family can be found on both mice and humans. CD94/NKG2A or CD94/NKG2B

binds to nonclassical HLA-E molecules in humans. Human allele specificity on the

CD94/NKG2 receptors is less well defined than KIR receptors. In mice CD94/

NKG2A binds to the Qa-1 molecule on the target cell [47, 85, 86, 87].

Recently, another family of NK cell receptors consisting of type II transmem-

brane molecules with an extracellular C type lectin motif has been characterized in

mice and rats. The killer cell lectin-like receptors (KLRE/I1 and KLRE/I2) have

been shown to regulate NK cell cytotoxicity. KLRE/I1 forms heterodimers with

NK cell receptor chains KLRI1 and KLRI2. KLRI1 contains two immunoreceptor

tyrosine based motifs (ITIM). When KLRI1 and KLRI2 associate with KLRE/I1,

NK cell-mediated cytotoxicity is inhibited. KLRE/I2, conversely, has been

found to function as an activating heterodimeric receptor and functions in an

inhibitory manner, whereas KLRE/I2 has been found to function in an activating

manner [88, 89].

Despite the divergent receptor types, human and murine NK inhibitory receptors

essentially inhibit the NK cell in a similar manner. They possess ITIM that are

phosphorylated when the receptor engages its respective ligand. Tyrosine phospha-

tases SHP-1 and SHP-2 are recruited to the junction of the NK cell and its target
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cell, where they suppress functions associated with NK cell activating receptors,

including calcium influx, cytokine production, proliferation and degranulation, thus

inhibiting the NK cell from lysing the target cell [47]. Furthermore, inhibitory KIR

have a higher affinity for their ligands than activating receptors. When both inhibi-

tory and activating receptors are engaged, the inhibitory signal predominates,

preventing NK cell-mediated cytotoxicity [90].

In recent studies, Yokoyama et al. demonstrated that in both mouse and human,

the activation of NK cells as measured by IFN-g release depends upon the NK

receptor’s early recognition of self-MHC. In a functional maturation process,

NK cells with specific receptors for “self” MHC Class I become activated, under-

going a “licensing” process, whereas NK cells lacking that specific MHC Class I

receptor are more likely to be less or nonfunctional or anergic [83, 91, 92]. In a 2008

study of NK cells from 39 normal, healthy volunteers, researchers found increased

functional responsiveness from NK cells with the KIR3DL1 receptor from donors

possessing the HLA-Bw4/4 group, a lesser functional responsiveness in donors with

the HLA-Bw4/6, and a low responsiveness in donors with the HLA-Bw6/6 allele

[92]. These data indicate a licensing effect on human NK cells by self-HLA

molecules. While further research in this area is ongoing, the impact for HSCT is

enormous. Specific licensed NK subsets could be isolated, enhanced and

incorporated with the HSCT graft for the greatest GvT effect.

5 NK Alloreactivity in HSCT

NK cells can exhibit a beneficial GvL or GvT effect which T cells cannot achieve.

This is particularly the case when NK cells are KIR ligand-mismatched in the

donor–to-host direction. KIR ligand-mismatching takes advantage of a fundamental

attribute of alloreactive NK cells – the “missing self” recognition. The “missing

self” hypothesis was first proposed by Kärre, and has been observed in both mice

and humans [77, 85–87, 93–100]. In this case, donor NK cells express a KIR for an

HLA Class I molecule that is absent in the host as their only inhibitory receptor for

self. In this situation, the donor NK cells react to the missing expression of the self

HLA Class I molecule on the host target cells and lyse the host cancer cells.

In 2005, Ruggeri et al. reported the use of T cell-depleted peripheral blood

transplants from haplotype-mismatched (haploidentical) family members [63]. The

recipients of these transplants suffered from high-risk acute myeloid leukemia

(AML) and did not have matched sibling donors. Of the 57 AML patients who

received these haploidentical transplants, 20 of them received these transplants

from NK alloreactive donors. Of the 57 patients, 90.2% achieved engraftment, 26%

achieved event free survival, and only 8.6% acquired GvHD. Interestingly, trans-

plants from NK alloreactive donors totally protected the recipients from rejection,

GvHD and relapse. The Ruggeri group later updated their findings. Including the

2002 findings, primary engraftment was obtained in 103 of 112 patients. Recipients

from NK alloreactive donors experienced a 6% rejection versus the 10% rejection
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of recipients from non-NK alloreactive donors. Grade 2 acute GvHD occurred in

10% of the NK alloreactive transplants versus 11% in non-NK alloreactive trans-

plants. Relapse was also substantially lower in transplants from NK alloreactive

donors (3% versus 47%) [100]. Despite the lack of difference in rejection and

GvHD, transplantation from NK alloreactive donors in a haploidentical transplan-

tation setting did improve overall event free survival. In a similar study of KIR

ligand mismatched HSCT from unrelated donors, conducted by three transplanta-

tion centers, 90% of the patients with KIR ligand mismatch showed event free

survival [101]. Of this group, only one patient, with acute lymphoblastic leukemia

(ALL), relapsed. This patient later died from chronic GvHD. None of the KIR

ligand mismatched patients experienced graft rejection. The incidence of GvHD,

however, was similar between the KIR ligand mismatched patients and the KIR

ligand matched patients, although the cumulative GvHD related mortality was 6%

versus 29% respectively. Other studies, however, indicated that KIR ligand mis-

match HSCT does not produce the GvL effect associated with a survival advantage,

particularly with unrelated donors. In a recent retrospective study of 1,571 unrelat-

ed HSCT, no differences were seen in disease reoccurrence between KIR matched

and KIR mismatched groups [102]. This may be due to differences in the HSCT

conditioning and immunosuppression used by the different institutions. In contrast

to the “missing self” mechanism conveying the advantages reported of donor

alloreactive NK cells, other researchers have proposed the “missing ligand” or

“receptor ligand” mechanism that conveys the effectiveness of donor alloreactive

NK cells. The “receptor ligand” model hypothesizes that some donors have an extra

inhibitory KIR that neither donor nor host have the matching HLA ligand for. This

extra KIR is considered to be anergic or hyporesponsive because it is not licensed.

The unlicensed state is not permanent and can be overcome by proinflammatory

cytokines [103–106]. This would account for control or reduction of relapse and

improved survival. Leung et al. in 2004 proposed that relapse rates could be better

predicted using the receptor ligand model. They used this model to predict out-

comes in 36 pediatric patients receiving HLA-haploidentical peripheral blood

HSCT [107]. They found that while the KIR ligand–ligand model proposed by

Ruggeri et al. was able to adequately predict those at low risk for relapse, the KIR

ligand–ligand model misclassified those at high risk for relapse.

In a 2005 study, Leung et al. found that some inhibitory KIR are expressed at

very low levels, thus impacting outcomes predicted by the KIR ligand–ligand

model [108]. Further, in a 2007 study, they applied the KIR receptor–ligand

mismatch model to 16 patients with lymphoma or solid tumors who received an

autologous HSCT [106]. Fifty percent of the patients experienced disease progres-

sion. Of this group, 83% had no receptor–ligand mismatch and 50% had one

receptor–ligand mismatch. None of the patients with two mismatched receptor–

ligand pairs experienced disease progression. Hsu et al. conducted a retrospective

study looking at HLA and KIR genotyping to predict clinical outcomes of T cell

depleted HSCT [109]. They hypothesized that patients who lacked HLA ligands for

their donor inhibitory KIR and who received HLA identical sibling transplants

would show differences in outcomes. The 178 patients who received HSCT
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suffered from AML, chronic myelogenous leukemia (CML), ALL or myelodys-

plastic syndrome (MDS). In patients with CML and ALL, they found that a lack of

HLA ligand (missing ligand) for the donor inhibitory KIR had no effect on survival

or relapse. There was, however, a significant missing ligand effect on survival and

lower incidence of relapse for patients with AML and MDS. Furthermore, those

AML and MDS patients who lacked two HLA ligands for donor inhibitory KIR had

the highest survival. These findings were further substantiated by a recent study

showing that even highly effective NK cells expressing just one inhibitory KIR to

self class I ligands will be enough to terminate a cytotoxic response, indicating that

the HLA ligands are the key to the alloreactive NK response in HSCT [110]. To

substantiate the finding that the lack of KIR ligand in patients receiving HLA-

mismatched HSCT may be a predictor for relapse, researchers for the International

Histocompatibility Working Group reported their findings of 1,770 patients receiv-

ing unrelated HLA matched or mismatched HSCT [111]. These patients were being

treated for AML MDS, CML and ALL, and each received myeloablative condi-

tioning together with T-replete donor stem cells. Among the HLA mismatched

transplants, decreased probability of relapse was associated with recipient homozy-

gosity for the KIR epitopes HLA-B and HLA-C. In addition, recipients with AML

were predicted to have a reduced hazard of relapse similar to ALL and CML. The

missing ligand effect was not seen in unrelated transplants.

Ruggeri et al. applied the missing ligand model to 112 patients who received

haploidentical HSCT [100]. Their results indicated that among non-NK alloreactive

patients, event-free survival did not differ between the group with no missing

ligands versus the group having fewer than three missing ligands. Further, after

pooling the patients into missing ligand or KIR ligand-mismatch groups, they found

that survival was lower in the missing ligand cohort.

All of these studies suggest HSCT outcome based upon inhibitory and activating

KIR together with their accompanying ligands is complex and affected by treatment

procedures, graft composition, conditioning and post transplantation immunosup-

pression regimens, not to mention the patient population status. All of these factors

may explain the disparities between the studies discussed above. Additional pre-

clinical studies with mice may shed further light upon this controversy and provide

mechanistic insights and how best to exploit this.

6 NK Reconstitution in HSCT

Elimination or strong suppression of host hematopoiesis is the goal of precondition-

ing in HSCT. The importance for this is multifaceted, but includes providing space

for engraftment of donor derived hematopoietic cells. Alloreactive NK and T cells

from the donor help eliminate remaining host immune cells that attack the donor

graft. However, prior to and during donor cell engraftment, the host is susceptible to

opportunistic infection. As a result, the members of the innate immune system are

the first to recover, generally within weeks following transplantation. The members
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of the adaptive immune system are much slower, taking months to years to normal-

ize depending on the age of the recipient [112, 113].

Within the first few weeks following HSCT, NK cells increase substantially, but

they decrease, many times to below original levels, between 100 and 200 days

following HSCT [21, 114–119]. This allows the innate immune system to defend

against opportunistic infection including viral infections [120]. Because of this, the

NK cell subset, CD56BRIGHT CD16�, that secretes proinflammatory cytokines, such

as IFN-g emerge first [115, 116, 121]. The cytotoxic CD56DIM CD16� subset also

emerges and has been noted to increase in number more rapidly [116]. Schulze et al.

recently characterized the emerging NK cell populations from eight patients who

received a myeloablative PBMC CD34+ haploidentical mismatched HSCT [121].

They found the characteristic shift towards the CD56BRIGHT CD16� subset, but

they also found a 50% downregulation in the NKG2D receptor through day 21 on

the CD56BRIGHT subset. Furthermore, they found a downregulation of FasL on both

CD56BRIGHT and CD56DIM subsets. On the CD56DIM subset, expression of the NK

activating receptor NKp46 increased 2-fold through day 56 following HSCT, yet

there was no change in NKp30 and NKp44. These results indicate the emergence of

an immature phenotype [119, 122].

Several studies indicate that the immature NK cells have depressed function, but

may even have an inhibitory effect on GvT effects [119, 123]. Shilling et al.

followed NK reconstitution in 18 leukemia patients who were given HLA-matched

HSC transplants [119]. The patients were analyzed for KIR genotype. From 6 to 9

months following HSCT, eight patients reconstituted a NK repertoire similar to

their donor, but five other patients exhibited a depressed frequency of KIR expres-

sing NK cells. Similarly, Cooley et al. have reported decreased surface KIR

expression by NK cells following HSCT [124]. In unrelated T cell replete HSCT,

recipients had increased NK cells, but KIR expression was diminished. NKG2A

expression and IFN-g production increased as seen in other studies, along with

increased acute GvHD. Their results indicated that T cells in the graft had a

detrimental effect on NK cell recovery. They also showed that increased KIR

expression is an accurate predictor of survival. In a later study, Cooley et al. showed

decreased KIR expression and increased NKG2A on CD56BRIGHT NK cells, yet

showed a smaller CD56DIM subset that lacked KIR and NKG2A expression [125].

This unique subset displayed decreased cytotoxicity and IFN-g production. They

postulated that this CD56DIM subset is, in fact, an NK precursor subset, and not the

mature cytotoxic NK subset.

The NK subsets can change rapidly, however, when exposed to increasing levels

of cytokines, particularly IL-15 and IL-2 [116, 121]. Dulphy et al. showed similar

results, but 3 months following HSCT, they found an increased intracellular IFN-g
production following stimulation with IL-2 in CD56BRIGHT cells, together with an

increase in intracellular perforin and an ability to degranulate [115]. They

also found that the CD56BRIGHT cells were undergoing a maturing process through

the upregulation of CD117, TRAIL and CD25. It was postulated that the reconsti-

tution following HSCT was driven by IL-15 due to the increase in serum levels

of IL-15.
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Donor NK cells also have an effect on reconstitution of other cell types,

including T cells [7, 61, 62, 126]. Production of growth stimulating (GM-CSF,

IL-1, IL-6) and growth inhibiting (TGF-b, IFN-g, TNF-a) cytokines by NK cells

can have an effect on reconstitution of other cell types. Adoptive transfer of IL-2

activated NK has been shown to promote reconstitution of granulocytes following

syngeneic HSCT in mice [61, 62, 127]. In a 2008 study of nonmyeloablative T cell-

replete HSCT, Sobecks et al. used recipient inhibitory KIR genotype and donor

KIR/HLA ligand matches to generate an inhibitory KIR score for 31 patients

undergoing HSCT. They found that patients with a higher inhibitory KIR score

were more likely to have NK and T cells that were less active, and as a result, have a

greater ability to achieve complete donor T cell engraftment [76]. Patients with low

inhibitory KIR scores were less likely to achieve full engraftment, and were more

likely to develop graft rejection. Interestingly, of those patients who achieved full

donor engraftment, 48% lacked the donor KIR ligand HLA-Cw group for the

recipient inhibitory KIR. These results may suggest that a balance must be main-

tained to achieve optimal engraftment and antitumor effects with minimal rejection.

Preclinical studies in mice have shown that reconstitution of NK cells and T

cells can be increased by the administration of recombinant human (rh) IL-15.

Alpdogan et al. demonstrated that exogenous administration of rhIL-15 following

allogeneic HSCT significantly increased donor NK and T cell numbers in mice

[128]. Furthermore, NK cytotoxicity significantly increased with the rhIL-15 admi-

nistration as demonstrated by increased percentage of lysis of YAC-1 cells in a

standard chromium release assay. Administration of rhIL-15 also significantly

increased the proliferation of NK and T cells over a 28-day period, yet did not

induce GvHD. Assessment of NK cell subsets was not performed in these studies

and questions remain of the dependence of NK cells for continued cytokine

administration.

The administration of drugs used for conditioning or to control GvHD can have a

negative effect on NK reconstitution. In the late 1980s, cyclosporin A, along with

several other drugs, was administered to patients as post-transplantation immuno-

suppression. Since this time, cyclosporin or other calcineurin inhibitor use has

become widespread. Recently, however, researchers have found that in vitro admi-

nistration of cyclosporin A to IL-2 or IL-15-activated PBMC reduced the NK cell

population as a whole, particularly CD56DIM subsets, and specifically CD56+

CD16+ KIR+ NK cells [129]. CD56BRIGHT NK cells not expressing CD16 and

KIR were resistant. Surprisingly, the exposed NK cells retained their cytotoxicity.

When stimulated with IL-12 and IL-18, more IFN-g producing cells were observed.
Another drug that has been used to treat GvHD is antithymocyte globulin or ATG.

Unfortunately, while the drug is efficacious in immunosuppression, most patients

suffer significant side effects [130]. In a recent study of 69 Swedish patients,

subcutaneous alemtuzumab was compared with ATG in nonmyeloablative condi-

tioning regimens. More of the ATG treated patients experienced full donor engraft-

ment than the alemtuzumab patients. No differences were seen in NK cell

engraftment levels between ATG or alemtuzumab, however. Yet, in a 2008 study,

Penack et al. showed that both alemtuzumab and ATG were very potent inducers of
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NK cell death [131]. Furthermore, they found a significant reduction in NK

cytotoxic degranulation in the alemtuzumab group of HSCT patients at day 30.

They hypothesize that while alemtuzumab and ATG are both toxic to NK cells,

alemtuzumab has a longer half-life and may explain the significant reduction in NK

cytotoxicity. Thus, immunosuppressive agents must be carefully investigated and

selected in order to optimize the NK engraftment for GvT effects to be realized. In

addition, this may explain differences on GvT effects obtained by NK cells depen-

dent on the regimens used in allogeneic HSCT.

7 The Role of NK Cells in GvHD

GvHD is a significant problem for patients receiving allogeneic HSCT. Unfor-

tunately, it is also associated with the positive effects of GvT. As discussed

previously, the GvT effects significantly reduce the incidence of relapse. Acute

GvHD can occur within days following HSCT. Conversely, initial presentation of

chronic GvHD may occur soon after HSCT, or it may not occur for months

following transplantation. It is hypothesized that T cells in the donor graft start

the inflammation associated with GvHD. Donor T cells respond to antigen pre-

sented in recipient MHC as foreign, lysing the recipient cells, and producing

inflammatory cytokines and chemokines that recruit other immune cells to the

site. Donor NK cells respond, are activated by cytokines produced by T cells.

Increased tissue damage, organ damage and/or failure, susceptibility to opportunis-

tic infections, as well as partial or delayed engraftment are some of the effects of

GvHD. Interestingly, however, donor-type NK cells can enhance engraftment and

increase GvT effects, as previously discussed, yet without increasing GvHD.

Furthermore, adoptive transfer of NK cells as an immunotherapy can maximize

these effects and even be a preventative therapy for GvHD. Asai et al. found that

activated NK cells had a protective effect against GvHD and increased GvT effects.

In 11 experiments, NK cells activated by rhIL-2 either in vivo or ex vivo and

transferred, significantly delayed the onset of GvHD. Activated NK cells and not

rhIL-2 were found to be protective against GvHD, since administration of rhIL-

2 after the third day following BMT exacerbated GvHD very likely by encouraging

the expansion of T cell populations [56].

8 NK Cell Immunotherapy

Adoptive transfer of activated NK cells has been shown in preclinical studies with

mice to exhibit GvT effects after HSCT and not increase GvHD [7, 16, 56, 104,

132–135]. Asai et al. found that in lethally irradiated mice given bone marrow and

T cell-replete spleen cells, an adoptive transfer of IL-2 activated NK cells prevented

GvHD, and also displayed antitumor effects [56]. Coadministration of an
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NK-activating cytokine such as IL-2 or IL-15 leads to increased survival of

adoptively transferred NK cells and increased antitumor effects. Alici et al. com-

bined IL-2 administration with adoptive transfer of NK cells in a murine multiple

myeloma model [132]. They noted that IL-2 activated NK cells killed the myeloma

tumor in vitro and in vivo by localizing to the tumor sites to elicit their cytotoxic

action. They further noted that the IL-2 activated NK cells prolonged the survival of

the tumor bearing mice. Castriconi et al. found similar results with IL-2 or IL-15

activated NK cells against metastatic neuroblastoma in NOD/scid mice [104].

These studies, together with numerous others, have lead to clinical trials utiliz-

ing adoptive transfer of activated NK cells. Miller et al. conducted a trial of 43

patients presenting with metastatic melanoma, metastatic renal cell carcinoma,

refractory Hodgkins disease and AML. They received haplo-identical NK cell

infusions with either a low intensity conditioning (low dose cyclophosphamide/

methylprednisolone) or high intensity conditioning (high dose cyclophosphamide/

fludarabine). The NK cells were activated overnight with IL-2 prior to infusion into

the patients. They found in vivo persistence and expansion of the NK cells in

patients who had received the high intensity conditioning, and that these NK cells

were functional at day 14 following infusion. The NK persistence and expansion

was caused by an increase in IL-15 production brought about by the high intensity

conditioning [36, 136, 137].

As stated previously, NK cell-mediated cytotoxicity is dependent upon activat-

ing receptors prevailing against inhibitory receptors. Koh et al. hypothesized that

blocking NK inhibitory receptors augment cytotoxicity against tumor [58–60].

Using F(ab�)2 fragments, Ly49 inhibitory receptors were blocked, and the NK

cells were transferred into tumor bearing mice. They found that NK inhibitory

receptor blockade inhibited tumor growth in vitro, and increased the survival of

tumor bearing mice. Furthermore, they found that the inhibitory receptor blockade

did not inhibit reconstitution following HSCT, and augmented in vivo cytotoxicity

against tumor cells. Use of similar inhibitory receptor blockades may provide

greater NK cytotoxicity without adverse effects.

IL-2 is a potent regulatory cytokine for both T and NK cells. IL-2, along with

other cytokines that increase proliferation and survival such as IL-15, IL-12 or

IL-18, has been used to achieve greater antitumor effects [138–141]. Unfortunately,

administered cytokines are rapidly cleared, thus requiring repeated injections of

large amounts. The potential for toxicity dramatically increases with the increasing

amount and frequency. In addition, high doses given frequently can increase

unwanted cell types, such as T regulatory cells which can suppress NK cells, and/

or also cause activation induced cell death (AICD) of NK cells. Thus the challenge

is to find a way to administer the cytokine and avoid the toxicity. Low dose

subcutaneous IL-2 administration has been used successfully in lymphoma and

breast cancer patients [142]. These patients saw increases in NK cell numbers and

function. Coupled with ex vivo IL-2 activated NK cells, these two immunotherapies

have shown great potential.

Gene therapy has been proposed as another way to circumvent toxicity issues

related to cytokine administration. Ortaldo et al. hydrodynamically delivered IL-2
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cDNA to mice to determine the in vivo effects on NK and T cells [134]. They found

significant increases in NK and NKT numbers in the liver and the spleen, and

significant increases of NK in the blood 72 h following hydrodynamic delivery, as

well as substantial enhancement of NK cytotoxicity in both the spleen and liver.

Furthermore, they found expansion and repopulation of bone marrow progenitors in

the IL-2 mice following bone marrow transplantation, as well as inhibited progres-

sion of established metastases in the liver. Currently, our laboratory has utilized

similar technology with IL-15 cDNA. We have found significant increases in

murine NK cell numbers and function, particularly in the liver. Furthermore,

when coupled with adoptive transfer of IL-2 activated NK cells, the IL-15 cDNA

increases NK proliferation and survival.

Another approach to enhance the proliferation and survival of transferred NK

cells using cytokines is to create complexes of cytokines with their receptors or

antibodies. Prlic et al. complexed IL-2 with an anti-IL-2 antibody [143]. The IL-2/

anti-IL-2 complex mediates the response through the IL-2Rb and gc chains. They
found that IL-2 complexes expand the donor NK population and not the host NK

cells, and function effectively even bypassing the need for IL-15. Other studies have

shown that complexing IL-15 with the IL-15Ra, or utilizing similar IL-15/IL-15Ra
hyperagonists lead to increased NK cell numbers and function [51, 144, 145].

Gene therapy is also being used to enhance functionality of NK cells. Pegram

et al. have developed a NK receptor gene specific for human erbB2 tumor-asso-

ciated antigen [135]. They found that NK cells expressed the anti-erbB2 gene and

elicited perforin-mediated cytotoxicity against murine leukemia tumor cells expres-

sing the erbB2 antigen. Combining antigen recognition of the cytotoxic T cells

along with MHC recognition of the cytotoxic NK cells may broaden the applicabil-

ity for cancer patients.

Another innovative immunotherapy for the treatment of leukemia is the use of

the human NK-92 cell line. NK-92 is unique in that it lacks inhibitory KIR [146,

147]. The main method of cytotoxicity is through perforin and granzymes, not

unlike normal NK cells. Yet, because of the lack of inhibitory KIR, NK-92 cells

create a simulated KIR mismatch situation, which may produce greater and more

reliable GvL effects. In a murine model, Yan et al. noted that adoptive transfer of

NK-92 cells produced antileukemia effects on T cell ALL [148]. AML and pre B

ALL were also highly sensitive to the killing effects of NK-92 cells. Further studies

have found that the NK-92 cell line did not induce cytotoxicity against bone

marrow cells [148–150]. Currently, clinical trials are using NK-92 for other cancer

immunotherapies [151].

9 Conclusion

Adoptive immunotherapy utilizing NK cells coupled with HSCT presents addition-

al options for cancer patients, but several issues must be considered. Terme et al., in

an excellent review on NK therapy, have suggested that NK inhibitory versus
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activating receptor manipulation, genotyping and phenotyping, subsets to be used,

activation criteria, and delivery protocols are some of the issues that need consid-

eration [152]. Additional issues related to the recipient need to be considered,

including selection of conditioning regimen, type of graft to be used and post-

transplant treatments. HSCT transplant centers and research centers are continuing

to investigate the optimal methodology and use of NK immunotherapy in HSCT

[36, 136]. Recently, Verheyden and Demanet published an excellent review focus-

ing on NK cell receptors and their ligands in leukemia, and the paucity of studies

focusing on specific escape pathways used of each type of leukemia [153]. Under-

standing of these pathways will lead us to similar escape mechanisms in lympho-

mas and other cancers. Further research into these escape pathways may help direct

researchers to manipulating NK cells for optimal survival, proliferation and cyto-

toxicity in HSCT and related immunotherapies.
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NK Cells, NKT Cells, and KIR in Solid Organ

Transplantation

Cam-Tien Le and Katja Kotsch

Abstract In solid organ transplantation, natural killer (NK) cells have emerged as a

particular focus of interest because of their ability to distinguish allogeneic major

histocompatibility complex (MHC) antigens and their potent cytolytic activity. On

the basis of the potential relevance of this, NK cells have recently been shown to

participate in the immune response in both acute and chronic rejection of solid

organ allografts. Meanwhile, it has been demonstrated by several experimental and

clinical studies that NK cells and natural killer T (NKT) cells can determine

transplant survival by rejecting an allograft not directly but indirectly by influen-

cing the alloreactivity of T cells or by killing antigen-presenting cells (APCs).

Moreover, NK cells are influenced by immuno-suppressive regimens such as

calcineurin inhibitors, steroids, or therapeutic antibodies. Recent findings suggest

that NK cells also play a profound role in allograft tolerance induction, suggesting

that the role of this lymphocyte subset in graft rejection and tolerance induction

needs to be reconsidered.

1 Introduction

Advances in immunosuppressive protocols, organ preservation, and perioperative

management have significantly reduced the risk of acute rejection of solid organs in

the early posttransplantation phase. However, the development of chronic rejection

and therefore, restricted graft survival in the long-term still remain a serious

problem in transplant medicine. For instance, after renal transplantation, the clinical

outcome is dependent on various antigen-independent risk factors including donor

brain death, age, sex, ischemia reperfusion injury (IRI), and antigen-dependent risk
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factors such as human leukocyte antigen (HLA) matching resulting in inflammation

and tissue injury and therefore playing a critical role in the initiation of chronic graft

failure [1–5]. Especially following IRI, oxidative stress induces cytokine and

chemokine upregulation, which might enhance the recruitment of recipient-derived

inflammatory cells capable of mediating tissue injury directly or indirectly. Mean-

while, it has been comprehensively documented that CD4+ T cells are necessary

and sufficient for the initiation of acute rejection but, in the absence of costimula-

tion, the participation of other lymphocyte subsets is evident. An emerging concept

in the field of transplantation research is therefore to reveal the linkage between

innate and adaptive immunity, as there is increasing evidence of potential interplay

between NK cells and the adaptive immune responses of the host. Whereas the

immune function of NK cells is well described during viral infections or tumor

diseases, where either the downmodulation or induction of NK cell receptor ligands

results in NK cell alloreactivity, the exact role of NK cells in the rejection or

acceptance of solid organs still remains an obstacle. Although a function for

alloreactive NK cells has been described in preventing graft-versus-host disease

(GvHD) in the setting of bone-marrow transplantation (BMT) [6], NK cells seem to

be by themselves neither necessary nor sufficient for rejection of organ allografts.

However, an increasing number of studies support the concept that NK cells are

important players mediating allograft destruction and that NK cells may be required

during tolerance induction.

1.1 Biology of Natural Killer and Natural Killer T Cells

NK cells are large granular cytotoxic lymphocytes that represent a fundamental

component of the innate immune system. They are derived from CD34+ hemato-

poietic progenitor cells (HPCs) [7] and, once released, they comprise roughly

5–20% of lymphocytes in the spleen, liver, and peripheral blood and are present

at lower frequencies in the bone marrow, thymus, and lymph nodes [8]. They were

originally identified by their ability to spontaneously kill certain tumor target cells

in vivo and in vitro without sensitization [9, 10], and this killing was not restricted

by the target cell’s expression of major histocompatibility complex (MHC) mole-

cules [10, 11]. NK cells are not only an important source of innate immunoregula-

tory cytokines, but they also possess direct or natural cytotoxic activity against

virus-infected, leukemic, and other tumor cells. They also mediate the antibody-

dependent cellular cytotoxicity (ADCC) of targets through FcgRIII (CD16), a

receptor that binds the Fc portion of antibodies [12, 13]. In general, the traditional

phenotype defining human NK cells is characterized by the absence of the T cell

receptor complex (TCR, CD3) and expression of CD56, the 140-kDa isoform of

neural cell adhesion molecule (NCAM) which is also found on a minority of T cells

[14, 15]. On the basis of their CD56 receptor expression density, human NK cells

can be distinguished as CD56dim or CD56bright NK cells. In contrast, murine NK

cells can be identified by using antibodies against the NK1.1 molecule [16, 17], the
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pan-NK marker DX5 [18], or the asialo GM1 (ASGM1) surface molecule [19].

These markers can also be expressed on subsets of T lymphocytes and granulocytes

and therefore are not lineage-specific.

Also, another important subset of nonclassical MHC class I-restricted cells are

NKT cells, which comprise a very heterogeneous group of T cells but share

properties with NK cells. They were originally characterized in mice as cells that

express both a TCR and NK1.1 (CD161c in humans) [20]. The most studied and

best-characterized NKT cell population in mice and humans is referred to as type I

NKT cells, or iNKT cells. These NKT cells express a TCR formed by the rear-

rangement of the Va24 gene segment (Va14 in mice) to the Ja18 gene segment.

iNKT cells recognize glycolipid antigens presented by the nonpolymorphic MHC

class I-like molecule CD1d [21]. However, several studies have identified subsets

of CD1d-dependent T cells that either express or do not express the invariant Va24–
Ja18 (Va14–Ja18 in mice) TCR and/or CD161 (NK1.1 in mice). Although all

subsets have been referred to as NKT cells, they probably represent functionally

distinct cell types [22]. iNKT cells are found with the highest frequency in the liver

and the bone marrow of mice, with significant numbers also in the thymus, spleen,

and peripheral blood. In humans, the frequency of iNKT cells is usually much

lower and a high degree of variability between individuals has been reported [23].

1.2 Inhibitory and Activating Receptors of NK and NKT Cells

Meanwhile it has become clear that NK cells possess a variety of inhibitory and

activating receptors that engage MHC class I molecules, MHC class I-like mole-

cules, and molecules unrelated to MHC, and that their cytolytic activity is con-

trolled by the balance between their inhibitory and activating receptors. Thus, NK

cells are restricted in engaging potential target cells depending on the expression of

their ligands, but this occurs in a very complex fashion that is still not completely

understood. According to the “missing-self” hypothesis, NK cells kill target cells

that display reduced levels of MHC class I antigens such as virally transformed or

tumor cells [24]. In humans, there are three types of major MHC class I specific

inhibitory receptors expressed by NK cells. The human killer-cell immunoglobulin-

like receptors (KIRs; Ly49 receptor family in mice) and the immunoglobulin-like

transcripts (ILTs) bind classical and nonclassical HLA class I molecules, whereas

the C-type lectin heterodimer CD94/NKG2A binds to the nonclassical MHC class I

molecule HLA-E (Qa-1b in mice) [25–27]. The binding of MHC class I complexes

to KIRs or to the heterodimeric CD94/NKG2A receptor initiates inhibitory path-

ways that can override activating signals [28].

Among activating receptors, NK cells express the C-type lectin homodimer

NKG2D, CD16, and natural cytotoxicity receptors (NCRs) such as NKp30,

NKp44, and NKp46, whereas the latter is selectively expressed on both human

and murine NK cells. Additionally NK cells express a variety of activating cor-

eceptors, including 2B4 [CD244], NKp80, NTB-A, and DNAM-1 (CD226), which
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may also contribute to NK cell activation [29]. NKG2D binds to cellular stress-

induced molecules including nonclassical MHC class I molecules (MHC class I

polypeptide-related sequence A or B, MICA and MICB in humans), and the MHC

class I-related UL-16 binding proteins (ULBP) 1–4 [30]. While the ligands for

NCRs on tumor cells are still unknown, viral hemagglutinins have been suggested

as ligands for NKp44 and NKp46 [31, 32]. In addition, poliovirus receptor (PVR;

CD155) and nectin-2 (CD112) have been identified as DNAM-1 ligands [33],

whereas CD48 engages 2B4 [34, 35].

2 The Role of NK Cells in Solid Allograft Rejection

As infiltration of NK cells in renal and cardiac allografts has been observed shortly

after transplantation in both clinical and experimental models, activation of NK

cells seems to be critical posttransplantation [36–40]. This infiltration often occurs

before evidence of T cell infiltration and is consistent with the role of NK cells as

early innate effector cells in response to inflammatory stimuli. Early studies have

shown that IFNg produced by NK cells during interaction with allogeneic endothe-

lial cells stimulates MHC class I and class II expression, rendering them more

susceptible to attack by alloantigen-specific T cells following priming and recruit-

ment to the graft site [41–44] (Fig. 1). Moreover, NK cells are not only present

but are activated to effector function following infiltration of solid organ allografts

as it has been reported that rat NK cell-mediated cytolysis of donor target cells

in vitro is increased in NK cell populations isolated from recipients of allogeneic

heart grafts [39, 40].

The original assumption that NK cells do not participate in the rejection of solid

allografts was supported by experiments where depletion of NK cells did not result

in graft acceptance of skin, heart, or liver allografts [37, 45]. In contrast, the final

evidence that NK cells play an important role in the rejection of solid transplants is

the finding that depletion of NK cells in the absence of CD28 costimulation results

in markedly prolonged graft survival in a complete MHC-mismatched mouse

model of heterotopic heart transplantation (Balb/c, H-2d!C57BL/6, H2b). In this

setting, NK and/or NKT cells are proposed to infiltrate the allograft tissue, become

activated because of the absence of self MHC expression by the graft and provide

help to CD28�/� T cells, thereby overcoming costimulation deficiency [46]. An-

other proof of the functional role of NK cells in allograft rejection has been

provided by McNerney et al., who showed in the same model that NK but not

NKT cells were required for cardiac rejection. NK cells which bear the inhibitory

receptor Ly49G suppressed rejection, whereas a subset of NK cells lacking inhibi-

tory Ly49 receptors for donor MHC class I molecules was sufficient to promote

rejection. The same authors also illustrated that NK cells promote the expansion

and effector function of alloreactive T cells in vitro and in vivo, and proposed that

NK cells help the priming and differentiation of alloreactive T cells during a

transplant response [47]. Although these studies suggested that rejection was
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independent of the activating receptors Ly49D and NKG2D, treatment with a

neutralizing antibody against NKG2D was highly effective in preventing CD28-

independent rejection of cardiac allografts in another study [48]. The same authors

demonstrated the upregulation of NKG2D ligands during the rejection response,

including Rae-1, Mult-1, and H60 in tissue grafts, thereby enhancing effector

function of graft-infiltrating CD8+ T cells and NK cells. These experimental data

were supported by initial observations illustrating that stress-induced MIC proteins

on human renal and pancreatic allografts are induced during acute rejection

[49, 50]. In this context renal tubular epithelial cells express the Rae-1 protein as

a consequence of IRI, thereby leading to NKG2D-mediated and perforin-dependent

NK cell killing (Fig. 1). Consequently, depletion of NK cells attenuated kidney IRI

whereas adoptive transfer of NK cells worsened kidney injury in NK, T, and B cell

deficient mice [51]. NK cells have also been implicated in promoting chronic

allograft destruction as early NK cell infiltration into transplants occurs as a

consequence of IRI [52]. Applying a model of semiallogeneic cardiac transplants,

NK cells were activated by the absence of self MHC class I molecules on donor

endothelium and thus participated in the pathogenesis of cardiac allograft vasculo-

pathy (CAV). However, this process requires functional interactions with T cells

and recipient-derived IFNg [53].

NKG2D

NK

Rae-1

IFNγ

NKG2D

Ly49G

NKH-2d

Perforin

T
T

Fig. 1 Differential pathways of NK cells influencing allograft outcome. During the interaction

with allogeneic endothelial cells NK cells become activated via receptor–ligand interactions (e.g.,

NKG2D-Rae-1) and kill allogeneic cells in a perforin-dependent pathway. Moreover, IFNg
produced by NK cells stimulates MHC class I and class II expression, rendering the allograft

more susceptible to attack by antigen-specific T cells. On the contrary, NK cells positive for the

inhibitory receptor Ly49G recognizing MHC H-2d antigens seem to suppress rejection
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2.1 Role of Cytokines, Chemokines, and Chemokine
Receptors on NK Cells

In alloantigen-induced T cell activation, additional antigen-independent factors

including cytokines, chemokines, and their receptors were discovered to play a

critical role in the activation of NK cells, thus contributing to the development of

transplant rejection. In this context a recent study suggested a functional role of IL-

15 in graft rejection. Kroemer et al. demonstrated that NK cells in Rag�/� mice in a

resting state readily reject allogeneic cells, but not skin allografts. However,

treatment with anIL-15/IL-15Ra complex resulted in activation of NK cells

in vivo, expressing an activated phenotype and potent in mediating acute skin

allograft rejection in the absence of adaptive immune cells [54]. These data suggest

that differences in the activation status of NK cells may significantly affect their

effector functions in vivo. Furthermore, NK cell activity stimulates adhesion

molecule expression and production of chemokines (CXC and CC chemokines)

during rejection, including MCP-1 or CX3CL1 (fractalkine) [55, 56]. In a model of

acute allograft rejection of rat orthotopic liver transplantation the chemokines

CCL3, CXCL10, and CX3CL1 were significantly increased in allografts posttrans-

plantation, suggesting a role for these chemokines in the recruitment of alloantigen-

primed T cells and other recipient leukocyte populations to the allograft. Additionally

IFNg levels weremarkedly increased in the serum of recipients, indicating that graft-

infiltrating NK cells were the major source of this immunoregulatory cytokine [57].

The importance of chemokine receptor expression on NK cells was further exam-

ined by investigating the role of CXCR3, the binding receptor for chemokines

including CCL9, CCL10, and CCL11, which is expressed on a small percentage of

NK but to a greater extent on NKT cells [58] (Fig. 2). As previously shown in

CXCR3�/� mice, the administration of an anti-CXCR3 antibody resulted in pro-

longed graft survival of heart and islet allografts. In combination with the adminis-

tration of rapamycin this therapy even led to long-term graft acceptance [58, 59].
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Likewise, CCR1-deficient mice show a significantly prolonged survival of MHC-

mismatched heart allografts [60] and this observation corresponds with a prolonga-

tion of transplant survival and a reduction of graft-infiltrating NK cells in the absence

of the chemokine receptor CX(3)CR1 under low-dose cyclosporin A therapy [61].

Similar results illustrated that the percentage of NKT cells is markedly reduced in

hearts grafted into CCR4-deficient recipients, suggesting that CCR4 expressed on

host lymphocytes plays an important role in the recruitment of NKT cells into

cardiac allografts [62].

3 NK Cells, NKT Cells, and Tolerance

Despite observed NK cell alloreactivity during rejection processes, it has become

apparent that NK cells cannot be regarded only as “killers” but also have important

regulatory properties. Beside T cells, antigen-presenting cells (APCs) are potential

targets of NK cell regulation. NK cells are capable of killing autologous immature

DCs though they can also drive DC maturation. However, it remains uncertain as to

what extent activated NK cells are involved in regulating host APCs. In solid organ

transplantation, the graft itself contains donor APCs which migrate to the recipient’s

secondary lymphoid organs where they directly prime alloreactive T cells [63].

Consequently, survival and distribution of donor-derived APCs in the host might

affect either the initiation of rejection or the induction of tolerance.

3.1 The Role of NK Cells Contributing to Allograft Tolerance

There are several studies published indicating that the alloreactivity of NK cells

may not only play an important role in influencing allograft rejection but may also

affect the induction of tolerance by costimulatory blockade. A crucial role for host

MHC class I-dependent NK cell reactivity in allograft tolerance could be demon-

strated in mice by either inducing costimulation blockade using CD154-specific

antibody therapy or by targeting cellular adhesion by blocking LFA-1 [64]. In this

model of islet transplantation, tolerance induction was shown to require host

expression of both MHC class I+ and NK1.1+ cells but was independent of CD8+

T cell-dependent immunity. Additionally, CD154-specific antibody-induced allo-

graft tolerance was demonstrated to be perforin-dependent, as perforin-competent

NK cells were sufficient to restore allograft tolerance in perforin-deficient recipi-

ents. The authors therefore concluded that NK cells might promote allograft

tolerance by eliminating activated alloreactive recipient-derived T cells [64]. In

addition, Coudert et al. provided evidence that NK cells, through their interaction

with allogeneic APCs, can quantitatively and qualitatively control allospecific

CD4+ T responses in vivo. Alloreactivity of host NK cells mediated by missing

inhibitory MHC class I ligands expressed by donor APCs resulted in diminished
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allospecific Th cell responses associated with the development of effector Th

cells producing IFNg rather than type 2 cytokines. In contrast, alloreactive CD4+

T cell priming and Th2 cell development were restored by neutralizing NK cells.

Similar results were obtained by analyzing the effect of NK cell activation on CD4+

T cell responses to skin allografts. Despite the dramatic effect of NK cells on

alloreactive Th1/Th2 cell development, the kinetics of skin graft rejection were not

affected [65].

The functional aspects of NK cell reactivity have been further demonstrated

in a skin transplantation model. Skin allografts contain a subset of APCs which

are usually destroyed by host NK cells. But in the absence of NK cells, surviving

donor APCs migrate to the host lymphoid and extralymphoid sites. They directly

stimulate the activation of alloreactive T cells which are more resistant to

costimulatory blockade treatment, thereby preventing stable skin allograft sur-

vival [66]. These observations were further supported by a recent study in a

model of CD4+ T cell-mediated allogeneic skin graft rejection, where the

absence of host NK-cell alloreactivity was characterized by enhanced expansion

of alloreactive effector T lymphocytes, including Th2 cells in the rejected

tissues. In addition it was demonstrated that blood-borne host NK cells

(CD127�) expressing the H-2d-specific activating receptor Ly49D were

recruited within draining lymph nodes in a L-Selectin-dependent manner and

rapidly eliminated allogeneic H-2d dendritic cells (DCs) through the perforin

pathway, thus regulating alloreactive CD4+ T cell responses in CD8+ T cell-

deficient C57BL/6 (H-2b) recipients (Fig. 3). However, in wild-type mice, the

authors showed that NK cells, by eliminating allogeneic DCs, strongly inhibited

alloreactive CD8+ T cell responses [67].

3.2 The Role of NKT Cells Contributing to Allograft Tolerance

The first data showing that Va14 NKT cells are required for the induction of

tolerance were provided by Ikehara et al. Administration of an anti-CD4 mAb

allowed islet xenografts to be accepted by C57BL/6 mice, with no need for

immunosuppressive drugs. This effect was associated with NKT cells, as rat islet

xenografts were rejected in Va14 NKT cell-deficient mice, despite the anti-CD4

mAb treatment [68]. Similarly, in models in which tolerance was induced against

cardiac allografts by blockade of LFA-1/ICAM-1 or CD28/B7 interactions, long-

term acceptance of the grafts was observed only in wild-type but not in Va14 NKT
cell-deficient mice. Adoptive transfer with Va14 NKT cells restored long-term

acceptance of allografts in Va14 NKT cell-deficient mice. Experiments using IL-4-

or IFNg-deficient mice suggested a critical contribution of IFNg to the Va14 NKT

cell-mediated allograft acceptance in vivo [69], although this could not be verified

in a model of skin transplantation [70]. A possible mechanism in the maintenance of

cardiac allograft tolerance mediated by NKT cells was suggested by a study

demonstrating that blocking of the interaction between the chemokine receptor
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CXCR6, highly expressed on Va14 NKT cells, and its ligand, CXCL16, resulted in

the failure to maintain graft tolerance and thus in the induction of acceleration of

graft rejection. In this mouse transplant tolerance model, the expression of CXCL16

was upregulated in the tolerated allografts, and anti-CXCL16 mAb inhibited intra-

graft accumulation of NKT cells [71].

The functional role of CD1d-reactive NKT cells was further emphasized by the

finding that anti-CD1d mAb abolished corneal graft survival in wild-type mice. In

this model, the presence of CD1-restricted NKT cells was associated with the

induction of allospecific regulatory T cells [72]. In contrast to activating receptors,

the concept of Ly49 inhibitory receptors regulating immune reactivity to self by

regulating the immune activity of individual cells has been addressed by Watte

et al. in the same model. Blocking ligation of Ly49 C/I inhibitory receptor pre-

vented NKT cell production of IL-10 and the subsequent development of tolerance

and corneal graft survival. Furthermore, in the presence of TCR stimulation, cross-

linking of Ly49 C/I on CD4+ NKT cells stimulated an increase in IL-10 mRNA and

a decrease in IFNg [73]. Additionally it was demonstrated that NKT cells from

transplant-tolerant recipients of cardiac allografts produced higher levels of IL-10,

which is required for the maintenance of tolerance. DCs from wild-type tolerant

recipients but not NKT cell-deficient recipients showed a higher IL-10-producing

profile, a more immature phenotype, and tolerogenic capability. CD4+ T cells from

wild-type tolerant recipients but not NKT cell-deficient recipients also produced
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Fig. 3 NK cell-mediated killing of allogeneic APCs. NK cells positive for the H-2d-specific

activating receptor Ly49D were recruited within draining lymph nodes in an L-selectin-dependent

manner and rapidly eliminate allogeneic H-2d DCs through the perforin pathway
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higher levels of IL-10 upon alloantigen stimulation and showed lower proliferative

activity, which was reversed by blocking the IL-10 receptor [74].

4 The Functional Role of KIR on Solid Graft Outcome

In haploidentical BMT, reconstituting NK cells of donor origin develop alloreac-

tivity when their inhibitory KIR receptors do not match with HLA-C ligands

displayed by recipient cells. Especially in patients with acute myeloid leukemia

(AML) alloreactive NK cells protect from the development of GvHD and leukemia

relapse [75, 76]. As NK cell activity does not require prior sensitization, the

allograft endothelium would appear to be an ideal target for the expression of NK

cell effector function. In this context the absence of self MHC class I molecules on

allogeneic cells would be expected to activate NK cells to express these functions

early following solid organ transplantation. Activation of NK cells to mediate direct

cytolysis of allogeneic target cells could indicate the ability of NK cells to directly

mediate rejection of solid tissue allografts. Alternatively, NK cell activity may

augment inflammation and facilitate the rejection process mediated by alloantigen-

specific T cells following priming.

KIRs are named according to their structural and functional characteristics, i.e.,

by their number of extracellular Ig domains (2D or 3D) and the type of their

intracellular tail mediating either an inhibitory (long [l]) or an activating (short

[s]) intracellular signal. KIRs bind to different HLA class I antigens whose speci-

ficity is determined by amino acids in the C-terminal portion of the MHC class I a1
helix [77–79]. KIR2DL1 binds to HLA-C group 2 molecules (HLA-C2), which

have amino acids Asn77 and Lys80, KIR2DL2/2DL3 binds to HLA-C group 1

molecules (HLA-C1), which have amino acids Ser77 and Asn80, and KIR3DL1

binds to HLA-B allele products, which contain the Bw4 epitope determined by

amino acid positions 77–83 on the a1 helix of the heavy chain [80]. The Bw4

epitope is present on approximately one-third of all HLA-B alleles and to a smaller

extent on HLA-A alleles, and the inhibitory receptor KIR3DL2 has been described

to bind HLA-A*03, and *11 alleles [81]. In contrast, the ligands for activating KIRs

(designated 2DS and 3DS) are less well defined, although it has been suggested that

they bind to the same HLA-B or HLA-C molecules as recognized by their related

inhibitory KIRs. On the basis of the presence or absence of multiple activating KIR

receptors patients express either an A/A, A/B, or B/B genotype. Group A haplo-

types consist of six genes encoding inhibitory receptors and one activating receptor

(KIR2DS4). In contrast, the group B haplotypes contain a varying number of

activating KIR genes (but no KIR2DS4) [82]. The genomic region that encodes

KIRs exhibits extensive variability among individuals because of differences in

gene content, gene copy number, and allelic polymorphism, thus creating a hetero-

genous NK cell population in each individual [83].
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4.1 KIRs and Transplant Rejection

Several studies investigating the role of NK reactivity mediated by potential KIR–

HLA interactions on solid graft outcome have been performed. For instance, by

studying HLA ligand incompatibility in a large study cohort comprising more than

2,757 deceased-donor transplants, no correlation with kidney graft survival could

be observed [84]. In contrast, Bishara et al. found that liver recipients transplanted

from donors with matching HLA-C groups had significantly fewer rejection epi-

sodes in the first year after transplantation, whereas disparities for the HLA-Bw4

epitope did not affect the outcome [85]. However, neither investigation considered

the KIR genotypes of transplant recipients for analysis although there are various

possibilities that could affect NK cell alloreactivity against a solid allograft: (1) a

mismatch is given when the recipient displays a certain KIR receptor but the donor

graft does not have the corresponding HLA ligand; (2) a match is present, when a

defined KIR receptor is expressed by the recipient and the corresponding HLA

ligand is displayed by the allograft; or (3) when the allograft has a certain HLA

allele but the recipient is lacking the corresponding receptor. Moreover, it has to be

considered that recipients carrying an AA haplotype generate NK cells expressing

only inhibitory KIRs whereas patients carrying an AA/AB haplotype can generate

NK cells expressing both activating and inhibitory KIRs.

It is proposed that the inhibitory receptor KIR2DL1 and its corresponding

ligand HLA-C group 2 show a stronger interaction in comparison to KIR2DL2/3

receptors and their corresponding HLA-C group 1 ligand, thus leading to enhanced

inhibition of NK cells [86]. These results were supported by observations that NK

cells from HLA-C group 1 homozygous subjects positive for the inhibitory receptor

KIR2DL3 secreted more IFNg at earlier time points after infection with influenza A

virus than did NK cells from HLA-C group 2 homozygous subjects expressing the

inhibitory KIR2DL1 receptor [87]. These results support the idea that the two

subsets of HLA-C alleles exhibit significant differences in biological activity.

Recently, the potential influence of the HLA-C donor type on allograft outcome

was demonstrated suggesting a more potent inhibition of host NK cell function by

the expression of an HLA-C allele by the donor allograft. Hanvesakul et al. showed

that an HLA-C group 2 allele by the donor allograft was associated with less

histological evidence of chronic rejection and graft cirrhosis, reduction in graft

loss, and an improvement in patient survival at 10 years [88]. Although the authors

did not observe a reduced risk of acute rejection in this transplant setting, Kunert

et al. [89] documented that an HLA-C group 2 homozygous allograft resulted in a

decreased risk of acute rejection in kidney transplantation. Furthermore, an associ-

ation between a higher number of inhibitory receptors in the recipient´s genotype

and stable renal function was found [89]. These results were supported by earlier

studies in the same transplantation setting, showing in an ex vivo setting that NK

recipient antidonor cytotoxicity was increased 3 days after transplantation even in

the presence of immunosuppression. Interestingly, recipients exhibiting increased

NK cytotoxicity were found to express more activating KIR genes for donor MHC
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class I antigens [90]. Similarly for lung transplantation, a recent study suggested

that the lack of activating KIRs (A/A haplotype) resulted in a significant higher risk

of the development of the bronchiolitis obliterans syndrome (BOS) [91]. Taken

together, these findings support the concept that incompatibility for HLA–KIR

ligand interactions and the presence of activating KIRs dominate NK cell activation

in vitro and probably in vivo. Although it was demonstrated that neither the

presence of self HLA epitopes nor particular KIR genes and haplotypes are asso-

ciated with the occurrence of acute rejection after reduction of immunosuppression

[92], donor HLA-C genotype might be a potential determinant of clinical outcome

in the short- and long-term after solid organ transplantation.

4.2 KIRs and Viral Infections Posttransplantation

Viral infection is a common complication after solid organ transplantation. In the

setting of BMT an association between the number of activating KIR receptors

and cytomegalovirus (CMV) reactivation has been illustrated. Additional activat-

ing KIR genes in the donor compared to the recipient’s genotype correlate with a

lower incidence of CMV reactivation [93]. Similarly, kidney transplantation

patients with a KIR A/A genotype showed a higher rate of CMV infection and

reactivation as compared to transplant recipients with more than one activating

KIR gene (B haplotype), whereas no association with the rate of other viral or

nonviral infections, transplant function, and the number of clinical or subclinical

rejection episodes was observed [94]. Importantly, this protection was dependent

on the total number of KIR genes, i.e., the more KIR receptors an individual

possessed the lower was the likelihood of CMV-related infections. In agreement

with these data, it could be demonstrated in a large patient cohort that the absence

of the HLA-C ligand for inhibitory KIR and the presence of activating KIR genes

in renal recipients were both associated with a lower rate of CMV infection after

transplantation [95]. In summary, these observations provide evidence for a

protective effect of activating KIR on the rate of posttransplant CMV infections

and reactivations.

5 Influence of Immunosuppressants on NK Cells

Initially, several in vivo and in vitro studies suggested that NK cells are not

targeted by current clinical immunosuppressive drugs [39, 40, 96, 97]. However,

with emerging studies investigating NK cells in the context of transplantation,

recent data indicate that NK cell function is indeed targeted by various immuno-

suppressants.
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5.1 NK Cells, Steroids, and Calcineurin Inhibitors

The influence of different immunosuppressive drugs on NK cell function has

attracted particular interest, as it has recently been demonstrated that steroids and

calcineurin inhibitors limit the function of IL-2-activated NK cells. For instance,

cyclosporin A (CsA) induces a dose-dependent and selective inhibition in the IL-2-

and IL-15-induced proliferation of human CD56dim NK in contrast to CD56bright

NK cells. NK cells cultured in CsA retained cytotoxicity against the target cell line

K562 and, following IL-12 and IL-18 stimulation, CsA-treated NK cells showed

more IFNg-producing cells [98]. In addition, Chiossone et al. showed that human

NK cells cultured in either IL-2 or IL-15 display different susceptibility to methyl-

prednisolone treatment in terms of cell survival, proliferation, and NK receptor-

mediated cytotoxicity [99]. Steroid-induced inhibition of NK-cell cytotoxicity not

only resulted in downregulation of surface expression or function of the activating

receptors but also affected phosphorylation of the ERK1/2 signaling pathway, thus

inhibiting granule exocytosis. Accordingly, methylprednisolone inhibited Tyr

phosphorylation of STAT1, STAT3, and STAT5 in IL-2-cultured NK cells but

only marginally in IL-15-cultured NK cells, whereas JAK3 was inhibited under

both conditions. In contrast, rat NK cells demonstrated robust function in both the

absence and presence of cyclosporin and FK506, whereas rapamycin significantly

inhibited proliferation and cytotoxicity of NK cells in vitro. Experimental investi-

gations in vivo illustrated that NK cell numbers remained stable in graft recipients

treated with cyclosporin and FK506, whereas there was a significant decrease in NK

cells in rapamycin-treated recipients [100].

5.2 NK Cells and Therapeutic Antibodies

An influence of NK cells after antibody therapy has been illustrated in patients with

multiple sclerosis treated with a humanized monoclonal antibody directed against

the anti-IL2Ra chain (daclizumab), which is also frequently used in solid organ

transplantation. Application of daclizumab was associated with a significant expan-

sion of CD56bright NK cells in vivo, thereby limiting the survival of activated T cells

in a contact-dependent manner. Positive correlations between expansion of

CD56bright NK cells and contraction of CD4+ and CD8+ T cell numbers in individ-

ual patients in vivo provide supporting evidence for NK cell-mediated negative

immunoregulation of activated T cells during daclizumab therapy [101]. Moreover,

rituximab, a therapeutic monoclonal antibody (anti-CD20) commonly applied for

the treatment of B cell lymphoma, increases the killing frequency of both resting

and IL-2-activated NK cells in vitro, therefore suggesting that strategies resulting in

increased serial killing of NK cells can enhance the antitumor activities of NK cells

[102]. In contrast, further observations illustrate that rabbit polyclonal antithymo-

cyte globulin (rATG) and alemtuzumab (anti-CD52), both antibodies frequently
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used as induction agents in solid organ transplantation, induce rapid apoptosis in

NK cells and a strong induction of inflammatory cytokines (e.g., TNFa, IFNg,
FasL). This effect is exclusively mediated via the binding of the IgG1 Fc part to the

low-affinity receptor for IgG, CD16 (FcgRIII), and independently of antibody

specificity [103]. As NK cells are functionally relevant for the effective clearance

of opportunistic viral infections and antitumor activity posttransplantation, the

latter observations should be considered in defining the optimal treatment dosage

in clinical settings and for the generation of therapeutic antibodies in the future.

6 Conclusion

In order to achieve donor-specific tolerance to allogeneic organ transplants, it is

essential to understand the various cell types involved in the rejection process.

Although it was originally anticipated that NK cells are not involved in solid graft

rejection, recent findings contribute to a new understanding of the functional role of

NK and NKT cells in the context of solid organ transplantation. Both lymphocyte

subsets cannot be regarded only as killers because of their cytolytic effector

functions, but have been recognized as active participants in the development of

acute and chronic rejection. More importantly, NK and NKT cells have been shown

to be involved interactively with T cells and DCs for tolerance induction. Certainly,

the exact mechanisms underlying NK cell tolerance in vivo remain to be clarified

and there are still some questions left regarding whether mature NK cells can

become tolerant with tolerance-inducing protocols. In conclusion, the potential

duality of NK function influencing solid graft outcome requires a reconsideration

of NK cell reactivity in the future.
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NK Cells in Autoimmune and Inflammatory

Diseases

Nicolas Schleinitz, Nassim Dali-Youcef, Jean-Robert Harle,

Jacques Zimmer and Emmanuel Andres

Abstract The evidence of NK cell implication in human diseases has initially been

shown for antiviral immunity and tumor surveillance. Nowadays, increased attention

is being paid to the aspect of NK cells and innate immunity in studies on autoimmune

diseases. However, despite a growing knowledge on NK cell function and regulation,

their role in human autoimmune disease still remains controversial. In animal

models, studies of NK cells have shown conflicting results toward a disease-promot-

ing or disease-protective role. Similarly, in human diseases, available data suggest an

unequivocal role of NK cells. Yet, the understanding of NK cell implication in

human diseases is far from being achieved. We review here the current knowledge

on NK cell biology in human autoimmune and inflammatory diseases and discuss

their possible mechanisms of action in these complex pathologies.

1 Introduction

“Natural killer” (NK) cell implication in autoimmune disorders has been studied

extensively in animal models of type 1 diabetes, experimental allergic encephalo-

myelitis, collagen-induced arthritis, experimental autoimmune myasthenia gravis
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and some lupus erythematosus-prone mice strains [1]. Controversial results

reported in some models a disease-promoting role and in others a disease-protecting

role of NK cells. These opposing roles of NK cells in autoimmunity underscore the

difficult and incomplete understanding of NK cell biology in vivo. These

conflicting studies included results obtained in human autoimmune diseases too.

NK cell functions were either impaired or activated, unbalanced by inhibitory

signals. Thus, their potential implication in autoimmune diseases was based on

their known functions: cytotoxicity, cytokine and chemokine production and cell–

cell interaction. Another important point is the complex mechanisms of their

regulation based on the signaling balance between specific inhibitory and activating

receptors, some of them recognizing MHC class I molecules. The balance between

these signals is responsible for the induction of NK cell tolerance or NK cell

activation [2]. Finally, it appears that NK cells are regulated and interact directly

with dendritic cells (DC) and T regulatory cells (Treg), which are both implicated in

the pathophysiology of autoimmune diseases. This complicates the picture of the

potential implication of NK cells in autoimmune disease. An abnormal control at

different steps, or “checkpoints,” of NK cell regulation could result in (1) Excessive

tissue inflammation/destruction by either cytotoxicity or by proinflammatory cyto-

kine production; and (2) Orientation of the adaptive immune response toward

autoimmunity. One must keep in mind that autoimmunity is a complex and

dynamic process that implicates several immune cells. NK cells could act at the

induction phase of the autoimmune reaction and/or maintain or control the autoim-

mune response during time. Most, if not all the data available on NK cell biology in

humans were obtained during the chronic phase of the autoimmune disease

(Table 1). Moreover, therapies such as high doses of corticosteroids and immuno-

suppressive agents have been shown to alter NK cell number and functions [3, 4].

The important role of NK cells in the control of viral infections has been

indirectly linked to autoimmune diseases. As a matter of fact, NK cells act in the

first line of defense against viruses; and viral infections were implicated in the

induction of certain autoimmune diseases or autoantibodies [5, 6]. Naturally, an

impaired NK cell response toward viruses could lead to the abnormal induction of

an autoreactive adaptive immune response, mediated for example by interferon

alpha (IFN-a
_
) and DC as in systemic lupus erythematosus (SLE) [5].

We review here the current knowledge of the role of NK cells in autoimmune or

inflammatory diseases in humans.

2 Disruption of NK Cell Inhibition Through MHC Class I

Recognition

A few observations of human diseases have suggested a direct implication of NK

cells or NK cell receptors in tissue destruction. A rare human disease associated

with a reduced cell-surface expression of MHC class I expression has been related

to excessive tissue inflammation/destruction by disrupting NK cell tolerance.
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Mutations in either subunits of transporter associated with antigen processing

protein 1 or 2 (TAP1 or TAP2) were associated to damage of the skin and kidneys

after a chronic infection. The ineffective control of NK cell activation through self

MHC class I expression, recognized by inhibitory NK cell receptors, leads to tissue

damage by NK cell lysis [7, 8]. These observations indicate that, in vivo, inappro-

priate or uncontrolled activation of innate immune effector cells (e.g., NK) could

lead to autoimmune damage through autologous cell destruction. Hence, there is

some evidence that NK cells are potentially highly autoreactive cells, as initially

suggested by the missing self theory [9]. Moreover, these patients could develop

vasculitis, which is considered as an autoimmune mediated disease [10]. This

mechanism of disruption of autologous cell recognition through MHC class I

recognition by NK cell receptors has been also implicated in a case of pure red

cell aplasia, another autoimmune disease [11]. In this disease, a clonal T cell
_
large

granular lymphocytic expansion induced pure-red cell aplasia through cytotoxicity

of erythroid progenitors expressing low levels of MHC class I antigens. This

pathology is an additional argument showing that self tolerance disruption by the

absence of recognition of MHC class I through NK cell inhibitory receptors,

Table 1 NK cell characteristics and genotypic findings in some inflammatory and/or autoimmune

diseases in humans

NK cells changes Genetic susceptibility

Number Function

(cytotoxicity)

Systemic lupus

erythematosus

# # 2DS1+/2DS2� [28]

Sjögren’s disease # [64] Normal Not analyzed

Systemic sclerosis # # [65, 66] 2DS1/2DL1 [27] 2DS1+/2DS2�
[28]

Antiphospholipid

syndrome

"[36] Unknown Not analyzed

Pemphigus vulgaris " [57] Unknown Not analyzed

Rheumatoid arthritis (RA) " (Synovial

fluid) [48]

Unknown Some association of KIR genes with

clinical manifestations of RA [67]

Association with KIR2DS4? [68]

Spondylarthropathies " KIR3DL2

[41]

" Association to 3DS1 and protective

role of 3DL1[69] [70]

Psoriasis/psoriatic arthritis # blood [71]

" (Synovial

fluid) [48]

Unknown 2DS1/2DS2,HLA-Cw

homozygosity [31, 32]

Pregnancy Preeclampsia Unknown Unknown Maternal KIR AA/ fetal HLA-C2

[33]

Recurrent fetal

abortion

"[36] Unknown Lack of inhibitory KIR for fetal

HLA Cw alleles [34, 35]

Ulcerative colitis Unknown Unknown Increase of the KIR 2DL2/2DS2

frequency Protective effect of

KIR 2DL3 in the presence of its

ligand [72]

NK Cells in Autoimmune and Inflammatory Diseases 243



expressed either by NK or by T cell subsets, can lead to excessive inflammation and

tissue destruction that is a hallmark of autoimmune diseases.

Another pathological situation where NK cells are directly associated with

autoimmunity is NK large-type lymphoproliferative disease of granular lympho-

cytes (NK-LDGL). Most of large granular lymphocyte proliferations are of the T

cell phenotype and are associated with autoimmune cytopenias and rheumatoid

arthritis (RA) [12, 13]. NK-LDGL proliferation is a peculiar subgroup that repre-

sents about 10% of large granular lymphocytic leukemias [13]. NK-LDGL can be

defined as a persistent state of natural killer cell excess in peripheral blood that is

not associated with clinical lymphoma. NK cell proliferation in NK-LDGL is

associated with an altered killer Ig-like receptor (KIR) expression that has been

proposed as a marker of oligoclonality [14, 15]. Moreover in NK-LDGL, the KIR

genotype and KIR expression at the cellular level is biased toward activating KIR

receptors [16]. This could have a role in the proliferation of NK-LDGL and control

of their cytotoxicity. In clinical studies, NK-LDGL have been associated with

several autoimmune diseases: idiopathic thrombocytopenia purpura, autoimmune

haemolytic anemia, autoimmune neutropenia, skin vasculitis, glomerulonephritis,

idiopathic pulmonary fibrosis, Sjögren’s disease and arthritis [14, 17–19]. In addi-

tion, in some cases, the clinical remission under treatment was associated with a

significant decrease in NK cell number, suggesting thereby a direct causative role of

NK cells in these autoimmune manifestations.

3 Association Between KIR Genotypes and Autoimmune

and Inflammatory Diseases

The discovery of the NK cell inhibitory and activating receptors has led to the

description of a family of highly homologous inhibitory and activating receptors

recognizing MHC class I molecules, all located in the leukocyte region cluster on

chromosome 19q13.4 [20, 21]. There is a high degree of variability at the genotypic

level depending mostly on the set of activating NK cell receptors [22]. Several

genotypes have been reported in humans and two major haplotypes have been

individualized [23]. Moreover, an allelic variability in KIR genes has also been

characterized [24]. Since NK cell regulation depends, at least in part, on MHC class

I receptor interaction with MHC class I on the targeted cell, it has been suggested

that the genetic variation of the MHC class I and NK cell-MHC class I receptor

combination could confer susceptibility toward human diseases. This approach has

been first evaluated in allogeneic bone marrow transplantation demonstrating that

KIR/MHC class I mismatch can influence the rate of allograft rejection and the graft

versus leukemia effect [25]. Knowing the role of viral infection in autoimmune

diseases, someKIR/MHC class I genotypes were associatedwith the control of certain

viral infections. Along another line, numerous reports unveiled the link between the

susceptibility for inflammatory and autoimmune diseases and certain KIR or KIR/

MHC class I genotypes association [26]. Likewise, susceptibility to systemic sclerosis
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was associated with the 2DS2+/2DL2� genotype [27] and with the 2DS1+/2DS2�

genotypes [28]. Moreover, KIR 2DS1+ patients with progressive systemic sclerosis

displayed a significant decrease in the amount of the inhibitory KIR corresponding to

the appropriate HLA-C ligand [28] (Table 1). In type 1 diabetes mellitus, an associa-

tion with the 2DS2/HLA-C1 genotype [29] and a decrease in inhibitory KIR/HLA

genotype combinations were reported [30]. In psoriatic arthritis, the 2DS1/2DS2

genotype and the HLA-Cw homozygosity were associated with a susceptibility to

develop the disease [31, 32] (Table 1). Furthermore, in a Canadian cohort of SLE

patients, an increase in the 2DS1+/2DS2� genotype was documented [28].

In the uterus, NK cells are the most abundant component among the lymphocyte

population and are implicated in the tolerance of the fetus during pregnancy [33].

Some autoimmune diseases can be responsible for severe complications during

pregnancy such as preeclampsia and the antiphospholipid syndrome, which was

associated with recurrent spontaneous abortion. In these conditions, KIR/MHC

associations were studied and the cooperative connection between a maternal

KIR AA genotype and a fetal HLA-C2 genotype was linked to the susceptibility

to develop preeclampsia [33]. When the mother’s genome is lacking the inhibitory

KIR which normally recognizes certain fetal HLA-Cw alleles [34, 35], recurrent

spontaneous abortion seems to be more frequent (Table 1). Taken together, given

the abundance of NK cells in utero, these observations emphasize that NK cells are

important for the tolerance of the fetus. It is likely that under some circumstances

disruption of the immune fetal tolerance, controlled by uterine NK cells, can

contribute to fetal loss. Along this line, it has been shown that women with recurrent

spontaneous fetal abortions and antiphospholipid antibodies, exhibited an increased

level of circulating NK cells [36].

Altogether, genetic data obtained from KIR/MHC class I association studies

have identified genotypes associated with enhanced susceptibility to develop the

disease or the severe form of it. Most of these situations seem to be associated with

a either lack of NK cell inhibition or with an excessive NK cell activation through

MHC class I receptor signaling. These interesting results need to be confirmed by

gain or loss of function studies. Moreover, the genetic studies on KIR genes should

be interpreted not only by focusing on NK cells but should also investigate T cell

subsets expressing these receptors. This model has also to take into account the KIR

variants and the variation in their clonal expression, and also KIR distribution on

NK cells for a unique genotype.

4 Variation of NK Cell MHC Class I Receptor Expression

in Autoimmune or Inflammatory Diseases

Aside the genetic studies on KIR/MHC class I association, another approach has

evaluated the variation of KIR and other NK cell MHC class I receptors expression

by NK and T cell subsets in human diseases. We have reported above the abnormal

KIR expression profile of NK cells in NK-LDGL. Some T-LDGL also express KIR
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receptors and KIR expression has also been characterized in a subset of normal

effector-memory T cells [37]. Moreover, NK cell receptors for MHC class I

molecules include receptors of the NKG2 lectin-like family (NKG2A/B), expressed

as heterodimers in association with CD94, and CD85j or ILT2, a member of the

immunoglobulin-like transcript (ILT/LIR) family [2].

Some inflammatory human diseases are known to be linked to the genetic

susceptibility to peculiar MHC class I alleles. In these situations, it was tempting

to evaluate the variation of KIR expression at the cellular level (inhibitory versus

activating receptors and/or level of expression by the median fluorescence intensi-

ty) and percentage of NK cells expressing a given NK cell receptor. In Behcet’s

disease, an inflammatory disorder with recurrent attacks of oral and genital aphtous

ulcers, uveitis and skin lesions, the genetic susceptibility was associated with some

HLA-B alleles. However, the expression of the KIR3DL1 inhibitory receptor that

recognizes residues 77–83 of HLA-B alleles was not different between patients and

controls [38, 39]. Consistent with these findings, genotypic studies in Behcet’s

disease found no associations [40].

In spondylarthritis, patients bearing the HLA-B27 displayed a significantly

increased expression of the inhibitory receptor KIR3DL2 on NK and CD4+ T

lymphocytes, both in peripheral blood and in synovial fluid [41] (Table 1). More-

over, KIR3DL2+ NK cells had an activated phenotype and showed an enhanced

cytotoxicity suggesting an implication in the pathogenesis of the disease.

In RA, it has been shown that the clonally expanded auto reactive CD4+CD28null

T cells, a hallmark in patients with systemic forms, expressed preferentially func-

tional activating KIR receptors. In vitro, it was demonstrated that the expression of

activating receptors facilitated the expansion of autoreactive T cells by acting as a

costimulatory receptor for TCR-mediated triggering [42]. More recently, studies

have documented that CD4+CD28null T cells expressing the natural cytotoxicity

receptor NKG2D, the ligand for the stress inducible nonclassical MHC class I

molecules MIC, were expanded in granulomatous lesions of Wegener’s granulo-

matosis [43]. MIC molecules were expressed in stressed cells and were capable of

activating T cells through NKG2D signaling. CD4+NKG2D+ T cells have also been

reported to be increased in the lamina propria of patients with Crohn’s disease and

ulcerative colitis. They are one of the local inflammatory response mediators

through the MICA–NKG2D interaction leading to the production of IFNg [44].

We have shown that infiltrating CD8+ T cells in the muscle of polmyositis

patients, an idiopathic inflammatory myopathy (IIM), express a unique NK cell

MHC class I receptor: CD85j. The known function of CD85j suggested a protective

role by downregulating the invading autoreactive CD8+ T cells. Hence, it could be

speculated that CD85j expression is induced locally by the inflammatory environ-

ment and contributes to the negative control of IIM pathogenesis [45].

In summary of this section, NK or T cell subsets in inflammatory diseases either

alleviate the inhibitory signal by decreasing the expression of inhibitory class I

receptors or, on the contrary, upregulate activating receptors and their ligands in

inflamed tissues.
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5 NK Cell Interactions with DC in Autoimmune Diseases

NK cells are a component of the innate immune system. As a primary effector of the

immune response they can influence the adaptive immune response by cytokine and

chemokine production at the site of tissue inflammation. Moreover, peculiar subsets

of NK cells have been shown to be present in lymph nodes [46, 47] and in tissues

where they can interact with other immune cells. Recently, several reports have

analyzed the connection between NK cells and DC with some evidence that these

interactions can impact the inflammation in human autoimmune diseases. In RA

patients, NK cells from the synovial fluid can promote the differentiation of

monocytes into DCNK [48]. The NK cells are abundant in synovial fluid of RA

patients and are KIR�CD56bright NK cells. Both synovial fluid and peripheral blood

CD56bright NK cells of patients with RA and psoriatic arthritis can differentiate

monocytes into DCs, initiated by local IL-15 production [48]. These DCNK are

functional antigen (Ag) presenting cells and can promote CD4+ T cell activation

and the polarization to TH1 cells. These results suggest that NK cells can sustain the

joint inflammation in RA and psoriatic arthritis.

Although in the case of immune-mediated arthritis it has been suggested that NK

cells promote the maturation of DC, and therefore, the TH1-mediated inflammatory

response, the interaction of NK cells with DC is more complex. Interaction through

cell–cell contact of NK cells and DC can lead to: (1) NK cell-mediated killing of

immature monocyte-derived DC (iDC); (2) DC-induced NK cell proliferation; and

(3) NK cell-dependent DC maturation. All these interactions are influenced by the

local cytokine environment (Fig. 1). In tissues, NK cells can discriminate between

myeloid iDC that typically underexpress MHC class I molecules, and mature DC

that upregulate MHC class I expression after Ag uptake [49]. The killing of iDC by

NK cells has been interpreted as a control of quality of DC, allowing only mature

DC to migrate into the lymph node. Thus, NK cells can indirectly control the

“quality” of the DC- induced adaptive immune response. Although there is no

clear evidence that the crosstalk between NK and DC has a role in the pathophysi-

ology of autoimmune diseases, it can be speculated that impaired NK cell functions,

as observed in several autoimmune diseases, could be responsible for a decreased

killing of immature DC, potentially presenting autoantigens with an appropriate

costimulation to induce autoreactive T cells to proliferate.

Furthermore, DC are known to play a pivotal role in SLE by producing large

amounts of IFNa
_
[5, 50]. In this situation, it is well established that NK cell

functions are altered. It could thus be hypothesized that the expansion of plasma-

cytoid DC is related to an impaired control of DC maturation by NK cells.

6 NK Cell Interactions with T Cells in Autoimmune Diseases

Treg cells are defined as CD4+CD25high or CD4+FOXP3+ T cells and contribute to

the immune tolerance through inhibition of the effector functions and proliferation

of a large panel of leukocyte subsets. In humans, Treg inhibit the natural
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cytotoxicity of resting but not activated NK cells [51, 52]. This inhibition is

dependent on membrane-bound transformed growth factor b
_
(TGFb

_
). Treg also

inhibit NK cell proliferation in vitro and can interfere with cytokine production in

some conditions [53].

In autoimmune diseases, Treg have been shown to be deficient both numerically

and functionally [54, 55]. Likewise, Treg would not control efficiently NK cells

which could then be responsible for exaggerated cytokine production or tissue

destruction. On the contrary, in several autoimmune diseases (i.e., SLE, Sjögren’s

syndrome and RA) peripheral NK cells are numerically and functionally impaired

and paralleled the Treg deficiency. Perhaps the NK cell deficiency often observed

X

X

a
iDCs

mDCs mDCs

NK

mDCs

NK
NK

b

iDCs

NK

mDCs

c

IL12, IL15, IL18

TNF, IFNγ

1) IL15, IFNβ, IL18
2) TRAIL, FAS and

NKp30 signals

Fig. 1. Natural killer (NK) and dendritic cell (DC) interactions. a) NK cell-mediated destruction

of immature DCs Cytokines IL 15 and IFNb activate NK cell-mediated upregulation of death

ligand TRAIL whereas IL18-activated NK cells induce FAS ligand responsible for immature DC’s

cytolysis. NKp30 signals are also involved in the killing of immature DCs. b) mature DC-produced

cytokines IL12, IL15 and IL18 elicit NK cell proliferation. c) NK-mediated DC maturation

requires soluble factors TNF and IFNg. Abbreviations: TRAIL: tumor necrosis factorrelated

apoptosis inducing ligand; IFN; interferon; IL: interleukin, FAS ligand also known as CD95

ligand. NKp30: natural killer protein 30
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could be related to the progression state of the autoimmune disease and that the

interaction of Treg with NK might represent an important step in the initiation of

the autoimmune response. Along this line, it has been suggested by observations in

animal models that NK cell deficiency could be related to a reciprocal regulation

with autoreactive T cells. In such a model, NK cells rapidly proliferate following

induction of autoimmunity and are suppressed after autoreactive T cells have been

activated. Hence, in this model NK cells are associated with a protective role [56].

In pemphigus vulgaris, an autoimmune blistering disease that affects the skin

and multiple mucous membranes, NK cells are increased in number and over-

express MHC class II molecules in peripheral blood when compared to controls.

The disease is mediated by autoantibodies to desmoglein. In this case it has been

suggested that local infiltrating NK cells can induce autoreactive CD4+ T cells. NK

cells obtained from peripheral blood leukocytes (PBL) can induce the proliferation

of autologous CD4+ T cells isolated from PBL or skin lesions in the presence of

desmoglein peptides [57, 58]. In some cases of possible interactions of NK and T

cell there is a contrasting observation, which suggests that NK cells can act as a

promoter of an autoimmune disease too, by acting as an efficient Ag presenting cell.

7 NK Cells in Systemic Lupus Erythematosus

SLE is a complex autoimmune disease associated with multiorgan damage and the

presence of autoantibodies. In SLE, several authors have reported that NK cell

number and functions are reduced [59–61]. NK cell cytotoxicity against normally

sensitive targets is compromised. Thus, it has been suggested that the altered

circulating NK cell compartment is implicated in the pathophysiology of SLE.

The reduction of the circulating NK cell count in SLE is variable and usually

moderate. The decrease in NK cell cytotoxicity appears to be, only in part,

correlated to the decrease in NK cell count. Studies on sorted NK cells in SLE

patients have shown an intrinsic defect in NK cell cytotoxicity [3, 61]. Some studies

have also correlated NK cell alteration to a flare-up of the disease [3]. However, it is

important in such studies to take into account the ongoing treatments since high

doses of steroids [4] and azathioprine [3] have been reported to affect both NK cell

count and function. Very few studies have analyzed the expression of NK cell

receptors in SLE patients in an attempt to explain the functional deficiency. In one

report, the expression of the adaptor molecule DAP12 [62] (associated in NK cells

to NKp44 and activating KIR) has been shown to be reduced by western blot

analysis. In our experience, the expression of the DAP12 molecule on circulating

NK cells of SLE patients analyzed by flow cytometry with a novel rat-antihuman

DAP12 antibody revealed no difference with controls (manuscript in preparation,

unpublished data). Recently, in a Swedish cohort of lupus patients, an increase in

the proportion of CD56bright NK cells, without correlation with the severity of the

disease, was observed. In this study, as in our hands, the expression of the different

NK inhibitory and activating receptors was not statistically different from the
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control groups [63]. In another systemic disease, circulating NK cells have been

characterized in patients with Sjögren’s syndrome. Like in SLE patients, NK cells

were reduced and had impaired cytotoxicity [64]. The increase in apoptotic annexin

V-positive NK cells in Sjögren’s patients explained the decreased NK cell number

[64]. The percentage of NK cells expressing the activating NK receptors CD2

and NKG2D was decreased and the authors noted an increase in the median

fluorescence intensity of NKp46 compared with healthy controls. However, these

phenotypic changes were moderate and were not associated with a decrease in NK

cell function in an analysis of the lytic activity of NK cells in a per-cell basis. The

significance of decreased NK cell counts and altered NK cell functions in SLE has

not been established so far. Two main questions remain unanswered: (1) Is NK cell

quantitative and functional deficiency a “genetic” determinant of SLE, as proposed

by some authors [3], or the consequence of the disease and/or associated treat-

ments?; (2) What are the characteristics of NK cell function deficiency in SLE?

The hypothetical, but not exclusive, disease-promoting role of NK cell “defi-

ciency” could be either due to the abnormal control of DC differentiation or to an

enhanced susceptibility to viral infections, both associated with SLE.

8 Concluding Remarks

In this review, we have tried to present in a comprehensive manner the different

aspects and the results of NK cells studies in inflammatory and autoimmune disease

in humans. Different approaches to explain the role of NK cells in these diseases

have been based not only on functional and phenotypical studies but also on genetic

analyses. NK cell receptors have also been shown to be implicated in the regulation

of some T cell subsets. Surprisingly, particular T cells subsets expressing NK cell

receptors are associated with inflammatory disease (Table 2).

All these results strongly suggest that NK cells are implicated in the pathophysi-

ology of some autoimmune diseases. However, their exact role remains largely

unknown. Moreover, they are thought to play a dual role, either disease-promoting

or disease-protecting, depending on the disease. Two important points should be

addressed in the further for a better understanding: the dynamic changes of the NK

cell compartment during the disease and the role of tissular NK cells. This analysis

together with a finer comprehension of NK cell interactions with DC in autoim-

mune and inflammatory diseases would greatly improve our knowledge of their

role. Depending on the disease it can be speculated that the modulation of the NK

Table 2 Expression of activating NK cell receptors by lymphocyte subsets in inflammatory

diseases

NK cell receptors Lymphocyte subset

Wegener’s Granulomatosis NKG2D CD3+CD4+

Crohn’s disease NKG2D CD3+CD4+CD28null

Rheumatoid arthritis Activating KIR CD3+CD4+CD28null

Spondylarthropathies KIR3DL2 NK cells
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cell compartment could be a therapeutic approach in some autoimmune diseases.

Currently, biotherapies modifying NK cell functions are already in phase I trials in

hematologic malignancies.

Thus it is necessary to clarify the changes and the role of the NK cell compart-

ment in autoimmune and inflammatory diseases. Routine phenotypical and func-

tional analysis of the NK cell compartment can now be achieved by flow

cytometrical studies and specific NK cell markers, as NKp46, can be used for

specific staining on tissue sections. These tools together with genetic studies will

give us a more precise understanding of NK cell involvement in autoimmune and

inflammatory diseases, allowing the development of new therapeutic approaches.
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Natural Killer Cells and the Skin

Dagmar von Bubnoff

1 Atopy and NK Cells

Atopic allergic individuals are prone to develop one or more atopic diseases such as

allergic rhinitis (AR), allergic kerato-conjunctivitis, allergic asthma or atopic der-

matitis (AD). Under normal circumstances, innocuous proteins delivered through

the outer surfaces into regional lymph nodes do not evoke strong immune reactions

but induce antigen-specific hypo responsiveness. The cellular mechanisms that

develop after allergen encounter are understood only very incompletely, and the

contributions of the various types of cells involved in T cell hypo responsiveness

toward allergens are insufficiently defined. In patients with atopic disorders, periods

of disease aggravation alternate with phases of remission, even in the presence

of the offending allergen(s). A complex interrelation of genetic, environmental,

psychological, and immunological factors may account for the manifestation of

allergic inflammation [1, 2].

Atopic individuals show an inherited dominance of TH2 responses. Blood T cells

of these patients respond to allergens such as birch pollen allergen, with the

production of Interleukin (IL)-4, IL-5, and IL-13 rather than Interferon (IFN)-g
(which is secreted by TH1 cells) as in healthy individuals. IL-4 and IL-13 are the

principal mediators of the B cell antibody class, switching towards IgE and there-

fore are key initiators of IgE-dependent reactions. Interleukin-5 acts mainly on

eosinophils as an activating cytokine. These different mediators produced by the

same T cell subset account for the frequently observed high serum levels of IgE and

activated eosinophils seen in TH2-dominated diseases. In AD, the initial TH2-

cytokine-dominated acute phase switches into a second phase, this is predominated

by TH1 cytokines such as IFN-g, leading to chronic skin lesions [3].
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The hallmark of the lesional skin in AD is the increased expression of the high-

affinity receptor for IgE, FceRI on Langerhans cells in the epidermis and on the

only recently identified population of inflammatory dendritic epidermal cells

(IDECs). In AD, it is assumed that the skin has a reduced barrier function which

allows allergens to penetrate the epidermis more easily. In the epidermis, the

allergens are taken up by these local antigen-presenting cells (APC) by means of

FceRI-bound IgE molecules [4, 5].

NK cells have long been neglected in the context of allergy. It is now clear that

these cells are able to shape the overall inflammatory response in allergic reactions.

In human skin, NK cells are mostly associated with skin tumors, but these cells are

also present in lesional skin from patients with distinct inflammatory diseases such

as AD. Skin biopsies from healthy individuals and nonlesional areas from patients

with AD do show only a few scattered CD56+CD3� NK cells in the dermis, in close

proximity to the epidermis. In contrast, in lesional skin of patients with AD, CD56+

NK cells are also found in the epidermis and are numerous in the dermal atopic

infiltrate. In accordance with these findings, increased levels of the NK cell chemo-

attractants MCP-1/CCL2 and MDC/CCL22, the latter of which is derived from

CD1a+ dendritic cells (DC) in the skin, are present in lesional skin of AD [6].

Similar to naı̈ve T cells, where culture conditions can favor the differentiation to

TH1 or TH2 cells, NK cells from human cord blood can be conditioned to NK1 cells

producing IFN-g and NK2 cells secreting predominantly IL-5 and IL-13. In accor-

dance with that, the in vivo existence of freshly isolated IFN-g-secreting and IFN-

g-non-secreting human NK cell subsets could be established [7, 8]. The possible

role of NK cells in AD has been studied with somewhat contradictory results. The

main focus has been the number of NK cells in peripheral blood and their level of

activation. In AD patients, both a numerical decrease of NK cells in the periphery

and a lower NK cell activity compared to individuals without AD has been most

consistently reported [9, 10]. NK cells leaving the circulation and accumulating in

tissues could account for the lower number of NK cells reported in these studies.

This shift of NK cells to the site of allergic inflammation was also evident in prior

studies involving animal models of allergic asthma [11] or allergic peritonitis [12].

In accordance with these findings, in Malassezia atopy-patch test positive skin,

where the yeast Malassezia acts as an allergen in the skin of patients with AD,

numerous CD56+CD3� NK cells have been found in the dermal lesions [6].

Interestingly, these NK cells were located in close contact to CD1a+ DC. In vitro,

Malassezia can be taken up by immature monocyte-derived DC leading to their

maturation and production of cytokines with a potential to skew the immune

outcome towards a TH2-like response. In addition, these DC that were pretreated

withMalassezia showed a reduced susceptibility to NK cell-induced cell death and

may therefore have an increased capacity to sustain the atopic inflammation. In

addition to the recruitment of NK cells to sites of inflammation, preferential

apoptosis of NK cells in the periphery was thought to account for the decreased

numbers of these cells in the blood of patients with AD [10]. The preferential

apoptosis of NK cells in individuals with AD was dependent on cell contact with

activated monocytes. Although many studies have shown that an interaction be-

tween NK cells and monocytes has profound effects on NK cell function, it remains
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to be determined why NK cells are susceptible to the inhibitory signal from

monocytes [13, 14].

Much effort has been also devoted to the delineation of alterations in cytokine

production by NK cells in AD. A significant reduction of TNF-a and IFN-g from

NK cells at a single-cell level was established by several groups [15, 16]. However,

one group found that patients with AD harbored highly activated NK cells in vivo as

indicated by a high spontaneous release of IL-4, IL-5, IL-13 and IFN-g from

isolated lesional NK cells [8]. Analogous to the predominance of TH2 cells in

atopy, the percentages of IL-5 and IL-13 producing NK cells were significantly

higher in AD patients than in healthy individuals in the same study. Nevertheless, a

reduction in IFN-g production has been found consistently in childhood AD, an

alteration that was not restricted to NK cells but extended to CD4+, CD8+ and gd+ T
cells [9, 10]. In considering the crucial role of IFN-g that is rapidly produced by NK
cells early in the defense against allergens and pathogens, the conclusion carries

some weight that this early impairment of NK cell function in AD is likely also to

determine the nature of subsequent adaptive immune responses and to contribute to

the overall response in a type 2-direction and to increased susceptibility to allergy

and infection. The defective production of especially IFN-g by these innate immune

cells in vitro in AD could be interpreted in several ways: (1) there is an “intrinsic”

and generalized defect in IFN-g production in AD; (2) it may result from an

“exhaustion” of innate and adaptive immune cells that have been continuously

activated in vivo; or, (3) preferential apoptosis of type-1 cytokine-producing NK

cells and T cells may occur upon contact with activated atopic APC. In vernal

keratoconjunctivitis (VKC), a complex type I mediated hypersensitivity reaction of

the conjunctiva involving also IgE-independent pathogenic mechanisms, NK cells

constitute a significant proportion of the immune cells infiltrating the conjunctiva

[17]. Here again, concomitant with the accumulation of NK cells at the site of

allergic infiltration, a decrease of circulating NK cells in the blood was observed.

Overall, these studies appear to suggest the involvement of NK cells in the

unbalanced cytokine network in allergic inflammation.

2 NK Cells and Malignant Skin Tumors

2.1 Lymphomas

Extra nodal lymphomas most often involve the gastrointestinal tract but the skin is

the second most common site of manifestation [18, 19]. The current WHO/EORTC

classification of cutaneous lymphomas (2006) makes the distinction between (1)

mature T cell and NK cell lymphomas; (2) mature B cell lymphomas; and (3)

immature hematopoietic malignancies, their variants and subgroups [20]. Cutaneous

lymphomas can primarily start in the skin or arise as a secondary manifestation of

systemic disease. Cutaneous lymphomas are most often of T cell origin (T cell

lymphomas; TCL), representing about 75–80% of skin lymphomas. This is in

contrast to other anatomic sites where B cell lymphomas (BCL) predominate [21].
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Most of the cutaneous T cell and NK cell tumor types display a highly aggressive

behavior, if not classified to the most common CD4+ T cell lymphoma mycosis
fungoides (MF) or cutaneous anaplastic large cell lymphoma (C-ALCL). It is very

important precisely to sub-classify and phenotype these rarer tumors by immuno-

histochemistry and the local tissue appearance using criteria such as involvement of

subcutaneous tissue, zonal necrosis, vascular destruction and others. Clonality is a

distinctive feature of malignant lymphocytes. The cells of a malignant clone in TCL

express all the same T cell receptor (TCR).

2.2 Extranodal NK/TCL, Nasal Type

True NK cell lymphomas are extremely rare. NK cells very often exhibit homing to

extranodal sites. Nasal NK/T cell lymphoma is thought to be of true NK cell origin

[22]. This type of lymphoma is mostly localized to the mucosal nasal cavity or

nasopharynx, with the skin as the second most common site of involvement.

Cutaneous lesions may arise as primary or secondary disease; primary cutaneous

lesions show 25–50% involvement of the nasal cavity or other sites such as the

gastrointestinal tract, lung or testis [23, 24]. NK/T cell lymphomas phenotypically

express CD2, CD7, CD56, and cytoplasmic CD3; there is an absence of surface

CD3 and CD5 expression and in most, but not all [23], of the cases there is no

evidence for a T cell-lineage and therefore no TCR gene clonality. The expression

of cytotoxic granule proteins (TIA-1, granzyme B, or perforin) is very common. In

situ hybridization for Epstein–Barr virus (EBV)-derived RNA shows transcription

of viral genes in 75% of the cases of the cutaneous nasal-type NK/TCL, especially

in patients from the Far East or Central and South America.

In Europe and the United States, the incidence of NK/TCL, nasal type, is very

low (<1% of non-Hodgkin lymphomas; NHL). Patients are frequently from

Asia, Central and South America (where the relative incidence is 3–8% of NHL).

Patients are of a median age of 52–66 years, ranging from 19 years to over 76 years.

NK/TCL, nasal type, is clinically highly aggressive, particularly when there is

extracutaneous involvement. The median survival is then less than 15 months

[25, 26]. Reactive haemophagocytic syndrome has often been described in periph-

eral NK cell or T cell malignancies [27]. It is characterized by systemic activation

of nonmalignant macrophages that phagocytose haematopoietic cells. Clinical

features are fever, hepatosplenomegaly, and cytopenia. In the skin, lesions are

typically multiple tumor nodules or plaques on the trunk and extremities. Histolog-

ically, tumor cells vary from the small to the medium and the large size. Typically,

there is angioinvasion and angiodestruction with large zonal areas of necrosis. The

number of recognizable malignant cells can be limited. Extension of the infiltrate

into the subcutaneous tissue is common and may predominate, mimicking subcuta-

neous panniculitis-like TCL (SPTCL) [28, 29].

Aggressive NK cell leukemia can in rare cases secondarily involve the skin and

therefore raises the question as to its relationship to NK/TCL, nasal type [30]. These

two tumors have a similar phenotype, and differentiation requires correlation with

258 D. von Bubnoff



clinical features and staging studies with bone marrow examination. Nasal-type

NK/TCL has a much higher frequency of skin involvement than NK cell leukemia.

NK/TCL, nasal-type, only rarely involves the bone marrow or lymph nodes,

whereas general lymphadenopathy is common in aggressive NK cell leukemia.

Clinically, nasal-type NK/TCL is a disease of the middle-aged to the old adults

whereas NK cell leukemia typically occurs in younger patients.

2.3 NK Cells and Melanoma

NK cells are known to be important in the host defense against tumors, including

melanoma [31–33]. However, NK cells are only infrequently found at the site of

primary melanocytic tumors or precursor lesions. This is in accord with functional

studies that specifically dealt with melanomas and found no NK cell activity in

these lesions [34–36]. From these data one can assume that either NK cells act at an

early stage before clinically detectable malignancy arises in primary tumor masses

or NK cells may be more important in the peripheral blood, where they circulate in

substantial numbers, or at sites of metastases.

In lymph node metastases from melanomas, NK cells can be found right within

the tumor whereas the rest of the node is virtually devoid of NK cells [34]. While

lymphocytes tend to be located in the periphery of these tumors, NK cells tend to be

admixed with the tumor cells and can be quite numerous (ratio of NK to tumor cells:

from 1:20 to 1:3) [34, 37] Given the presence of NK cells in these tumors, it is not

clear whether the NK cells are attempting to kill the tumor cells or if not, why not.

As discussed elsewhere in this book, NK-mediated killing of target cells occurs

when a signal threshold is reached that is determined by the input from activating

and inhibiting receptors. One of the most extensively studied activating NK cell

receptors is NKG2D, a cell surface glycoprotein expressed in human and mouse NK

cells and CD8+ T lymphocytes [38]. Human NKG2D ligands (NKG2DL) are the

MHC class I chain-related genes A and B (MICA and MICB) and the GPI-bound

cell surface molecules UL16-binding protein (ULBP)-1,-2, and -3. It has been

recently found that several human melanomas (cell lines and freshly isolated

metastases) do not express MICA on the cell surface but have, immature deposits

of this NKG2DL, which are retained in the endoplasmic reticulum [39]. These

observations could represent a novel strategy developed by melanoma cells to

evade NK cell-mediated immune surveillance. Many more studies are needed to

exactly determine the role of NK cells for melanoma surveillance [40, 41].

3 NK Cells and Alopecia Areata

In the mammalian body, immunoprivileged sites are found in a few, well-defined

tissue compartments. These sites include the anterior chamber of the eye, the

testes, the placenta, and also hair follicles in the growth stage of the hair cycle
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(anagen phase) [42, 43]. A collapse of the immunoprivilege of the hair follicle

results in the loss of hair as seen in patients with the autoimmune disease alopecia

areata (AA). Histologically, this disease is characterized by intra- and perifollicu-

lar inflammatory cell infiltrates consisting of CD4+ and CD8+ T lymphocytes,

macrophages and Langerhans cells that target hair follicle keratinocytes, melano-

cytes, and dermal papillar fibroblasts [44]. Clinically, round hairless patches are

seen on the scalp while hair follicles remain intact. Like other sites of immuno-

privilege, the hair follicle area is characterized by down regulation of MHC class-I

expression, reduced capacity of APC and expression of local immunosuppressants

such as TGF-b from regulatory T cells [45]. It might be expected that the absence

or low expression of MHC class I expression in the hair follicle would allow for

NK cell activation since NK cells attack cells with low or absent MHC class I. But

this is clearly not the case since multiple samples from normal human scalp show

that there is no NK cell attack on normal anagen hair follicles [46]. In AA lesions,

CD4+ and CD8+ T cells are clustered at a high density around the anagen hair

bulb. In addition, many perifollicular CD56+ NK cells with high expression of NK

cell-activating receptor NKG2D are present in atrophic AA lesions unlike normal

scalp or scalp from patients with AD [47]. Concomitantly, the ligand for NKG2D,

MICA, was found to be expressed at very high levels in the proximal outer root

sheath, the dermal papilla and the connective tissue sheath of AA hair follicles

[48]. This suggests that the up-regulation of MICA in lesional AA enhances the

susceptibility of these hair follicles for an attack by NKG2D+ NK cells, which may

then promote anagen termination and AA progression. Also in the peripheral

blood, NK cells of AA patients express increased levels of the NK cell-activating

receptors NKG2D and NKG2C and reduced expression of the NK cell inhibitory

receptors KIR-2DL2/2DL3 compared to healthy controls or patients with other

inflammatory diseases [48, 49]. This suggests that NK cells in AA patients are

considerably more susceptible to activating stimuli than in normal control sub-

jects. In addition to NK cell receptors and their ligands, macrophage migration

inhibitory factor (MIF), which is normally present in immunoprivileged areas

and can potently suppress NK cell activity, is also aberrantly expressed in lesional

AA [48]. While normal anagen hair follicles show widespread MIF expression

throughout most of the epithelium of normal anagen scalp hair follicles, epithe-

lium of lesional skin AA hair follicles displays reduced or absent MIF expression.

Hair follicles in AA may therefore have a decreased capacity to suppress unde-

sired NK cell activity.

Interferon-g is now appreciated as a key cytokine in AA pathogenesis, presum-

ably by mediating the collapse of the immunoprivilege of anagen hair follicles [50].

Interferon-g is able to upregulate NKG2D on normal NK cells, which suggests

that this is the reason for the elevated expression of the activating receptor NKG2D

on NK cells from AA patients. In conclusion, the level of NK cell activity seems to

be an important parameter to maintain sites of immunoprivilege such as hair

follicles.
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4 NK Cells and Psoriasis

Psoriasis has long been thought of as a disorder of predominantly epidermal hyper-

proliferation, which in conjunction with a faster maturation and terminal differenti-

ation of basal epidermal cells results in an abnormal scaling of the epidermal barrier.

This view of psoriasis as an epidermal disease has now been replaced with the

recognition that this disorder is a genetically inherited, immune-mediated and

organ-specific (skin and/or joints) disease. Innate and adaptive immunity, especially

intralesional T lymphocytes trigger primed abnormal basal stem keratinocytes to

proliferate and perpetuate the disease process [51, 52]. Most of the infiltrating T

cells belong to the TH1 and cytotoxic T subtypes and release IFN-g and TNF-a, both
of which are considered critical for disease initiation and persistence. This is under-

lined by the dramatic improvement of disease symptoms when T cells are targeted or

TNF-a is blocked [53, 54]. However, it has been more recently suggested that the

innate immune system is dysfunctional in psoriasis [55]. In psoriatic plaques, about

5%–8% CD3�CD56+ NK cells are present [56]. These cells locate to the mid and

papillary dermis, are mostly (up to about 80%) CD56brightCD16� and are recruited

from the about 5–10% circulating NK cells that home to secondary lymphoid organs

and modulate adaptive immune responses. Here, in the papillary dermis, they may

interact with recently emigrated DC and may affect T helper cell polarization

through the release of TH1 cytokines [57]. Isolated NK cells from psoriatic lesions

can release a remarkable amount of IFN-g and also, albeit in smaller amounts, TNF-

a. Chemokine receptors CXCR3 and CCR5, which are highly expressed on NK cells

infiltrating lesional psoriatic skin, bind keratinocyte chemoattractants CXCL10 and

CCL5, respectively, and presumably play a role in sequestering these NK cells in the

inflamed skin. Interestingly, NK cells infiltrating psoriatic lesions do not express

CLA (cutaneous lymphocyte antigen) or the chemokine receptor CCR4, both of

which are associated with lymphocyte homing to the skin, suggesting a different

mechanism for NK recruitment to and engagement in the skin. It has been specu-

lated that immigrating DC activate CD56highCD16�NK cells in psoriatic skin,

leading to the release of high levels of IFN-g from the NK cells [56, 58]. This

cytokine may affect bystander cells, keratinocytes in particular. Psoriatic NK cell

supernatants are potent in inducing ICAM-1 and MHC class II expression on

cultured psoriatic keratinocytes and can promote the release of CXCL10, CCL5

and CCL20 by keratinocytes [56]. In conclusion, NK cells seem to participate in

psoriatic skin inflammation thus shaping the overall inflammatory response.

5 NK Cells and Herpes Simplex

Herpes simplex virus (HSV) only infects humans, there is no animal reservoir

known. HSV has two serotypes: HSV-1 and HSV-2. These types are identical

morphologically but differ on a genetic level, in epidemiology and with regard to
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clinical manifestation. HSV-2 is typically found in genital lesions whereas HSV-1

is found primarily in the mouth of children (herpetic gingivostomatitis) and in

the eye (herpetic keratoconjunctivitis) but also on the skin of healthy individuals

(herpetic infection of the skin) [59]. HSV can readily infect and spread on the

skin of an individual with atopic eczema (eczema herpeticum) [5]. NK cells have

been shown to be crucial to containment of ocular infections [60]. A genetically

inherited functional impairment of NK cells and their innate IFN-g production

is often causally linked with more severe HSV infections [61]. Normally, the

primary HSV infection is asymptomatic. However, HSV persists latently in nerve

root ganglia from where the infection can be reactivated during periods of immune

suppression. The crucial element in the early restriction of virus replication is the

concerted action of different arms of the innate immune response [62].

Macrophages and DC orchestrate a multitude of antiherpetic mechanisms during

the first hours of the attack. Cytokines, especially type I interferons (IFN type I) and

TNF are produced and exert a direct antiviral effect while at the same time

activating macrophages and DC [63, 64]. In the next wave, IL-12 is produced

from these APC, which induce the production of IFN-g in NK cells and T cells, and

IL-12 activates the cytotoxic potential of these cells [65]. Unlike T cells, NK cells

readily and rapidly reply to IL-12 with the secretion of IFN-g, since the IFN-g locus
in NK cells is constitutively demethylated and is thus ready for transcription of the

gene [66]. Macrophages, DC and NK cells are then stimulated by IFN-g, resulting
in activation for enhanced antimicrobial capacity.

Many positive feedback mechanisms and synergistic interactions now intensify

the struggle against the virus. The innate and acquired immune responses are

ultimately linked together during the antigen-presentation process, where interna-

lized and processed viral antigens are presented to naı̈ve T cells. In particular, DC

and NK cells and their cytokine milieu generated during the early innate immune

response to HSV determine the activation of T cells in the draining lymph nodes.

Here, IL-12 and IFN-g are the main factors to activate and drive the adaptive

immunity towards a TH1-driven response, important for the long-term control of

intracellular pathogens [67, 68] IL-12 stimulates proliferation of naı̈ve T cells, and in

conjunction with IFN-g, inhibits TH2 cell differentiation and the production of TH2

cytokines (e.g., IL-4, IL-5, and IL-13). The optimal activation of NK cells seems to

play a pivotal role in the defense against HSV infection. In a murine study, it has

been shown that ablation of DC led to enhanced susceptibility to HSV-1 infection in

the highly resistant C57BL/6 mouse strain [67]. The ablation of DC impaired the

activation of NK cells and T cells in response to HSV-1, resulting in increased spread

of HSV-1 into the nervous system and increased mortality. These data show that NK

cells are crucial not only for the acquired immune response toward HSV-1 but also

for the innate resistance to HSV. Interestingly, Langerhans cells, a subset of DC that

are typically localized in the basal and suprabasal layers of the epidermis and along

mucosal surfaces, do not seem to play a leading role in activating T cell mediated

defenses against viral infections of the skin or mucosa [69]. Together, the early

combined activation of macrophages, DC and NK cells and their antiviral activity,

IL-12 and IFN-g production are important mediators of innate resistance to HSV.
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NK Cells in Oncology

Sigrid De Wilde and Guy Berchem

Abstract NK cells have a dual role in human cancer. First they are responsible for

various haematological malignancies like the aggressive NK cell leukemia, the

extra nodal NK/T cell lymphoma of the nasal type or the blastic NK cell lymphoma.

Secondly NK cells have shown great promise in the therapeutic area since the

1970s. Indeed NK cell therapeutic strategies are being tested in vitro and in vivo in

human cancer. As the understanding of NK cell immunology increases we will

probably be able to use these cells in adoptive immunotherapy strategies to tackle

human cancer in the future.

1 Introduction

Since the discovery of NK cells in the early seventies by Thornthwaite et al. [1],

clinicians have dreamed to use these unique killer cells to eradicate human cancer.

Unfortunately all these years NK cells, have appeared in medical textbooks more

often as the “culprit” than as the “hero” capable of eradicating human cancer.

If some heroic attempts at using NK cells in cancer treatment have unfortunately

failed this is very probably due to insufficient knowledge of their implication in the

immune system and more precisely in tumor cytotoxicity. Over the past few years

this knowledge gap has been closing in and some encouraging advances have been

made, at least in xenograft animal models.

As for the implication of NK cells in haematological malignancies, a few NK cell

lymphomas and leukemias have been described, like the aggressive NK cell leuke-

mia, the extranodal NK/T cell lymphoma of the nasal type or the blastic NK cell

lymphoma and even today many of these diseases have a very dismal prognosis.
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In the first part of this chapter we will try to summarize the multiple attempts at

using NK cells to cure cancer and in the second part we will focus on the malignant

transformation of NK cells.

2 Therapeutic Implications in Human Cancer

For the therapeutic use of NK cells, after years of research and some clinical

studies, and after the pioneering work of Rosenberg et al. in the late seventies,

still no NK-based therapies are available for any sort of cancer today.

If NK cells are well-known by releasing perforin and other molecules which

damage the cell membrane and induce apoptosis, it is also appreciated that they

have a significant role in host defense against invading pathogens. After IL2 was

discovered in the 1980s, it rapidly appeared that this new cytokine could activate

NK cells and transform them into what was called by Rosenberg et al. [2] LAK cells

(lymphokine activated killer). These cells, although triggering initially enormous

enthusiasm, proved rapidly to be disappointing. Indeed it was shown that even if

IL2 significantly increased the number of circulating NK cells in vivo, the cells

were not maximally cytotoxic in vitro [3].

NK cells are both controlled by positive and negative cytolytic signals. Some of

these inhibiting molecules have been cloned over the past 10 years and their ligands

are almost always class I MHC molecules. Some of these receptors like those of the

killer cell immunoglobulin receptor family (KIR) are specific for determinants

shared by certain class I alleles and are expressed by a subset of NK cells. It has

been suggested by Ruggeri et al. in 2002 [4] that the amount of tumor killing is

directly linked to the degree of KIR mismatch with the tumor. As autologous NK

cell therapy is thus insufficient, the use of allogeneic NK cell infusions was sug-

gested byMiller’s group [5]. IL2 activated allogeneic haplo-identical NK cells were

administered to patients with metastatic melanoma, metastatic renal cell carcinoma,

refractory Hodgkin’s disease or poor prognosis AML. They showed that NK cells

can persist and expand in vivo and induce complete haematological remissions in 5

of 19 poor prognosis AML patients but unfortunately no activity on other tumors

was observed. Moreover the results showed that patients which were KIR ligand

mismatched were the only ones having remissions. One can thus say that nonspe-

cifically activated NK cells may be useful against a subset of tumors but the donor

cells must be allogeneic and are much more likely to be effective if they are HLA

mismatched.

More recently it has been shown that NK cells activated in vitro, with a com-

bination of IL12 and IL18 injected into syngeneic animals, were able to collaborate

with the host’s own NK cells. Some tumor effect could be shown for melanoma

xenografts [6, 7]. These and other groups have shown in animal models that NK cell

strategies promise future immunotherapy for human cancer. As of today no reports

of human use are available.
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3 NK Cell Neoplasms

NK cells share immunophenotypic and functional properties with T cells. Therefore

the NK cell and T cell neoplasms are often considered together.

For the WHO classification, we can retain the following ICD-codes for the NK

cell neoplasms [8].

– 9948/3: Aggressive NK cell leukemia

– 9719/3: Extranodal NK/T cell lymphoma, nasal type

– 9727/3: Blastic NK cell lymphoma

The following paragraphs give an overview of the clinical hematological situa-

tions in which NK cells are implicated.

Firstly, a transient reactive population of NK cell large granular lymphocytes

(LGL) can occur after viral infections, auto-immune disease, malignancies and

solid organ transplantation. In atomic-bomb survivors, NK cell proliferations may

be seen in association with neutropenia.

The absolute number of LGL in normal peripheral blood is between 200 and

400/ml. They can have a phenotype of NK cells (CD3�, CD56+) or a phenotype of

activated cytotoxic effector T cells (CD3+, CD56�, CD57+).

NK cell neoplasms are prevalent in Asia and South America but rare in Western

countries. For example, nasal NK/T cell lymphoma accounts for 8% of all lym-

phomas in Hong Kong whereas for less than 1% in Europe and North America.

The lymphoma cells have large granular lymphocyte morphology with the

following immunophenotype: CD16+, CD2+, CD56+, CD57+, cytoplasmic CD3

epsilon and sometimes CD7+ (T lineage associated). They have a T cell receptor

gene germline and often an EBV DNA load. If this EBV DNA load is >6�107

copies/ml, this means a negative impact on disease free survival. Actually it stays

difficult to determine clonality for NK cells.

T cell and NK cell malignancies express cytotoxic proteins like perforin, gran-

zyme B and T cell intracellular Antigen (TIA)-1. They show prominent apoptosis,

necrosis and angio- invasion.

Soluble FAS-ligand is often increased in aggressive NK cell lymphoma/leuke-

mia but seems to be undetectable in patients in remission.

A consistent cytogenetic aberration is the deletion of 6q� but also complex

caryotypes as deletions in 11q, 13q and 17p are seen.

The choice for treatment depends on the risk for systemic relapse but the

problem is identifying good risk factors for this relapse [9]. Treatment is mostly

based on a symptomatic basis. For example, radiotherapy has high initial response

rates but frequent relapses occur locally within the first year. In refractory disease,

L-asparaginase seems effective. Nowadays, lots of different treatment modalities

have been proposed:

– Low dose methotrexate + cyclofosfamide + cyclosporine

– Nucleoside analogs

– Growth factors

NK Cells in Oncology 269



– Anti-CD52

– ATG

– Splenectomy

– Tipifarnib

3.1 Aggressive NK Cell Lymphoma/Leukemia

Aggressive NK cell lymphoma or leukemia presents itself at the median age of

30 years with acute symptoms as: weight loss, high fever, jaundice, lymphadenop-

athy or hepatosplenomegaly.

The peripheral blood shows lymphocytosis, severe anemia and thrombocytope-

nia with often a hemophagocytic syndrome. Infiltration of cerebrospinal fluids,

gastro-intestinal tract and peritoneal fluids are possible.

The median survival time is 2 months because the illness is refractory to various

chemotherapy regimens.

A multidrug resistance gene-encoded protein on the cell membrane extrudes

various cytotoxic agents. The final cause of the death of the patient with aggressive

NK cell leukemia is mostly multiorgan failure with coagulopathy. The treatment

should be based on specific trials.

The lymphocytes look slightly immature with broad pale cytoplasm and azur-

ophilic granules, occasional nucleoli and somewhat fine nuclear chromatin. They

are CD2+, surface CD3�, cytoplasmic CD3 epsilon+, CD56+, CD16�/+, CD57+,

CD94+ (mature cell). Germline configuration of T cell receptor genes (TRB), IgH

and clonal EBV in the tumor cells are standard.

Sometimes the number of neoplastic cells in peripheral blood and bone marrow

is very low. Serum soluble FAS ligand level can be very high, contributing to the

associated multiorgan failure.

Mostly a deletion of chromosome 6q has been found. However other clonal

cytogenetic abnormalities have been detected as: duplication of 1q, rearrangement

at 3q, loss of chromosomes Y, 13 or 10 and trisomy 8 [10].

3.2 Chronic NK Cell Lymphocytosis or NK Cell LGL
Lymphocytosis

This is an indolent affection that only exceptionally transforms into an aggressive

phase. There is an association with vasculitis or nephrotic syndrome but no cyto-

penias nor organomegaly. It occurs mainly in men in their sixties.

The LGL has the immunophenotype CD2+, surface CD3�, CD56+, CD16+ and

CD57+. Although viral infections are thought to be implicated, there is no evidence

for EBV or HTLV infection.

These NK cells must be in peripheral blood for at least 6 months at 0.6�109/l or

higher.
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This chronic NK cell lymphocytosis regresses sometimes spontaneously, the

median duration is 5 years. Usually patients with this indolent affection do not need

treatment. There are cases treated with cyclophosphamide or methotrexate [11].

3.3 Extranodal NK/T Cell Lymphoma, Nasal Type

This was formerly called lethal midline granuloma and occurs mainly in males of

the fifth decade. It is most common in Asia (Hong Kong) and in native populations

in Peru. These lymphomas are also encountered in immunosuppressed or post

transplant patients.

The lesions are found in the nose and the upper aero digestive tract causing facial

swelling, nasal obstruction and bleeding, prooptosis, destruction of hard palate,

impairment of ocular movement etc.

Lesions in testis, skin, soft tissue and gastro intestinal tract are not excluded. B

symptoms can accompany the local symptoms. Overlap with aggressive NK cell

leukemia is seen in case of marrow and blood involvement.

The tumor cells vary in size and are mixed with a lot of inflammatory cells (small

lymphocytes, plasma cells, histiocytes and eosinophils). They can cause ischemic

necrosis and apoptotic bodies. Cytoplasm is often pale to clear with azurophilic

granules. Often, mitotic figures are present.

The immunophenotype of the tumor cells is CD2+, surface CD3�, cytoplasmic

CD3 epsilon+, CD7�/+, CD30�/+, CD56+, CD16�, CD57�. EBV is almost always

associated. Some patients show rather an EBV+, CD56 – cytotoxic T cell phenotype.

Del (6)(q21q25) or i(6)(p10) is a common finding.

Prognosis of nasal NK/T cell lymphoma is variable and the prognostic factors

are not known. Some features have been proposed as poor risk factors but not

always confirmed by other studies:

– Local tumor invasiveness in bone, skin etc

– B symptoms

– Increased serum LDH

– Stage III or IV

– Age above 60 years

– EBV DNA copy load

– Cox 2 expression

– Positivity for cutaneous lymphocyte antigen (homing receptor)

– Loss of expression of granzyme B protease inhibitor 9 (PI9)

– Low apoptotic index

The ratio stages I + II over III + IV is about 7/3. For stage I–II, a radiotherapy of

30–60 Gy is commonly used but with frequent relapses and a 5 year overall survival

of about 50%.

Chemotherapy can be initially discussed if the patient is medically fit. For the

more advanced stages; immediate chemotherapy is advised but in 30–40% of cases
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salvage radiotherapy is necessary. Concomitant chemoradiotherapy has also been

used (dexamethasone + etoposide + ifosfamide + carboplatinum or dexametha-

sone + etoposide + methotrexate + cyclofosfamide).

When the nasal type NK/T cell lymphoma occurs without the nasal cavity

affected, there is a very aggressive pattern with poor response to therapy [12].

3.4 Blastic NK Cell Lymphoma

This lymphoma is very rare and occurs rather in the elderly. It may involve skin,

lymph nodes, soft tissue, peripheral blood, bone marrow, nasal cavity etc. Lymph-

adenopathy and disseminated disease at presentation are usual [8].

The precise lineage of blastic NK cell lymphoma is still not clear but some think

it originates rather from plasmocytoid dendritic cells. The tumor cells have a

lymphoblast like morphology and even the differential diagnosis with acute mye-

loblastic leukemia can be difficult.

The immunophenotype is CD56+, surface CD3�, CD4�/+, CD43�/+, CD19�,

CD20�, CD13� and CD33�. Expression of CD2, CD7, cytoplasmic CD3 epsilon

and cytotoxic molecules is usually negative. There is no association with EBV and

the T cell receptor beta and IgH are in germline configuration.

A distinction with myeloid/NK cell precursor acute leukemia has to be made by

immunophenotyping with the latter showing CD7+, CD33+, CD34+ and CD56+.

The disease is aggressive and chemotherapy of acute leukemia like regimen, is

necessary but rarely successful. Median survival is 12 months but long-term

survival is very rare and has only been described with allogeneic hematopoietic

cell transplantation.

3.5 Nonnasal NK Cell Lymphoma

This disease is comparable with the Extranodal NK/T cell lymphoma, nasal type

without nasal involvement. A nasal panendoscopy is therefore essential to exclude

an occult manifestation [12].

The early stages disseminate rapidly and the ratio stages I + II over stage III + IV

is rather 4–6 compared to 7–3 for the nasal type.

Radiotherapy is only given in palliative situations.

3.6 Tokura–Ishihara Disease

This affection occurs mostly in Japan with a median onset of disease at 6 years.

It is not known who may be at risk for the disease and genetic and environmental

factors will be investigated in future studies.
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It is the triad of:

– Hypersensitivity to mosquito bites (with ulcerative lesions)

– Chronic EBV infection

– NK cell leukemia or lymphoma

The NK cells are in an activated state and express a high level of surface CD94

molecules and over express surface FAS ligand. They produce IFN-gamma without

expression of IL-4, IL-10 and IL-13. Furthermore, the immunophenotype is CD2+,

CD56+, CD4 and CD8 negative, CD16� and CD20�.

The disease presents with a local intense skin reaction after a mosquito bite

accompanied by fever, liver damage, hemophagocytosis, thrombopenia, hepatos-

plenomegaly, lymphadenopathy, hematuria and proteinuria.

The children are mostly treated with prednisolone.

After recovering from the severe systemic manifestations, the children go well

till the next mosquito bite. However, this affection may be fatal.

The CD4 positive T cells are thought to be stimulated by mosquito bites and so

inducing EBV reactivation and EBV oncogene expression. This could develop not

only Tokura–Ishihara disease but also NK cell oncogenesis (by the expression of

viral oncogene LMP1) [12, 13, 14].

3.7 NK Cell Intravascular Lymphomatosis

Only about six cases of NK cell intravascular lymphomatosis have been described.

It occurs at all ages but females are more affected than males. Skin manifesta-

tions are mostly present but the central nervous system or bone marrow may also be

involved.

Large lymphoid cells proliferate exclusively within the vascular lumen and

show a high proliferation activity. The immunophenotype of the tumor cells is

CD3 epsilon +, CD56+, TIA-1+, CD20�, CD79q– and CD45RO�. T cell receptor

genes are in germline configuration and EBV is present.

It seems essential to treat the patients with intensive chemotherapy and stem cell

transplantation. However, the outcome is dismal, with a 5 year overall survival of

20% [15].

3.8 KIR Receptors in Allotransplantation

Several hematological malignancies need bone marrow transplantation to cure the

patient and to overcome relapse after chemotherapy alone.

In the beginning, the major problem with transplantation of donor bone marrow

or donor peripheral blood stem cells was the high rate of rejection or graft versus

host disease (GVHD). This is mainly due to the number of T cells of the host (after
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conditioning) and donor (in the graft). We now know that donor derived NK cells

may improve the outcome of hematopoietic stem cell transplantation by mediating

the antileukemic effects and by attacking residual host lymphohematopoietic pro-

genitors, including T lymphocytes, which are responsible for graft rejection.

These donor derived NK cells do not attack the other tissues and thus do not

favor the presence of T cell mediated GVHD. The NK cells function by the mean of

a balance between incoming activating and inhibitory signals. The most studied NK

cell receptors are the KIR receptors (inhibitory Killer Immunoglobulin-like recep-

tor). HLA and KIR genes are inherited independently.

The hypothesis is that an alloreaction between donor and host by a mismatch

between KIR ligand of donor and host, leads to less relapse, less GVHD, less

rejection and a better disease free survival.

However, multiple studies have been done and actually there are rather

conflicting data. The contradictory findings may be related to differences in trans-

plant protocol (including T cell depletion), differences in myeloid and lymphoid

malignancies, differences in genotype and phenotype of KIR repertoire assessment.
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The Role of KIR in Disease

Salim I Khakoo

Abstract Following the cloning of the killer cell immunoglobulin-like (KIR) genes

in 1995 (Colonna M, Samaridis J. Science 268(5209):405–408, 1995) their popula-

tion diversity has become increasingly apparent. This has spawned a plethora of

disease association studies. As the KIR genes need to be considered in combination

with their MHC class I ligands, this has added complexity to the analysis of these

studies. KIR, and KIR:MHC class I gene combinations have been associated with

viral infections, autoimmunity, transplantation and pregnancy-associated disorders.

Simple rules, with which to interpret these datasets, are often difficult to find and,

as our understanding of the interaction between KIR and MHC class I increases,

the analysis of these datasets will become even more complex. This review attempts

to summarize our current knowledge whilst indicating areas of potential further

complexity.

1 Introduction

Since the original description of natural killer cells in 1975 by Kiessling [1], our

understanding of their function and role in immunology has gradually expanded.

This has been facilitated by the identification of key cell surface markers, which

allowed their distinction from T cells, and the generation of antibodies to novel

receptors which were able to stimulate NK cells. Coupled with this was the key

functional observation that they were under a constitutive inhibitory control, as

described in the missing-self hypothesis [2]. This has led to a model of NK cell

function in which their effector functions, cytotoxicity and cytokine secretion, are

determined by the integration of activating and inhibitory signals derived from cell
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surface receptors. Complexity and diversity of NK cell function is generated at

many levels ranging from variation in the genes of different individuals to the

multiple activating and inhibitory receptor:ligand interactions and diversity of

signaling molecules that transduce signals from these interactions. Ultimately,

this array of factors determines whether an NK cell becomes activated or remains

quiescent following an interaction with a target. These cells recognize targets as

diverse as virally infected epithelial cells, cancerous hematological cells and

normal dendritic cells. Whilst NK cells express a plethora of activating and inhibi-

tory receptors, the diversity in NK cell genetics and function is exemplified par
excellence by the killer cell immunoglobulin-like receptors (KIR). Owing to their

own diversity and that of their MHC class I ligands, there has been much investi-

gation into their relationship to an array of diseases including viral infections,

tumors, autoimmunity and pregnancy-related disorders.

2 The KIR Genes

These genes form a multigene family as part of the leukocyte receptor complex

(LRC) on the short arm of chromosome 19q13.4. They encode type 1 transmem-

brane glycoproteins belonging to the immunoglobulin superfamily. There are 14

different expressed KIR genes encoding both inhibitory and activating receptors

and three nonexpressed genes. KIR are named according to their structure, i.e., the

number of extracellular immunoglobulin-like domains, either two or three (“2D” or

“3D”); and the lengths of their cytoplasmic tails, short or long (“S” or “L”). In

general, KIR with a long intracytoplasmic tail transduce inhibitory signals and

those with a short intracytoplasmic tail transduce activating signals. Therefore,

receptor nomenclature implies that a KIR3DL has three extracellular immunoglob-

ulin domains (3D), with a long (L) intracytoplasmic tail and an inhibitory function.

The chromosomal region, encoding the KIR, also contains a number of other

related genes including the leukocyte immunoglobulin-like receptor (LILR) family

of genes and is located close to the natural cytotoxicity receptor gene NKp46 [3]. It

is thought that the KIR gene family originated from KIRX, a single gene located

within in the LILR locus, following duplication. This gene has subsequently under-

gone multiple further rounds of duplication to produce the extant KIR locus [4].

This locus consists of a series of tandemly arrayed KIR genes which share between

85 and 99% sequence similarity. Critically, this arrangement is conducive to

evolution by nonhomologous recombination and so the locus has expanded and

contracted over time. This has resulted in a remarkable heterogeneity in the gene

content of individual KIR haplotypes, in which individuals can have from seven to

fourteen expressed KIR genes.

The KIR haplotypes can be divided into two groupings dependent on their gene

content. The A group of haplotypes is the most common and consists of five

inhibitory KIR: KIR2DL1, KIR2DL3, KIR3DL1, KIR3DL2 and KIR3DL3 [5]

and two activating KIR KIR2L4 and KIR2DS4. Individuals with two group
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A haplotypes are designated AA, and the frequency of AA haplotypes varies sub-

stantially across populations. For instance, it is represented at a frequency of 56%

in the Japanese, 30% in Caucasians and 1.5% in the Australian Aborigines [6–9].

Although the gene content remains similar between the haplotypes, allelic variation

generates genetic diversity within this grouping [10]. There may also be functional

diversity within this group as in some haplotypes the KIR2DS4 gene encodes for

a nonfunctional gene. This is due to a 21 base pair deletion in the transmembrane

domain [11, 12], and this null allele is found in approximately 64% of Caucasians

[13]. The alternative haplotypes are designated the B grouping. These are much

more heterogeneous in their gene content, especially in terms of activating recep-

tors. Individuals can have from two to seven activating KIR (including KIR2DL4),

whilst retaining similar numbers of inhibitory receptors as the A group of haplo-

types. Thus, the overall pattern of the KIR locus is one of retention of the inhibitory

receptors, whilst there is diversity of the activating receptors. This diversity is

remarkably well tolerated and although KIR are implicated in many diseases, loss

of specific KIR does not result in an immunodeficiency state. Indeed, recent

analysis of the CEPH panel of families has demonstrated a KIR locus with only

three genes KIR3DL2, KIR3DL3 and KIR2DS1 [14].

The ligands for KIR are the classical MHC class I molecules HLA-A, -B and -C.

These genes are on chromosome 6 and hence segregate independently from the KIR

genes. The specificities of the inhibitory receptor:ligand pairings have been most

readily defined. KIR2DL1 binds HLA-C allotypes with a lysine at position 80 of the

MHC class I heavy chain (Group 2 HLA-C allotypes), and KIR2DL2 and

KIR2DL3, which are alleles, bind Group 1 HLA-C allotypes (asparagine at position

80). KIR3DL1 binds HLA-B allotypes with the Bw4 serological motif. This

represents about 40% of all HLA-B allotypes, with the remainder having the

alternate Bw6 motif [15–18]. KIR3DL2 binds HLA-A3 and HLA-A11, but the

functionality of this molecule has been harder to determine, and its contribution to

the overall function of NK cells is less clear.

Although the specificity for inhibitory KIR was originally defined on the basis of

simple structural motifs in the MHC class I heavy chain, there is further subtlety in

the system. For instance, the inhibitory KIR have all been shown to have a degree of

peptide selectivity such that peptides that stabilize their cognate HLA ligands, but

do not productively engage KIR, can be defined [19, 20]. Furthermore, a peptide

that stabilizes HLA-Cw7 (a group 1 HLA-C allotype) has been shown to confer

binding to KIR2DL1, which recognizes predominantly group 2 HLA-C allotypes

[21]. In depth analysis of the HLA-C specificity has demonstrated further promis-

cuity in KIR binding.

Whilst the specificities of the inhibitory receptors have been defined, those of the

activating receptors have been more elusive. In general, it appears that these receptors

bind HLA class I with much lower affinities and, as NK cells appear to be under the

control of predominantly inhibitory KIR, their function has also been more difficult

to define. KIR2DS1 shares >95% amino acid identity in its extracellular domain

with KIR2DL1 and, consistent with this, it has been demonstrated to bind to group

2 HLA-C allotypes. Similarly, on the basis of its sequence homology to KIR2DL2/3,
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KIR2DS2 would be predicted to interact with group 1 HLA-C allotypes. However,

binding to these alleles is at best weak. Additionally, no binding to HLA-B allotypes

has been demonstrated for KIR3DS1 which shares 98% amino acid identity with

KIR3DL1 in its extracellular domains. KIR2DS4 may interact with MHC class I and

non-MHC class I ligands [22, 23], but the other activating receptors, KIR2DS3 and

KIR2DS5, and also the inhibitory KIR2DL5 have no putative ligands.

The allelic diversity of KIR can impact on its binding to MHC. For instance,

although KIR2DL2 and KIR2DL3 are alleles at a single locus, KIR2DL2 binds

HLA-Cmore avidly than KIR2DL3. This is thought to be related to a pair of residues

at positions 16 and 148 which influence the hinge angle between the two extracellu-

lar Ig domains of these KIR [24]. In addition to changes in binding, allelism at the

KIR locus can also affect the level of gene expression. This has been best demon-

strated for KIR3DL1 which can be divided into high, low and null expressing

allotypes [25]. In addition, the MHC ligands for these genes may differ in their

ability to bind KIR, again demonstrated most elegantly for KIR3DL1 and its HLA-

BBw4-positive ligands [26]. Changes in affinity of KIR for its ligand may therefore

directly affect the function of NK cells. Similarly, the strength of the KIR:HLA

interaction may also influence the education of NK cells. Recent work has demon-

strated that MHC class I is important for the development of functionally mature NK

cells, which has been controversially termed “licensing” [27]. Thus, NK cells which

express a cognate receptor for MHC class I are reactive to class I negative target cell

lines. However, theremay also be differences in the levels of reactivity depending on

the class I allele of the individual. For instance, the NK cells expressing KIR2DL3

from individuals that have HLA-Cw*07 make more IFNg in response to the class I

negative target cell line K562 than KIR2DL3-positive NK cells from individuals

with other group 1 HLA-C ligands [28]. The extent to which this extends to other

KIR:HLA receptor:ligand pairings is not clear; however, it is clear that this system

has multiple subtleties which we are just beginning to unearth.

The allelic diversity and its functional consequences challenges the geneticist in

the interpretation of KIR:HLA disease association studies. Thus, in order to make

sense of current datasets a reductionist approach is necessary. This requires the

KIR:HLA system to be reduced to a simple motif model. Further insights can then

be gained by following the leads from genetic studies with carefully controlled

functional experiments. Thus, there should be caution against overinterpretation of

these simplified datasets.

3 KIR and Disease

The KIR have been studied in a wide variety of different diseases (Fig. 1). The key

features of this gene family which lend them to these types of study are their

diversity and their expression on NK cells. Thus, they have a potential role in

diseases in which NK cells have been implicated in human and murine models, and

also those diseases in which there is a combination of diverse outcomes and/or
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heritability. Therefore, KIR diversity is predicted to be particularly pertinent for the

outcome of viral infections and cancer. Their rapid evolution, in a manner sugges-

tive of pathogen mediated selection, also hints that specific KIR:HLA combinations

could be important for the resolution of infections. Furthermore, NK cells secrete

Th1 type cytokines and can cross-talk with dendritic cells, implying that they may

be involved in autoimmune and inflammatory disorders [29–35]. As KIR engage

MHC class I molecules, it can be postulated that diseases which have an MHC

association may also have a KIR association. Additionally, murine studies have

demonstrated a critical role for MHC class I receptors in bone marrow transplanta-

tion in a “missing-self” model, inferring that KIR may have a role in human

transplantation. Finally, NK cells are abundant in the pregnant uterus and so KIR

may be involved in pregnancy-associated disorders.

3.1 KIR in Autoimmune and Inflammatory Disorders

Autoimmune disorders have long been associated with specific HLA class I and

class II alleles. Thus, there is a possibility that KIR may confer additional disease

susceptibility in combination with specific HLA class I ligands. In addition, the

Fig. 1 Schematic diagram summarizing the diverse role of KIR in different disease states. The

diseases are categorized as to their association with the KIR genes based on the presumed

activating or inhibitory potential of that KIR or KIR:MHC genotype
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ability of NK cells to instruct downstream adaptive immune response implies that if

NK cells are genetically predisposed towards activation then they may be a factor in

breaking self-tolerance. Previous work has also shown that NK cell numbers and

activity are reduced in a number of autoimmune diseases [36]. Furthermore, KIR

may be expressed on the effector memory subset of T cells [37, 38] and so may have

a direct effect on T cell-driven autoimmune responses. The overall theme of KIR

genetics in inflammatory diseases is that there is a positive association with KIR

haplotypes that have greater numbers of activating receptors. This is more relevant

for a number of chronic inflammatory disorders rather than for the classical MHC

class II-associated organ-specific autoimmune diseases.

Psoriasis is an inflammatory disorder with a number of systemic manifestations

that has a strong association with the group 2 HLA-C allotypes HLA-Cw6 [39].

This HLA class I allele is a ligand for the inhibitory receptor KIR2DL1 and a

putative ligand for the activating receptor KIR2DS1. Indeed, the KIR2DS1 gene

has been associated with a predisposition to psoriasis in a Japanese study of 96

individuals [40]. KIR2DS1 is a component of the B group of haplotypes, which are

relatively unusual in the Japanese who form a comparative genetically homogenous

population that has an unusually high frequency of A haplotypes [8]. In the same

study, there was a lower, but nonsignificant, frequency of the inhibitory receptor

KIR2DL1, implying that in this disease the genetic predisposition is towards greater

NK cell activation. Consistent with this observation, KIR2DS1 has been associated

with psoriasis in studies from Sweden and Poland [41]. This gene was studied in

association with its putative HLA–Cw6 ligand by Luszczek et al., but in isolation in

that of Holm [42]. Further analysis of this data suggests that other KIR may also

influence predisposition to this disease especially the activating KIR, KIR2DS3 and

KIR2DS5.

One of the systemic manifestations of psoriasis is an inflammatory arthropathy.

This shares the association with HLA–Cw6 and there may be additional genetic

factors that can modulate the predisposition to this. In a cohort of individuals with

psoriasis, in which 34.1% had the arthropathy, there was also a positive association

with KIR2DS1 [43]. This susceptibility model has been expanded in a large study

of individuals with psoriatic arthritis which demonstrated an association of KIR in

combination with their HLA class I ligands with this disease phenotype [44].

Individuals that have either KIR2DS1 or KIR2DS2 and are homozygous for either

group 1 or group 2 HLA-C allotypes are the most susceptible to psoriatic arthro-

pathy. Conversely, individuals without activating KIR are relatively protected form

this disease. A synthesis of this work is that it shows that individuals with more

activating receptor:ligand interactions are most susceptible to psoriatic arthropathy,

those with the most inhibitory receptor:ligand interactions are relatively protected,

and those with an intermediate number of receptor:ligand interactions have a

neutral risk. This study therefore establishes a novel genetic model that requires

testing in other disease states.

The association of KIR and HLA with an inflammatory disorder was originally

described in rheumatoid arthritis. Individuals with rheumatoid arthritis have an

expansion of an unusual subpopulation of CD4+, CD28� T cells in the blood [45].
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These T cells express the activating receptor KIR2DS2 in the absence of the

corresponding inhibitory KIR, and a subset of these express the adaptor molecule

KARAP/DAP-12. There is oligoclonal expansion of a subset of effector memory T

cells that produce predominantly Th1-type cytokines [37]. Antibody ligation of

KIR2DS2 on these cells results in both proliferation of, and cytokine release by,

these cells [46, 47]. Thus, these T cells can be stimulated directly through KIR, thus

bypassing signaling via the T cell receptor in an antigen independent fashion.

Although these T cells are found in individuals with rheumatoid arthritis,

immunogenetic analysis of KIR:HLA in this condition did not demonstrate an

association of KIR2DS2 with this inflammatory arthropathy [48]. Rather, it was

associated with a systemic complication of this disorder, rheumatoid vasculitis,

which affects a subgroup of these individuals. Indeed, there was a significant

association with the vasculitis when compared to both individuals with rheumatoid

arthritis but without vasculitis, and also to healthy controls. There was, however, no
significant augmentation of the disease risk when KIR2DS2 was considered in

combination with its putative group 1 HLA-C ligands. The study was however

possibly underpowered to detect this association.

The association of KIR2DS2 has been described in acute coronary artery

syndromes and similar to the findings in rheumatoid arthritis there is an expansion

of CD4+, CD28�, KIR2DS2+ T cells in the peripheral blood of these individuals as

compared to age-matched controls [49]. Additionally, KIR2DS2 expression has

been found in the coronary arteries of individuals with coronary artery disease at

autopsy. Thus there is some consistency in the association of this subpopulation

with two different types of vascular disease.

A number of other inflammatory and autoimmune disorders have been asso-

ciated with KIR:HLA interactions. In the inflammatory biliary disorder primary

sclerosing cholangitis (PSC), the Bw4-positive HLA-B alleles and group 2 HLA-C

allotypes are associated with protection from the disease. In this study, PSC was

associated with the extended haplotype DRB1*0301 and DRB1*1501 in combina-

tion with the MIC5.1 allele and the absence of Bw4-positive HLA-B and group

2 HLA-C alleles [50]. The suggestion is that these alleles are protective in the

context of inhibitory KIR, but no association was found with KIR genes. This may

be related to the relatively high >95% frequencies of both KIR2DL1 and

KIR3DS1, which reduces the study power. Conversely, age-related macular degen-

eration, which is the commonest cause for blindness in the Western World, is

associated with the KIR AA haplotype which carries only one activating gene in

combination with HLA-Cw*07 [51]. A much more rare eye disorder is that of

birdshot chorioretinopathy. This unusual disease is associated with HLA-A29, and

more recently has been shown to be associated with a tendency towards an activat-

ing KIR haplotype [52].

Thus, there is an overall trend towards activating KIR, especially KIR2DS2
being susceptibility factors in chronic inflammatory conditions. A correlation

with an “activating” KIR genotype was found in the chronic inflammatory condi-

tion idiopathic bronchiectasis [53]. Affected individuals in this study were

more likely to have KIR2DS1 or KIR2DS2 in combination with homozygosity for
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HLA-CAsn80 alleles, which is similar to the model that Martin et al. originally

proposed for psoriatic arthropathy [54]. Furthermore, weak associations have

been detected between diabetes mellitus and KIR2DS2:HLA-CAsn80 and also

KIR2DS2 and KIR2DL2 in a Latvian sample [55, 56]. KIR2DS2, in the absence of

its inhibitory counterpartKIR2DL2, has been found at high frequency in patients with
scleroderma (12%) as compared to controls (2%) [57]. This is an unusual

genotype as these KIR are in strong linkage disequilibrium. These data have not

yet been correlated with their HLA-C ligands. Overall, autoimmune and inflamma-

tory conditions appear associated with a surplus of activating KIR genotypes, and

where tested these activating receptors appear to be involved in costimulation or

activation of T cells rather than NK cells.

3.2 KIR in the Response Against Pathogens

NK cells are important for a successful immune response to viruses, bacteria and

protozoa and thus there is potential for KIR to have a role in the immune response to

a number of different infections. Rapid evolution of the KIR gene locus, which

implies a pathogen-mediated selection process provides further evidence for this

role [58–62]. Similar to the situation in inflammatory disease, this may be related to

KIR expression on both NK cells and T cells. In understanding the association of

these receptors with disease, it is important to bring together both genetic and

functional data. Combined use of these two strategies can circumvent the main

limitations associated with each of these two approaches. Genetic studies are

restricted to being correlative in nature and functional studies are difficult to perform

in the large numbers of samples necessary to cope with extensive KIR and MHC

allelic diversity. In addition, reagents are often cross-reactive, for instance, mono-

clonal antibodies that recognize inhibitory receptors may also bind the activating

forms with a similar specificity. To date, most insight into the role of KIR and HLA

has been derived from a combined genetic and functional approach in HIV infection.

HIV affects more than 40 million people worldwide and is a significant problem

in both the developing and developed world. This has permitted comparison of data

sets from distinct populations, and given unique insights into the role of KIR in viral

infections. Following exposure to HIV, the majority of individuals become chroni-

cally infected, but the clinical course may be variable. In particular, the rate at

which the CD4 T cell count of an individual declines can vary amongst infected

people, and thus the time at which susceptibility to opportunistic pathogens and

AIDS supervenes can differ dramatically between individuals. Endpoints in HIV

studies can therefore vary and it is important to take this into consideration when

analyzing different studies. Furthermore, KIR protection might operate at the level

of an AIDS defining opportunistic infection rather than at the level of the virus

itself. With the successful treatment of HIV with highly active antiretroviral

chemotherapy, longitudinal studies in the developed countries will rely more

on stored samples and historical data, and whilst contemporaneous studies may
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be more readily performed in the developing world it is an important goal of global

medicine to urgently bring effective treatments to these nations. Nevertheless, cross-

sectional studies have and will continue to be extremely valuable in understanding

the relationship between KIR and HIV infection. These have shown that there are

substantial alterations in NK cell subsets, and their functions in chronic HIV

infection [63, 64]. In essence, NK cells are hypofunctional in chronic HIV infection.

This is, in part, related to an unusual subset of NK cells that express CD16, but not

CD56 [65, 66]. These cells express inhibitoryKIR and have lower than normal levels

of natural cytotoxicity receptors. Thus, they do not lyse autologous targets. Interest-

ingly, a similar subpopulation of NK cells have also been described in human

umbilical cord blood and can differentiate to CD56+CD16+ NK cells raising the

possibility that they are immature NK cells [67, 68]. It is likely that the presence of

these cells is a consequence rather than a cause of chronic HIV infection and in acute

HIV infection there is an expansion of CD56dim, CD16+ NK cells [66]. These

express KIR and are cytolytic and hence it is in the acute phase of disease that

KIR genetics is most likely to be important.

Insights into the potential for an influence of KIR on the outcome of HIV

infection have also come from genetic studies. In particular, association of progres-

sion of HIV has been linked to specific HLA-B allotypes that express the Bw4

serological motif [69]. Furthermore, homozygosity for HLA-B allotypes with the

Bw4 serological motif (HLA-BBw4) is associated with a slower decline in CD4 T

lymphocyte counts in HIV-infected individuals [70]. These HLA-B allotypes

interact with KIR3DL1, and, on the basis of sequence homology are also likely to

bind KIR3DS1, although this interaction has yet to be formally shown.

The first description of a protective KIR:HLA interaction in a viral infection

came from a study of over 1,000 HIV-infected individuals. This showed that

progression to AIDS was slower in individuals that had KIR3DS1 in combination

with its putative HLA-BBw4 ligands. However, only a subgroup of these allotypes,

those with an isoleucine at position 80 of the MHC class I heavy chain, were

protective [71]. This protective effect required the presence of both KIR and HLA,

as one in the absence of the other was not protective. KIR3DS1 homozygosity is

present at a significantly higher frequency in individuals exposed to, but not

infected with HIV, as compared with their HIV-seropositive partners [72]. The

observed genetic associations of KIR3DS1 have some functional correlates.

Suppression of HIV infection in vitro has been shown to be associated with

KIR3DS1-positive NK cells and Bw4-seropositive targets [73]. Furthermore NK

cells from KIR3DS1-positive individuals tend to secrete more IFNg than those from
individuals who lack this receptor [74]. This activity appears to be further augment-

ed in subjects that express either HLA-B57 or HLA-B58.

Interestingly, protection by HLA-BBw4 may not be conferred solely by

KIR3DS1. KIR3DS1 segregates as an allele of the inhibitory receptor KIR3DL1

and there are currently 18 inhibitory and five activating alleles described. Within the

inhibitory alleles, a hierarchy of expression (high, low and null) has been determined

by flow cytometry [25, 75]. This may either be due to promoter polymorphisms or

differences in trafficking amongst the alleles [76, 77]. The high-expressing alleles
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show a higher affinity for HLA-BBw4 allotypes [26]. Interestingly, high expressing

alleles of an inhibitory type are protective against AIDS progression in combination

with the HLA-BBw4 allotypes [78]. This seeming paradox may to some extent be

explained by a model for NK cell education in which higher-affinity MHC class I

interactions lead to greater activation of NK cells in the context of targets which

do not express the cognate ligand for that inhibitory receptor. Thus, if HLA-B is

downregulated these NK cells will liberate more IFNg than NK cells from an

individual with a low-expressing allele. However, this model is challenged by the

observation that the null allele was most protective in combination with its ligand in

this study. Further work is required in order to determine if there is a role for this

allele in the function of NK or T cells.

Hepatitis C virus (HCV) is a common chronic viral infection that leads to

cirrhosis of the liver and hepatocellular carcinoma. HCV was the first viral infection

in which the pairing of an inhibitory KIR with its MHC ligand was found to be

protective [79]. In this study, homozygosity for KIR2DL3 and its group 1 HLA-C

ligand was associated with spontaneous resolution of infection in individuals that

acquired HCV through mechanisms other than transfusion of blood products

(mainly intravenous drug usage). KIR2DL2, which is an allele of KIR2DL3 and

has the same MHC class I ligands, was not protective. These data suggest a

quantitative model for NK cells in HCV. In this model, NK cells which express

the KIR2DL3 receptor are protective, but this protective influence can be negated in

the presence of either a KIR2DL2:HLA-C interaction or a KIR2DL1:HLA-C

interaction. As KIR expression is “hard-wired” and coexpression of KIR stochastic,

individuals that are homozygous for KIR2DL3 and also for group 1 HLA-C

will have more NK cells expressing the protective KIR2DL3 gene in isolation

than individuals who are heterozygous for KIR2DL3/KIR2DL2. Furthermore,

KIR2DL1 is present in >95% of the population which means that nearly all

individuals who have a group 2 HLA-C allotypes will have NK cells inhibited by

KIR2DL1, and expression of this receptor will subtract from the pool of “protec-

tive” NK cells that are inhibited by KIR2DL3:HLA-C1. Finally, this dataset

suggests that large inocula of HCV may overcome this protective effect. In murine

CMV infection, NK cells are protective. This protection has been defined as relating

to the interaction of Ly49H with the viral protein m152. In this infection, this

protection can be overcome by a large infecting inoculum. Thus, this is a tenable

model for KIR2DL3:HLA-C1 in HCV infection. [80–82]. The protective effect of

this combination has now been confirmed in a second independent study of resolv-

ing HCV infection [83]. The data beg the question as to why KIR2DL3 is protec-

tive, but KIR2DL2 is not. One hypothesis is that KIR2DL2 binds to group 1 HLA-C

allotypes more avidly than KIR2DL3. This appears to be the case in studies using

KIR-Fc proteins to stain MHC class I transfectants [84]. More recent work has

suggested that specific amino acid residues that affect the hinge angle between the

D1 and D2 domains of KIR2DL2 and KIR2DL3 play a critical role in modulating

this avidity [24]. Furthermore, this work demonstrates that KIR2DL2 may also have

a greater avidity for some group 2 HLA-C allotypes.
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The liver is a unique immunological environment with a strong bias towards the

innate immune system. Liver transplantation is performed without MHC class I

matching and therefore there is a strong potential to generate alloreactive NK cell

clones. In 416 liver transplants performed for a variety of different disorders, the

presence of group 2 HLA-C allotypes in the allograft was associated with less

chronic rejection. This suggests that the KIR2DL1:HLA-C inhibitory interaction

which is considered a strong inhibitory interaction is associated with less NK cell

alloreactivity, and hence less rejection [85]. A similar, although weaker, association

has also been found in renal transplantation [86].

Another pathogen that has long been associated with natural killer cells is

cytomegalovirus. This herpes virus infects the majority of individuals and in most

cases remains latent unless the individual becomes immunocompromised, in which

case it can cause a severe systemic disease. NK cell deficient individuals are

susceptible to herpes virus infection [87], and CMV has evolved multiple mechan-

isms for interfering with MHC class I and MHC class I-like molecules. These

include MHC class I downregulation, upregulation of ligands for inhibitory recep-

tors and blockade of an activating receptor [88–91]. Although the MHC class I

receptor Ly49H has a dominant role in the clearance of CMV infection, the role of

KIR in human CMV infection is not well established. Activating KIR may be

protective against CMV following bone marrow transplantation, and there is a case

report of an individual with an NK repertoire that was dominated by KIR2DL1,

who suffered severe CMV-related disease [92–94]. Unfortunately, functional

experiments have been unable to confirm or refute the role of KIR in the lysis of

autologous infected fibroblasts [95].

Natural killer cells may also be important for a successful response to protozoan

infections. [96]. In particular, NK cells may liberate the proinflammatory cytokine

interferon-g in response to stimulation by malaria infected red blood cells. This

process is indirect and requires the presence of macrophages in a so-called “ménage

a trois” [97, 98]. The level of this in vitro effect appears to be associated with

specific KIR3DL2 alleles. In particular, those with KIR3DL2*002 secreted higher

levels of this cytokine in response to Plasmodium falciparum-infected red blood

cells [98]. Thus, in this situation KIR appear not to be responsible directly for

pathogen recognition, but for the indirect amplification of the immune response via

NK:macrophage cross-talk.

3.3 KIR in Pregnancy

Whilst natural killer cells are critical for immune responses to pathogens, a twist in

the evolutionary tail comes from their involvement in pregnancy. NK cells are

plentiful in the pregnant uterus, being most marked in the decidua early in gestation

at the time of implantation of the fetal trophoblast [99]. These uterine natural killer

cells (uNK) have a phenotype that distinguished them for those of peripheral blood

and may represent a specialized population or even a distinct lineage in that they are
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CD56bright and have a distinct receptor profile including that of KIR [100–103].

These changes may relate to the unusual expression of MHC class I alleles in the

extravillous trophoblast (EVT). The EVT cells express the HLA class I molecules

HLA-C, -E and –G, each of which serve as ligands for distinct NK cell receptors,

but they do not express HLA-A and –B [104, 105], and HLA-C has been shown to

be expressed on the trophoblast in a stable b2-microglobulin-associated form [106].

Therefore, interactions between EVT and uNK cells are controlled by the HLA-C-

specific KIR (KIR2DL2/3 and KIR2DL1), the HLA-E-specific receptors NKG2A,

NKG2C and NKG2E, and the HLA-G-specific receptor KIR2DL4 [107–109].

Additionally, NK cells from the pregnant uterus are more likely to express KIR

specific for HLA-C, but not HLA-B [110] and this expression seems to decline

during the first trimester of pregnancy.

The role of NK cells in pregnancy is related to the invasion of the uterine spiral

arteries and decidua by the trophoblast. Formation of an adequate blood supply to

the placenta is a complex process involving the EVT cells of the fetus and the uNK

of the mother. If this process does not occur effectively, then the blood supply to the

placenta develops inadequately and this leads to preeclampsia, a condition that can

progress to eclampsia which is associated with both fetal and maternal mortality

[111]. Thus, pregnancy can exert a strong selective effect on NK cells and particu-

larly on HLA-C and HLA-C specific KIR.

Seminal work by Hiby et al. in which both maternal KIR and fetal HLA types

were analyzed, suggests that these genes may be risk factors for the development of

preeclampsia [112]. KIR haplotype A contains relatively few genes, and is the most

common haplotype worldwide. It includes the expressed KIR genes KIR2DL1,
KIR2DL3, KIR3DL1, KIR3DL2 and the two activating receptor genes KIR2DL4
and KIR2DS4, each of which have nonfunctional alleles. KIR B haplotypes essen-

tially consist of all other KIR combinations, and nearly always contains more

activating receptors than the A haplotypes. Hiby et al. studied individuals with

preeclampsia and showed that the maternal A haplotype was weakly associated

with development of their disease. However, this association was strengthened if

the fetus had two HLA-CLys80 allotypes, the ligands for KIR2DL1. Furthermore,

there was an inverse correlation between the number of activating KIR genes

present in the mother and the prevalence of preeclampsia. As the KIR2DL1:

HLA-CLys80 interaction is considered to be one of stronger inhibition, it appears

that a more activating KIR genotype (more activating receptors and weaker inhibi-

tory interactions) was associated with protection from preeclampsia. This implies a

model in which excessive inhibition of the maternal uNK cells by the fetal EVT

prevents adequate invasion of fetal cells into the spiral arteries. This results in a

limitation of the blood flow to the fetus, inadequate formation of the placenta and

thence high risk for preeclampsia. Additionally, previous reports have suggested

that an excess of inhibitory KIR may also lead to an increased frequency of

spontaneous abortion [113, 114].

KIR2DL4 is the most evolutionarily conserved KIR, having an orthologous

representation in apes and Old World monkeys [3]. An attractive hypothesis is

that this conservation may be related to a role in for this receptor in pregnancy.
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KIR2DL4 is expressed on all KIR haplotypes and is ubiquitously expressed at the

RNA level by all NK cells. It may have a differential expression in uNKs, as it

appears to be on the cell surface in uNKs but not those in peripheral blood [102]. In

binding assays, KIR2DL4 can bind cell surface HLA-G [107, 108]. However, recent

work has shown that the KIR2DL4:HLA-G interaction is most relevant for soluble

than for surface-expressed HLA-G as KIR2DL4 resides in the Rab5-positive endo-

cytic compartment [109]. NK cells can thus be activated by both cell-surface and

soluble HLA-G. This leads to upregulation of a number of cytokines including

TNF-a, IL-1b and IFN-g, which may be important for the development of the

uterine spiral arteries via the secretion of vascular-derived endothelial growth factor

[115]. Interestingly, KIR2DL4 and HLA-G do not appear to be critical for a

successful pregnancy as there are well-documented cases of individuals who are

homozygous for null alleles of HLA-G alleles and a case report of a woman, without

a KIR2DL4 gene, that have successfully given birth to several children [116–119].

Furthermore, there is one allele of KIR2DL4 that has a single nucleotide deletion,

which results in a splicing change that causes loss of the cytoplasmic signaling tail.

This allele was not, however, overrepresented in 45 preeclamptic women as com-

pared to 48 normotensive pregnant controls [120]. However, it is in linkage dis-

equilibrium with the A KIR haplotype. Therefore, although KIR2DL4:HLA-G is

not critical to a successful pregnancy, it may contribute to a successful pregnancy by

augmenting NK cell activation, and this may be alone or in combination with the

favorable fetal HLA-C allotypes described by Hiby et al. [112].

3.4 KIR and Cancer

In models of tumorigenesis, NK cells have been shown to both increase survival

and reduce tumor burden [121]. However, work in humans has been less clear. The

rationale for their involvement in human tumor control includes MHC class I

downregulation, such as the generation of alloreactive NK cells following haema-

topoietic stem cell transplantation (HSCT), a viral etiology to the tumor, the

expression of ligands for activating receptors, and the upregulation of NKG2D

ligands during cell cycling [122]. KIR have therefore been associated with both

solid and hematological malignancies.

In terms of viral-driven tumors, carcinoma of the cervix is strongly associated

with human papilloma virus. Cervical intraepithelial neoplasia progresses over the

years to carcinoma [123]. There is also chronic inflammatory response to the tumor.

In a large study involving three independent cohorts of individuals with cervical

neoplasia, those with cervical neoplasia (CIN3 or squamous cell carcinoma) were

found to be more likely to have KIR andHLA genes associated with a predisposition

towards activation [124]. Thus, the strong inhibitory genotypes KIR2DL1:HLA-C

group 2 and KIR3DL1:HLA-BBw4 were relatively associated with protection from

disease, whilst weaker inhibitory genotypes such as KIR2DL2/3:HLA-C group 1

and homozygosity for HLA-BBw6 were associated with susceptibility to neoplasia.
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Critically, this model held true for all three populations studied. Additionally, the

activating gene KIR3DS1 was associated with susceptibility. This may be directly

attributable to this gene or act as a marker of the group B KIR haplotypes which are

associated with more activating KIR. The original model to explain this effect

suggests that it is the chronic inflammatory response to the virus that induces on-

going cell turnover and hence the predisposition to cancer, rather than a direct

failure of the antineoplastic immune response. However, in the light of recent work

on the education of NK cells [28] it may be that NK cells educated on a strong

inhibitory MHC class I ligand may generate a stronger IFNg response to a class I-

negative tumor, and hence group 2 allotypes HLA-C are protective rather than

group 1 HLA-C allotypes for which the most frequent inhibitory receptors are

KIR2DL3, rather than KIR2DL2.

The model of susceptibility caused by a more activating genotype is supported by

data from nasopharyngeal carcinoma (NPC) [125]. This disease is associated with

Epstein–Barr Virus (EBV) infection. In this study of 295 individuals with this

disease and 252 controls matched for age, sex and geographic residence, the number

of activating KIR was positively associated with having NPC. The strongest associ-

ation was in individuals seropositive for EBV than for the whole study population,

implying an effect of KIR on the anti-EBV response. Although there were no

significant effects of individual KIR in combination with their cognate HLA-C

ligands, the unusual HLA-B allele, HLA-B*4601, was weakly associated with NPC

in combination with KIR2DS2 amongst the EBV-seropositive individuals. This

allele has been previously associated with NPC [126], and is an interlocus recombi-

nant between HLA-C and HLA-B in which HLA-C is thought to have donated the

KIR-binding motif from HLA-CAsn80 allotypes. The presence of this motif in the

HLA-B allotypes allows it to act as a ligand for KIR2DL2/3 and KIR2DS2 [127].

Hepatocellular carcinoma (HCC) is a complication of chronic liver disease

including viral hepatitis due to hepatitis B and hepatitis C (HCV). In chronic

HCV infection, the activating receptor KIR3DS1 in combination with Bw480Ile is
protective against the development of HCC. KIR3DS1:HLA Bw480Ile was found

more commonly in asymptomatic HCV carriers compared with those who develop

the complication of HCC with an odds ratio of 24.2 [128]. Interestingly, KIR3DS1
and HLA-BBw4 are also weakly protective against chronic HCV infection [79].

Tumor-infiltrating NK cells in HCC express lower levels of both KIR and

NKG2A than the NK cells of healthy livers [129], suggesting a selective recruit-

ment against those with inhibitory receptor expression. Colorectal tumors expres-

sing low levels of HLA class I have an infiltrate with a bias towards T cells rather

than NK cells [130]. In this context, NK cells can be inhibited by the tumor marker,

carcinoembryonic antigen, through its interaction with CEA-related cell adhesion

molecule 1 [131], and this inhibitory signal may be related to the absence of NK

cells in the tumor infiltrate. T cells also express inhibitory KIR on tumor-infiltrating

T lymphocytes which may modulate T cell function, preventing them from killing

cancerous cells [132, 133]. T cell function may also be modulated by the presence

of soluble MIC-A and MIC-B. These are ligands for the activating receptor NKG2D

and may block their interaction with cancerous cells. Thus, modulation of the

288 S.I. Khakoo



balance between activation and inhibition of both T cells and NK cells towards

inhibition may impair the antitumor immune response [134, 135].

Tumor cells may also modulate their susceptibility to NK cell-mediated cyto-

toxicity by expressing factors that prevent apoptosis. The antiapoptotic factor livin-

b, expressed by the Mel-B1 cell line may overcome the NK cell cytotoxicity that

would be anticipated because of the MHC class I downregulation observed in this

line [136]. In malignant melanoma, some KIR associations have been observed but

these are weak and do not support a role for the activating receptor KIR2DS4 which

has been reported to recognize a non-MHC class I ligand expressed on melanoma

cells [22, 137].

KIR may also be important for the control and outcome of hematological

malignancy. There is a wealth of data on survival following haematopoietic stem

cell transplantation (HSCT) and KIR. This has been driven in part by the observa-

tions, from the Perugia group, of alloreactive NK cells in the unusual setting of

haploidentical HSCT [138]. Subsequent work has demonstrated that this protection

is not as straightforward as originally thought, and the conditioning regimen used

may be important in determining the relative benefit of such NK cells. In particular,

the graft vs. leukemia effect may also be determined by the underlying disease that

necessitated the transplant. This is a complex area which is out of the scope of this

review and hence the reader is directed towards reviews which examine this in depth

[139, 140].Whilst KIRmay not be relevant in the pathogenesis of the more common

leukemias, proliferations of large granular lymphocytes (LGL) may be clonal and

consist of either cytotoxic T cells (T-LGL) or NK cells (NK-LGL) [141]. In T cell

LGL, the clone has a terminally differentiated effector CD45RA+ CD27� CD28�
CCR7-phenotype [142, 143]. The individuals may be asymptomatic of suffering

from cytopenias, neuropathies, recurrent infections, splenomegaly or rheumatoid

arthritis [144]. In this context, KIR may act as a marker of clonality in LGL or be

involved in disease pathogenesis. They have been shown to be clonally expressed on

up to 48% of T-LGL [145], and expression of a KIR without a cognate MHC class I

ligand (five out of seven cases) may be associated with a more severe disease

phenotype [146]. Consistent with an autoreactive model, expression of LILRB1

(ILT2/LIR-1), an inhibitory receptor with a broad MHC class I specificity, is

associated with a lack of symptoms, and so may be preventing autoreactivity

[147]. KIR is also expressed in approximately half of the NK-LGL cases [145,

148–150]. However, this may not be clonal [151] and these populations are asso-

ciated with predominantly activating KIR and a group B KIR haplotype [149]. The

activating nature of these KIR has been confirmed in functional experiments [150].

4 Conclusion

KIR have a multifunctional role in disease and disease pathogenesis. A number of

genetic studies have suggested associations of KIR and their ligands with human

diseases. In broad terms, the KIR genes present in an individual determine a specific
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functional consequence by affecting the degree of NK cell activation or inhibition.

Some KIR haplotypes have a tendency towards more activation, or lower levels of

inhibition, and this in combination with the appropriate ligands is associated with

increased risk of inflammatory diseases, but a stronger antiviral response. Stronger

inhibitory haplotypes may lead to disorders in pregnancy. Thus, the KIR locus

appears to be subject to balancing selection pressures that maintain these diverse

haplotypes [152]. Adequately powered population studies have the potential to

reveal associations that confer additional benefit or susceptibility to diseases with

multifactorial aetiologies. However, the observed correlations of KIR in disease are

diluted by the stochastic expression of the KIR genes on NK cells and T cells,

leading to a reduction in statistical power. At present, we have only a limited

understanding of the control of these genes, which further constrains our ability

to interpret the data. Receptor:ligand associations, where known, are predicted on

the basis of simple structural motifs which likely underestimate the complexity of

the KIR:HLA interactions, and by inference modulate our ability to interpret the

functional role of a given genetic association. Also, a number of KIR receptors do

not have well-defined ligands, which could significantly affect the data analysis if

they were found to exhibit either polymorphism or substantial population diversity.

Using our knowledge, gained from functional experiments to interpret the genetic

data, can also be problematic, as is exemplified by the current controversy over the

role of inhibitory receptors for MHC class I in the “licensing” of NK cells [27]

versus mechanisms for NK cell self-tolerance [153]. For now, the interpretation of

disease association studies remains constrained by these simple algorithms, and

interpretation of the minutiae of these datasets is open to debate. Using large

population-based studies, the geneticist has the opportunity to provide instructive

hypotheses for cell biologists to test. Working together will be the key to unravel-

ling these problems, and ultimately to translating them into clinical benefit.
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Interactions Between NK Cells and

Dendritic Cells

Guido Ferlazzo

Abstract Dendritic cells (DC) represent the most powerful antigen-presenting

cells (APC). Located in peripheral tissues in an immature form, DC are efficient

in capturing antigens such as pathogens and dying cells. In general, microbial

stimulation causes DC to convert from the immature state, in which they induce

abortive or tolerogenic T cell responses, to a mature state, in which they elicit a

productive response.

The functional links between natural killer (NK) cells and DC have been widely

investigated in the last years and different studies have demonstrated that reciprocal

activations ensue upon NK/DC interactions. More recently, the anatomical sites

where these interactions take place have been identified together with the related

cell subsets involved. Remarkably, there is now “in vivo” evidence that this cellular

cross-talk occurring during the innate phase of the immune response can deeply

affect the magnitude and the quality of the subsequent adaptive response. Thus, NK

cells are not merely cytotoxic lymphocytes competent in containing the spreading

of viruses and tumors but can now rather be considered as crucial fine-tuning

effector cells.

1 Introduction

Dendritic cells (DC) represent the most powerful antigen-presenting cells (APC)

and are found in various tissues where they play a major role in antigen capture.

Subsequent stimuli will induce further differentiation into mature DC and their

migration into secondary lymphoid organs, primarily lymph nodes. These stimuli

are represented either by microbial products or by cytokines of the innate immunity

including tumor necrosis factor (TNF)-a, IL-1 and IL-6. Mature DCs acquire a
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potent APC activity because of the expression of costimulatory molecules and of

high levels of surface HLA molecules [1–3].

Until recently, no information existed on the possible interactions between

natural killer (NK) and DC. However, recent reports revealed that these cells may

interact with each other, thus providing evidence for novel, unexpected mechan-

isms of regulation at the interface between innate and adaptive immunity.

Thus, NK cells are not merely cytotoxic lymphocytes competent in con-

taining the spread of viruses and tumors, but can now rather be considered

as crucial fine-tuning effector cells widely involved in different phases of the

immune response.

Indeed, while NK cells have long been defined as “primitive” and “nonspecific”

effector cells, we have now a different perception of these cells and it is now clear

that NK cells evolved to cooperate with the adaptive immunity.

First, it is evident that NK cells evolved to adapt to and cooperate with mechan-

isms of the specific immunity: they have evolved receptors for the Fc portion of IgG

that allow killing of antibody-coated target cells or certain pathogens; they also

release a number of cytokines that regulate T cell activation and function. Impor-

tantly, an early activation of NK cells during immune responses may influence the

quality of the subsequent T cell response by inducing a Th1 polarization. Second,

NK cells have evolved a mechanism allowing the rapid detection and killing of

potentially dangerous cells characterized by an altered expression of MHC class I

antigens due to infections. Human NK cells have been shown to express different

human leukocyte antigen (HLA) class I-specific inhibitory receptors. A family of

these receptors (termed killer Ig-like receptors (KIR)) detect shared allelic deter-

minants of HLA class I molecules while others display a more “promiscuous”

pattern of recognition and are characterized by a broad specificity for different HLA

class I molecules (LIR1/ILT2) or recognize the HLA class Ib HLA-E molecules

(CD94/NKG2A) [4–8]. This mechanism is sophisticated (KIR detect allelic deter-

minants of HLA class I molecules) and of recent evolution since murine NK cells

lack KIR (a similar function is mediated by structurally different receptors) [4] and

major differences in the type and specificity of expressed KIR exist in chimpanzees,

a species that diverged from humans only 5 million years ago [9]. This clearly

means that KIR have evolved recently, paralleling the rapid evolution of HLA class

I molecules.

2 Cytotoxic and Cytokine Secreting NK Cells

Although NK cells were initially described as cytotoxic effectors in peripheral

blood and were found to lyse tumor cells without prior activation, recent studies

suggest that a possibly immunoregulatory subset of NK cells responds to activation

mainly with cytokine secretion. For instance, IFN-g, a major cytokine released by

activated NK cells, represents the principal phagocyte-activating factor, indicating

the crucial function of NK cell activation during infections. Human peripheral
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blood mononuclear cells contain around 10% of NK cells [10]. The majority

(around 95%) belongs to the CD56dimCD16+ cytolytic NK subset [11–13]. These

cells carry homing markers for inflamed peripheral sites and express perforin to

rapidly mediate cytotoxicity [11, 12]. The minor NK subset in blood (usually less

than 5%) is CD56brightCD16� cells [11–13]. These NK cells lack perforin (or have

low level of it), but secrete large amounts of IFN-g and TNF-b upon activation and

are superior to CD56dimNK cells in these functions. In addition, they display homing

markers for secondary lymphoid organs, namely CCR7 and CD62L [12, 13].

Another difference between these subsets can be found in their receptors med-

iating target recognition. Human NK cell recognition of target cells is guided by the

balance of activating and inhibitory signals given by different groups of surface

receptors. The main activating receptors constitutively found on all NK cells in

peripheral blood are NKG2D and the natural cytotoxicity receptors (NCR) NKp30

and NKp46 [14]. All of them probably recognize molecules that are upregulated

upon cellular stress [15, 16].

However, only the stress-induced NKG2D ligandsMICA/B and ULBP have so far

been identified [17, 18]. While cytotoxic peripheral blood CD56dim NK cells are able

to target antibody-opsonized cells via their low-affinity FcgRIII/CD16 molecule,

immunoregulatory CD56bright NK cells lack this receptor nearly entirely [12, 13].

Most inhibitory NK cell receptors engage MHC class I molecules on target cells.

They can be distinguished into two groups, detecting either common allelic determi-

nants of MHC class I, or MHC class I expression in general. The KIR receptors

constituting the first group distinguish polymorphicHLA-A, -B and -Cmolecules. The

inhibitory receptor surveying MHC class I expression in general are more heteroge-

neous. They include the LIR1/ILT2 molecule with a broad specificity for different

HLA class I molecules and the CD94/NKG2A heterodimer, specific for HLA-E

whose surface expression is dictated by the availability of HLA class I heavy chain

signal peptides. The MHC class I allele-specific KIR receptors are expressed on

subsets of CD56dimCD16� cytolytic NK cells, while the immunoregulatory

CD56brightCD16+ NK subset expresses uniformly CD94/NKG2A and lacks KIR [12].

These phenotypes are consistent with the hypothesis that CD56dimCD16+ NK

cells are terminally differentiated effectors that carry the whole panel of sophisti-

cated activating and inhibitory receptors to detect allelic HLA class I loss and can

readily lyse aberrant cells at peripheral inflammation sites. On the contrary,

CD56brightCD16� NK cells might perform an immunoregulatory function in sec-

ondary lymphoid tissues and release large amount of effector cytokines able to

control pathogen spreading.

3 NK Cells in Secondary Lymphoid Organs

Peripheral blood is the most accessible source of human NK cells. Therefore, most

studies have been performed with NK cell populations from this organ and it was

assumed that most NK cells circulate in human blood after their emigration from
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the bone marrow. Recently, however, it has been shown that a substantial amount of

human NK cells homes to secondary lymphoid organs. These amount to around 5%

of mononuclear cells in uninflamed lymph nodes and 0.4–1% in inflamed tonsils

and lymph nodes [19, 20]. These NK cells constitute a remarkable pool of innate

effector cells, since lymph nodes harbor 40% of all lymphocytes, while peripheral

blood contains only 2% of all lymphocytes [21, 22]. Therefore, lymph node NK

cells are in the absence of infection and inflammation ten times more abundant than

blood NK cells.

As expected from CCR7 and CD62L expression on CD56bright NK cells in blood,

the CD56bright NK subset is enriched in all secondary lymphoid organs analyzed so far

(lymph nodes, tonsils and spleen) [20]. In spleen, around 15%, and in tonsils and

lymph nodes around 75% of NK cells, belong to the CD56bright subset. Lymph node

and tonsil NK cells, however, uniformly lack FcgRIII/CD16 and KIR, while the

CD56dim NK cells in spleen express these molecules [20]. Surprisingly and in contrast

to CD56bright blood NK cells, lymph node and tonsil NK cells show no or very low

expression of the constitutive NCR NKp30 and NKp46 [19, 20]. On the other hand,

the inducible NCRNKp44, undetectable onNK cells directly isolated from peripheral

blood, is upregulated on NK cells harbored in inflamed tonsils [20]. Therefore, target

cell recognition by lymph node and tonsil NK cells seems to be mainly influenced by

NKG2D as activating and CD94/NKG2A as inhibitory receptor [19, 20]. This NK

receptor repertoire of lymph node and tonsil NK cells is similar to CD56bright blood

NK cells, but even more restricted by the absence of constitutive NCR.

With respect to NK function, secondary lymphoid tissue NK cells show an

impressive plasticity. Although lymph node and tonsil NK cells are initially

perforin-negative and show no cytolytic activity against MHC class I low and

ULBP high targets, perforin and cytotoxicity can be upregulated by IL-2 within 3–7

days [20]. Interestingly, NK cells from secondary lymphoid organs gain during the

same time-period expression of CD16, NCR NKp30, NKp46 and NKp44 as well as

KIR [20]. Therefore, activation converts lymph node and tonsil NK cells into

effectors, similar to the terminally differentiated CD56dimCD16+ blood NK cells

with cytolytic function and the sophisticated set of inhibitory and activating receptors.

4 Dendritic Cells as Early Activators of NK Cell Functions

The mentioned human NK cell compartments are probably all involved in early

innate immune responses. Recent studies have demonstrated that during the innate

phase of the immune response NK cells can also mediate DC maturation [23, 24].

This activation is not unidirectional, because the interaction between mature, but

not immature, DC and NK cells results in NK cell proliferation, IFN-g production

and induction of cytolytic activity [25, 26]. Thus, DC have now emerged as the

activators of NK response in the early phases of the immune response, i.e., before

an adaptive immune response had been evoked and T cell derived cytokines, such

as IL-2, could be produced. Remarkably, DC-induced NK cell cytolytic activity
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was directed not only towards tumor cells, but also against immature DC (iDC).

The NK-mediated killing of DC was mostly dependent on the NKp30 NCR.

Other activating receptors or coreceptors played virtually no role [26]. This

would imply that DC express the ligand for NKp30, but not for other major

triggering NK receptors.

During NK activation by myeloid DC, both soluble factors as well as cell-to-cell

contact seem to be important. In mice, induction of NK cell cytotoxicity was

entirely blocked by transwell separation of DC and NK cells, indicative for a

major contribution of DC surface receptors in NK activation [25]. In addition,

DC derived IFN-a/b, IL-12 and IL-18 have been reported to be crucial in murine

NK activation [27–29].

While IL-12 was mainly implicated in NK mediated IFN-g secretion, IFN-a/b
seems required for cytotoxicity of NK cells [28, 30]. In addition, secretion of IL-2 by

DC stimulated with microbial stimuli might also contribute to NK activation [31, 32].

In human, NK activation by DC was not significantly disrupted by transwell

separation of the two cell types, indicating a major contribution of soluble factors in

NK activation [33, 34]. In one study, DC were unable to activate NK cells in the

presence of neutralizing antibodies for IL-12 and IL-18 [34]. Other studies demon-

strated that NK activation by DC subsets correlates with IL-12 secretion by these

DC, while IL-15 and IL-18 secretion were not indicative for NK activation [35, 36].

Therefore, IL-12 might play an important role in human NK activation by DC.

Apart from myeloid DC that efficiently activate human and mouse NK cells,

plasmacytoid DC (pDC) might also contribute to NK activation. This DC subset has

been found to produce 200–1,000 times more type I IFN than other blood cells after

viral challenge [37] and IFN-a/b are critical cytokines for inducing NK cell-

mediated lysis of virus-infected targets [38–40]. IFN-a/b secretion seems, however,

not only the signature of pDC, but also myeloid DC can secrete substantial amounts

of these cytokines upon direct viral infection [41], as well as upon bacterial

infection [42]. Therefore, the contributions of myeloid and pDC in type I IFN-

mediated NK activation remains to be established.

While cytokines play a dominant role in human NK cell activation by DC, IFN-a
treatment of DC in addition upregulates the NKG2D ligands MICA/B on

monocyte-derived DC and these molecules seem to activate resting NK cells in a

cell contact dependent manner [43]. MICA/B upregulation on DC upon IFN-a
exposure seems to be mediated by DC derived autocrine/paracrine IL-15 [44].

Therefore, cell contact might contribute under certain inflammatory conditions to

NK activation by human DC.

5 DC/NK Interactions During Infections

It is conceivable that DC/NK cell interactions may occur primarily during

infections. Therefore, it was important to analyze the effect of live bacteria on the

cross-talk between DC and NK cells. Two different models of bacterial infection
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have been analyzed [35]. One represented by the extracellular bacteria Escherichia
coli, the other by the intracellular mycobacterium BCG, capable of efficiently

infecting DC [45, 46]. In both systems, bacterial infection of DC led to a particu-

larly rapid NK cell activation.

Since mature DC are capable of inducing proliferation of autologous NK cells

[26], it was then further investigated whether the infection of DC with BCG had any

effect on this capability. BCG was employed as infective agent because of its ability

to efficiently infect DC without undergoing substantial proliferation (thus, not

interfering with 3H-thymidine incorporation assays).

In this study, it was confirmed that DC, derived from monocytes in the presence

of GM-CSF and IL-4, were able to induce NK cell proliferation. It is of note that

both the NK cell proliferation and the number of viable NK cells recovered after 5

days of culture were significantly increased in the presence of BCG. Control

experiments with culture containing NK cells, and BCG alone, did not lead to

NK cell proliferation.

The observed NK cell proliferation is likely to be sustained by lymphokines

such as IL-2 and IL-15 [31, 47, 48]. Although these cytokines were detected at

extremely low levels in the supernatants derived from DC cultured in the presence

of bacteria, it is not possible to exclude their role in DC-mediated NK cell

expansion. Indeed, a more recent study indicates a relevant role of the membrane-

bound form of IL-15 on human DC stimulated by different inflammatory stimuli,

including LPS, in DC-dependent NK cell proliferation. Notably, in this experimental

model, CD56bright lymph node NK cells were preferentially expanded during DC/NK

coculture.

Previous studies have shown that, following stimulation with LPS, DC induce

the expression, in NK cells, of the early activation marker CD69 [23, 49]. Accord-

ingly, DC that had been exposed to living bacteria could also induce activation

markers on NK cells. Both CD69 and HLA-DR were also upregulated in the

presence of bacteria. It is of note that whereas CD69 and HLA-DR can be detected

after interaction of NK cells with noninfected immature DC, DC infection resulted

in a greater increase of the expression of both molecules on NK cell surface. In

addition, a de novo expression of CD25 could be detected. This de novo expression

may be functionally relevant since the expression of CD25, a component of the

IL-2 receptor complex, renders NK cells highly responsive to IL-2. Neither

BCG nor E. coli could induce the expression of these activation markers in the

absence of DC.

Since the NKp30 receptor is primarily involved in DC recognition and lysis by

NK cells [26], it was also analyzed whether mAb-mediated masking of NKp30

could interfere with the NK cell activation induced by DC and bacteria. The

addition of anti-NKp30 mAb did not modify the expression of CD69, HLA-DR

and CD25. These data clearly indicate that the induction of an activated phenotype

in NK cells is not mediated via NKp30. Therefore, this triggering receptor, which

plays a major role in the recognition and lysis of DC, does not appear to play any

substantial role in the activating signal delivered by DC to NK cells.
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6 Dendritic Cell Editing by Activated NK Cells

Activated NK cells can lyse autologous iDC while they are less effective against

mature DC [26, 50]. In addition, a short-term coculture of resting NK cells with DC

that had been pulsed with LPS or heat-killedMycobacterium tuberculosis, has been
reported to result in increase of NK-mediated cytotoxicity against the Daudi target

cell line [23]. It was further investigated whether NK cells cocultured with DC that

had been infected with live bacteria could lyse autologous iDC. After 24 h of

coculture, only NK cells cultured in the presence of infected DC could lyse

autologous iDC. After this time interval, uninfected iDC failed to induce NK cell

cytotoxicity.

Remarkably, infected DC were less susceptible to the lysis, as compared to iDC

cultured in the absence of bacteria. These results were obtained after as few as 24 h

of NK/DC coculture.

In the same set of experiments, it was also analyzed whether polyclonal NK cell

lines cultured for over 1 week in IL-2 could discriminate between infected and

noninfected autologous DC. IL-2-cultured NK cells lysed uninfected iDC very

efficiently, but were less effective against infected DC. Therefore, the resistance

of infected DC to NK-mediated lysis does not depend upon the degree of NK cell

activation, but rather reflects an intrinsic property of infected DC themselves.

In this context, the arrival of NK cells to inflamed tissues and their encounter

with iDC may appear paradoxical, as it would lead to depletion of APC. Neverthe-

less, DC exposed to bacteria become highly resistant to NK cell-mediated lysis.

Therefore, while they can positively influence NK cells, they are not damaged by

NK cells themselves and are allowed to migrate to secondary lymphoid organs.

In turn, NK cells undergo both activation and proliferation, display a rapid

increase in their cytolytic activity and may release large amounts of cytokines,

including TNF-a, GM-CSF and IFN-g [47], which may further amplify the inflam-

matory response.

The different susceptibility of iDC versus mature DC is primarily related to

differences in surface expression of HLA class I molecules [51]. In order to

determine whether the early resistance of infected DC to NK-mediated lysis

reflected a rapid upregulation of HLA class I molecules, the surface density of

HLA class I on DC, cultured alone or in the presence of either BCG or E. coli, was
comparatively analyzed on a quantitative basis. Cell size and the expression of

HLA class I molecules were evaluated by flow cytometry. By the simultaneous

evaluation of cell size and fluorescence intensity, the number of HLA class I

molecules/m2 of DC cell surface could be calculated. Two days (48 h) after

infection, DC increased the number of HLA class I molecules/m2 approximately

tenfold with both BCG and E. coli. In view of the high expression of HLA class I in

infected DC, it appears conceivable that resistance to NK-mediated lysis could be a

distinct consequence of this phenomenon. On the other hand, another possible

explanation could be that BCG and E. coli could downregulate the expression of

the ligands for triggering receptors of NK cells. In order to discriminate between
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these two possibilities, cytolytic tests in the presence of mAbs (IgM isotype)

specific for HLA class I molecules were performed. Upon mAb-mediated masking

of HLA class I molecules, a sharp increase of cytolytic activity against infected DC

could be detected. This clearly indicates that the resistance of infected DC to NK-

mediated lysis is due to increased inhibitory interactions occurring between HLA

class I and inhibitory receptors expressed on NK cells. The anti-HLA class I mAb-

induced restoration of the cytolytic activity, and the inhibition of this activity by

anti-NKp30 mAb, manifestly pointed out that infected DC also express levels of

ligands for this triggering NK receptor sufficient to induce NK cell activation.

A relevant question related to the above-presented data is why bacterial infection

should lead to a rapid induction of NK cell activation and cytotoxicity. Thus, while

NK cell recruitment and activation result in production of cytokines and chemo-

kines which may contribute to the defense against bacterial spreading, the cytolytic

activity of NK cells does not exert any direct effect against bacteria. In this regard, a

physiopathologic mechanism, in which activated NK cells could play a role in the

homeostasis of the immune response during bacterial infections, has been proposed

[26, 52]. This model is based on the evidence that activated NK cells are inefficient

in killing infected DC (as discussed above) but they can efficiently lyse uninfected

DC. Accordingly, the presence of activated NK cells in tissues and lymph nodes

may limit an overwhelming recruitment of iDC at a stage in which pathogens have

already been eliminated and infection has been controlled. Therefore, the ability of

NK cells to discriminate between infected and uninfected DCmay suggests that NK

cells play an important regulatory role by selectively editing APC during bacterial

infection and thus switching off an excessive immune response. This mechanism

may be particularly useful in preventing tissue damage.

Exposure of DC to bacteria rapidly induces DC maturation and expression of

functionally important surface molecules, including CD80 and CD86 coreceptors,

HLA molecules and CCR7 [35]. Thus, DC acquire rapidly the ability to efficiently

function as professional APC and to migrate to secondary lymphoid organs, where

they can interact with T cells and evoke a prompt adaptive immune response against

infecting bacteria. In addition, DC that had encountered bacteria can also rapidly

and markedly potentiate an important effector arm of the innate immunity by

inducing a rapid activation of NK cells.

A conceivable question may now be how and where DC and NK cells can meet

each other during the immune response against pathogens.

7 Sites of NK/DC Interaction During the Immune Response

The recent data on NK cell activation by DC suggest that these APC initiate the

early and innate NK activation during the immune response. The question remains

as to where this interaction takes place.

No direct evidence exists that DC and NK cells encounter at sites of infection.

Nevertheless, microbial invasion causes tissue inflammation and one site of DC/NK
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interaction is inflamed tissue. NK cells have been found in close contact to DC

in lesions of allergen-induced atopic eczema/dermatitis syndrome [53]. Moreover,

the chemokine receptor repertoire and the chemokine responsiveness of CD56dim

CD16+ blood NK cells suggest that they can home to sites of inflammation

efficiently [11]. The cytotoxic blood NK subset migrates efficiently in response to

IL-8 and soluble fractalkine and expresses the respective receptors for these

chemokines, CXCR1 and CX3CR1. Both chemokines are induced by proinflam-

matory cytokines like IL-1 and TNF-a [54, 55]. Fractalkine mediates adhesion to

endothelia and emigration of NK cells from the blood stream, while IL-8 mediates

further migration to the site of inflammation [56]. Therefore, cytotoxic

CD56dimCD16+ blood NK cells are able to home to inflamed tissues where they

can encounter DC, which are resident in peripheral tissue sites.

The DC/NK encounter at sites of inflammation can either result in DC matura-

tion by modest NK infiltration or in immature DC lysis due to large NK cell

infiltrates [49]. The maturation of DC upon NK encounter has been largely attrib-

uted to TNF-a secretion by NK cells [23, 49]. Both NK effector mechanisms will

deplete the inflamed tissue of DC either by maturation-induced migration or by

killing. This will also deprive DC-trophic bacteria of their host cells at the site of

infection.

8 Dendritic Cells Induce Maturation of NK Cells

Until recently, only limited information had been available on NK cells located in

lymphoid tissues, and therefore NK cells have mainly been considered as effector

cells harbored in the blood stream and able to promptly extravasate to inflamed

tissues. The evidence that a large amount of NK cells is located in uninflamed

lymph nodes [20] suggests secondary lymphoid organs as important sites of NK cell

activation.

Indeed, CD56brightCD16� NK cells isolated from uninflamed human lymph

nodes become strongly cytolytic upon stimulation with IL-2.

The de novo acquired cytotoxic properties were accompanied by the expression

of both activating and inhibitory receptors. In addition, perforin-negative NK cells

located in secondary lymphoid organs might play different roles prior to maturation

into cytolytic effectors, such as secretion of critical immunoregulatory cytokines

upon activation. In this regard, it has been demonstrated that peripheral blood

CD56brightCD16� NK cells produce significantly higher levels of cytokines than

their CD56dimCD16+ counterpart [47, 49]. Similarly, the CD56brightCD16� NK

subset located in secondary lymphoid organs produces relevant cytokines prior to

maturation into cytolytic effector cells [20].

Interestingly, several reports have recently shown that DC elicit IFN-g secretion
by autologous NK cells [23–26, 49]. Specifically, NK cells from secondary lym-

phoid organs are particularly effective in this function and when they are cocultured

with autologous DC stimulated by bacterial products, they can produce IFN-g
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within 6 h. This is of interest since IFN-g represents a main cytokine for phagocyte

activation. Indeed, CD56brightCD16� NK cells produce significantly higher levels

of IFN-g, TNF-b, GM-CSF, IL-10 and IL-13 protein in response to monokines

produced by DC, such IL-12, IL-15, IL-18 and IL-1b [13]. On the basis of these

findings, NK cells in secondary lymphoid organs should not be referred to as merely

“immature” NK cells but rather as effector cells whose functional plasticity enables

them to accomplish different sequential tasks during immune responses.

Since DC mature and migrate to secondary lymphoid tissues following an

encounter with bacteria, they might encounter CD56brightCD16� NK cells there in

the very early phase of an immune response prior to T cell activation. As discussed

in detail below, this could result in local cytokine release by NK cells, which might

be able to shape the following adaptive immune response and probably also APC

functions [57].

9 Role of NK Cells in DC-Mediated T Cell Polarization

We discussed above that a recent “in vitro” model proposed that NK cells might

play an important regulatory role by selectively editing APC during the course of

immune responses. NK-mediated lysis of immature, but not mature DC might

select an immunogenic DC population during the initiation of immune responses.

In addition to removal of nonimmunogenic DC, NK cells also secrete IFN-g
upon encounter with DC [26]. As a consequence, subsequent T cell polarization

may be influenced. Indeed, in vitro studies in both mouse and human systems

have demonstrated the importance of IFN-g in the polarization of type 1 immune

response. Interestingly, in a murine model of skin graft rejection, the recognition

of donor DC by host NK cells led to modulation of Th1/Th2 cell development.

Namely, turning host NK cells off was sufficient to skew the alloresponse to

Th2 [58].

Thus, as already mentioned, the encounter of mature DC with perforin-negative

NK cells located in secondary lymphoid organs should lead to a critical immuno-

regulatory role [59], as DC can induce NK cells of human secondary lymphoid

organs to secrete IFN-g. Moreover, DC selectively stimulate the CD56brightCD16�

cell subset to produce IFN-g and the production is extremely rapid and fully

dependent on IL-12 released by mature DC. In vivo, murine lymph node NK

cells, activated by LPS-stimulated autologous DC migrating into the lymph node,

secrete IFN-g with a peak of cytokine release after 48 h. NK cell depletion and

reconstitution experiments show that NK cells provide an early source of IFN-g that
is absolutely required for Th1 polarization [60]. Therefore, in a model of DC

stimulation by bacterial products, NK cells play a crucial regulatory role during

DC-dependent T cell priming and subsequent polarization in the T cell areas of

secondary lymphoid organs.

In conclusion, early activation of NK cells by DC activated by bacteria may play

an immunoregulatory role in shaping the emerging adaptive immune responses.

308 G. Ferlazzo



The ability to edit APC as well as secrete immunomodulatory cytokines might

result in increased and predominantly Th1-polarized immune responses.

10 DC Activation by NK Cells

Recent studies have demonstrated that during the innate phase of the immune

response DC maturation can be also mediated by NK cells [23, 24, 49]. This might

be particularly relevant for evoking an adaptive immune response against cancer

cells, since the absence of pathogen related molecules and of inflammation, at least

in the early phases, does not lead to DC maturation and, as a result, to an effective

tumor antigen presentation. Similarly, NK cell-mediated DC maturation should be

crucial in infections caused by viruses unable to trigger DC maturation [61–63].

Recent studies shed light on the molecular mechanisms that regulate this specific

part of the NK cell/DC cross-talk. It has been found that at low NK cell:DC ratio

(1:5) NK cell/DC interaction induces cytokine production (especially TNF-a and

IL-12) by DC, and this stimulating effect may depend on cell-to-cell contact as well

as TNF-a released by NK cells [49]. The physical interaction between these cells

might allow the engagement of NCR that recognize ligands on the DC surface. It

has been recently reported that NK-mediated DC maturation depends on the

triggering of NKp30 on NK cells which in turn secrete TNF-a and IFN-g [64].

When they used neutralizing monoclonal antibodies against TNF-a, IFN-g and

NKp30, they could not detect DC maturation, demonstrating that these factors may

represent different players of the same event.

11 Conclusions

In summary, immunomodulatory as well as cytotoxic NK cells can be activated via

DC early during the immune responses. Possible interaction sites for this encounter

are sites of inflammation and secondary lymphoid tissues. DC-activated NK cells

might then exert effector functions against infected cells, but mainly influence the

emerging adaptive immune response via DC editing and/or activation as well as

releasing immunomodulatory cytokines.

The complex cross-talk occurring between these two major players of the innate

immunity provides a novel mechanism by which NK cells could cooperate in the

defense against pathogens and cancer cells.
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Modulation of T Cell-Mediated Immune

Responses by Natural Killer Cells

Alessandra Zingoni, Cristina Cerboni, Michele Ardolino, and Angela Santoni

Abstract Natural Killer (NK) cells are lymphoid cells that participate in innate

immunity and in early defense against infections and tumors. NK cells express cell

surface activating and inhibitory receptors that allow them to recognize and kill

infected or tumor cells and rapidly produce cytokines and chemokines. Increasing

evidence asserts an important immunomodulatory role of NK cells. We will discuss

different mechanisms used by NK cells to regulate T cell-mediated immune

responses.

1 Introduction

NK cells are an important component of innate immunity. They represent a highly

specialized subpopulation of lymphocytes that mediate cellular cytotoxicity, and

produce chemokines and cytokines such as interferon-g (IFN-g) and tumor necrosis

factor-a (TNF-a) in response to target cell recognition or stimulation by proin-

flammatory cytokines or interferons. NK cells distinguish between normal and

abnormal cells (such as virus-infected or tumor cells) by using a repertoire of cell

surface receptors that control their activation, proliferation, and effector functions

[1]. Different sophisticated recognition strategies are used by NK cells. These

include direct recognition of pathogen-derived molecules mediated by activating

or Toll-like receptors; recognition of self-proteins whose expression is upregulated

on abnormal cells, and which is mediated by the interaction with activating

receptors, such as NKG2D; recognition of MHC class I molecules whose levels

are frequently downmodulated on transformed or virus-infected cells, mediated by

inhibitory receptors. The amount of activating and inhibitory receptors on NK cells
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together with the amount of ligands on target cells determines the outcome of the

NK cell response [1].

NK cells constitute a heterogeneous population with distinct functional subsets

whose proportions differ according to their localization. NK cells are present in

lymphoid organs (such as lymph nodes, bone marrow, spleen, and thymus), in

peripheral blood, and in nonlymphoid organs including liver, lung, intestine, and

uterus [2]. Therefore, there are substantial functional differences and distinct

anatomical sites for NK cells. Moreover, NK cells are known to interact with

various cellular components of the immune system, including dendritic cells

(DC), macrophages, B cells, and CD4+ and CD8+ T lymphocytes. Thus, NK cells

have the potential to function as regulatory cells. In fact, increasing evidence

suggests that NK cells, in addition to their role as effectors in the innate immunity,

can strongly contribute to the development and regulation of adaptive immune

responses. NK cell modulation of adaptive immunity strongly depends on the

specific subset involved as well as on the site where the interaction occurs.

Importantly, both in vivo and in vitro studies suggest that NK cells can either

promote or restrain T cell-mediated immune responses, depending on the physio-

logical and/or pathological situation.

Here, we will discuss some of the current knowledge about the different

mechanisms used by NK cells to modulate T cell-mediated immune responses.

2 NK Cell Regulation of T Cell-Mediated Responses Through

the Production of Cytokines and Chemokines

NK cells can contribute to maintain the homeostasis of the immune system and to

regulate adaptive immune responses through their production of cytokines and

chemokines. NK cells represent the major early source of IFN-g after viral [3],

bacterial [4, 5], and protozoal [6, 7] infection in both conventional and T cell-

deficient mice. Importantly, several in vivo studies have shown that NK cell-

derived IFN-g is critical for T helper 1 (Th1) polarization. In particular, NK cells

are a crucial component in the resistance to the protozoan parasite Leishmania
major by promoting an IFN-g-dependent Th1 response [4]. A similar immunoregu-

latory role has been demonstrated in the response to Chlamydia trachomatis [5],
Listeria monocytogenes [6], and Toxoplasma gondii [7]. In all these models, the

pathogens are thought to activate NK cell cytokine production, especially IFN-g,
indirectly through their induction of IL-12 production by macrophages or DC. In

addition, recent evidence has shown that migrating mature DC and some adjuvants

can promote the recruitment to the draining lymph nodes of NK cells that provide

an early source of IFN-g necessary for Th1 polarization [8]. Moreover, using real-

time in vivo imaging, NK cells have been found to be a functionally important

component of the lymph node compartment [9, 10]. Indeed, the study of Bajenoff

et al. [9] revealed that NK cells localize near the DC and interact with them in
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resting lymph nodes, while, after Leishmania major infection, abundant numbers of

NK cells are recruited into the draining lymph nodes to produce cytokines. Impor-

tantly, a similar effect has been observed also in humans, where NK-cell-derived

IFN-g was found to enhance the expansion of Th1 cells [11].

These data denote that NK–DC–T cell interactions are likely to occur within the

lymph node environment, thus affecting the nature of antigen (Ag)-specific immune

responses.

However, since NK cells are not homogeneous, the outcome of an immune

response can be profoundly influenced also by the type of the NK cell subset

involved. Human NK cells are characterized phenotypically by the presence of

CD56 and the lack of CD3. The NK cell subset primarily located in the parafollicular

T cell- and Antigen Presenting Cell (APC)-rich region of the secondary lymphoid

tissue is characterized by a CD56highCD16� surface phenotype and can rapidly

produce substantial amounts of cytokines and chemokines upon activation, but

displays poor cytotoxic capacity [2]. By contrast, the majority of circulating

human NK cells (about 90%) with low surface density of CD56 and high levels of

CD16 (CD56dimCD16bright) have a lower ability to produce cytokines in response

to activation but are highly cytotoxic [2]. Notably, the MHC class I allele-specific

killer immunoglobulin (Ig)-like receptors (KIR) are expressed on a considerable

fraction of CD56dimCD16+NK cells, whereas the CD56brightCD16�NK subset lacks

KIR [12]. Interestingly, only CD56high NK cells express secondary lymphoid organ

homing markers such as CCR7, CD62L, and CXCR3 [13]. Recent studies have

shown that the two human NK-cell subsets represent different stages of sequential

maturation, with CD56dim NK cells deriving from CD56high NK cells [14, 15].

Although CD56 is not expressed in rodents, subpopulations of NK cells similar

to the two main human NK cell subsets have been also described in mice. Mouse

CD11bhigh NK cells include CD27high and CD27low subsets that differ in terms of

expression of NK cell inhibitory receptors, chemokine receptors and are function-

ally different: CD27low cells are mostly found in nonlymphoid organs (blood, liver,

and lungs) and their cytotoxic and cytokine production activities are more tightly

regulated [16, 17]. The CD27high cells have many features similar to that of

CD56high cells. They predominate in the lymph nodes and are responsive to IL-12

and IL-18, but unlike CD56high cells, they are also highly cytotoxic.

Distinct subsets of human NK cells can also produce type 1 (IFN-g and TNF-a)
and type 2 (IL-5, IL-13, IL-10) cytokines [18, 19]. Expansion of type 2 cytokine-

producing NK cells is also observed in IFN-g knockout mice, showing that NK cells

could functionally polarize in vivo [20]. Interestingly, it has been found that

remission of multiple sclerosis is associated with the inhibition of autoimmune

Th1 cells by NK-cell-derived IL-5 [21]. A role for NK-cell-produced IL-5 in the

recruitment of eosinophils into the lungs has also been demonstrated in a mouse

model of allergic inflammation [22]. In addition, NK cells have been described to

regulate CD4+ T cell responses before Ag presentation through their IL-10 produc-

tion [23]. Beside IL-10, NK cells are also a source of transforming growth factor-b
(TGF-b) [24]. Recently, both in humans and mice, an NK cell subset has been

characterized that is located in the mucosa-associated lymphoid tissues which
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produces IL-22 providing an innate source of this cytokine that may protect

mucosal sites during inflammation [25].

NK cells can affect not only the nature of T cell-mediated immune response but

also the recruitment of specific T cell subsets, by modulating the release and/or

releasing different chemokines. During murine cytomegalovirus (MCMV) infec-

tion, the production of IFN-g by NK cells in the liver is essential for the local

release of the chemokine MIG which attracts activated T cells to the site of

infection [26]. More recently, it has been shown that during viral (MCMV) as

well as bacterial (Listeria monocytogenes) infections, NK cells coordinately pro-

duce IFN-g, and a number of chemokines (MIP-1a, MIP-1b, RANTES, lympho-

tactin) that are important to recruit and activate other inflammatory cells [27, 28].

3 NK Cell–DC Crosstalk

Increasing evidence shows that NK cells and DC can be reciprocally activated

during an immune response [29] (Fig. 1). NK cells are directly involved in DC

maturation, which is a crucial step for the induction of adaptive immune responses.

Th1

IFNg

IFNa

TNFa

IFNa/b

Infected
cell

pathogen

GM-CSF

IL-15

NKG2D

mDC

OX40L
CD86
CD80
CD70
B7-H1

NKp46

IL-12
IL-18

NK

Activated
T cell

Allogeneic
cell

Treg

Fig. 1 NK cell promotion of T cell immune responses. NK cells are activated by direct recognition

of abnormal cells, by pathogen-encoded molecules or by IFN-a/b produced from virally infected

cells. Activated NK cells can promote T cell responses by inducing maturation of DC through the

secretion of several cytokines (GM-CSF, TNF-a, and IFN-g). Also, NK-cell-derived IFN-g can

contribute to Th1 polarization. In turn, mature DC produce different cytokines (IFNa/b, IL-12, IL-
18, IL-15) capable of enhancing NK cell effector functions. In addition, activated NK cells

expressing the ligands for several costimulatory receptors can directly costimulate antigen-

induced T cell proliferation and effector functions. Moreover, NK cells can promote T cell

immune responses through the direct killing of Treg cells which is mediated by NKG2D- and

NKp46-activating receptors
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Several in vitro experiments have demonstrated that IL-2-activated human NK cells

can induce DC maturation by a process dependent on cell-to-cell contact and TNF-

a [30–32]. Further, the interaction of immature DC with IL-2-activated NK cells

can result in either maturation or cell death [30–32], depending on the NK-DC

ratios used in the coculture system [32], suggesting that NK cells can eliminate

immature DC from inflamed tissues. Studies aimed at identifying the receptors

involved in the NK-cell-mediated cytotoxicity of both immature and mature DC

indicate an important role of NKp30 and DNAM-1/nectin-2 receptor pairs [33].

Moreover, also the ligands for other NK cell receptors can be induced on DC such

as MICA/B molecules [34, 35] and the lectin-like transcript-1 (LLT1) [36], which

bind to NKG2D and NKRP1A, respectively, thus suggesting that several receptor/

ligand interactions regulate the crosstalk between DC and NK cells.

The in vivo relevance of DC activation by NK cells has been described in several

murine models. Interestingly, during MCMV infection, functional interactions

between murine NK cells and CD8a+ DC occur [37]. In addition, NK cells activated

in vivo by tumor cells expressing very low levels of MHC class I molecules, induce

a strong and protective CD8+ T cell response in an IFN-g-dependent manner [38],

by priming DC to produce IL-12. Interestingly, it has been shown that the interac-

tion between DC and NK cells can completely replace CD4+ T cell help in the

induction of an antitumor CD8+ T cell response, providing a novel alternative

pathway for CTL induction [39]. In a murine model of skin graft rejection, the

recognition of donor DC by host NK cells strongly affects alloreactive T cell

polarization by inhibiting Th2 development [40, 41].

In turn, mature DC also stimulate NK cell effector functions and proliferation,

through cell-to-cell contact and the production of several cytokines including

IL-12, IL-15, IL-18, and IFN-a/b [37, 42–46]. In particular, it has been observed

that IL-12 is required for DC to promptly stimulate IFN-g production by

CD56highCD16- NK cells, whereas IL-15 is essential for the induction of NK cell

proliferation [46].

Several studies show that the interaction of NK cells with the different DC

populations might take place both in peripheral inflamed tissues [37, 47] and in

secondary lymphoid organs [8–10, 41, 46, 48].

4 Promotion of T Cell-Mediated Immune Responses

Much of the findings available in the literature show that NK cells can shape T cell-

mediated adaptive immune responses by indirect mechanisms, involving the secre-

tion of cytokines or chemokines or the activation of DC. However, more recent

studies suggest the possibility that activated NK cells might also communicate

directly with T cells by a process involving cognate cell-to-cell interactions. Indeed,

in vitro activated human NK cells express several ligands for T cell costimulatory

receptors, such as CD86, CD80, CD70, and OX40L [49, 50]. Costimulatory recep-

tors can be divided into two main groups: those belonging to the Ig superfamily
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(such as CD28 which binds to CD80 and CD86) and those belonging to the tumor

necrosis factor receptor (TNFR) superfamily (including OX40 (CD134), 4-1BB

(CD137), and CD27 which bind to OX40L, 4-1BBL, and CD70, respectively) [51].

Interestingly, it has been shown that the induction of costimulatory ligands on

NK cells requires distinct conditions of stimulation. In particular, IL-2 alone,

crosslinking of different activating NK cell receptors such as NKp30, NKp46,

CD16, or NK cell coculture with susceptible targets are sufficient to induce the

expression of CD86 on human NK cells [49, 50]. By contrast, the induction of

OX40L requires a stronger stimulation involving both IL-2 or innate cytokines (i.e.,

IL-12, IL-15) and the ligation of the activating NK receptors (i.e., CD16 or

NKG2D) [49]. Upregulation of costimulatory molecules is observed not only

in vitro but more importantly in vivo on human NK cells from inflamed tonsils

and CMV-infected uterine decidual samples [50]. Our preliminary studies also

show that NK cells isolated from the peripheral blood of kidney transplanted

patients with a chronic graft rejection are activated and express CD80, CD86 and

OX40L molecules (Zingoni A., Cerboni C., and Santoni A., unpublished observa-

tions). These molecules are functionally relevant as activated NK cells have been

shown to costimulate TCR-induced proliferation and cytokine production of autol-

ogous CD4+ T cells, and this process requires OX40-OX40L [49] and CD28-B7

interactions [49, 50].

Moreover, several studies indicate that direct interaction between NK and T cells

might also involve other costimulatory receptors pairs. Murine NK cells can

efficiently enhance CD4+ as well as CD8+ T cell proliferation in response to CD3

crosslinking and specific antigen through interactions between 2B4 on NK cells and

CD48 on T cells [52]. In addition, it has been reported that the induction of B7-H1

molecule after exposure to inflammatory chemokines on both mouse and human

NK cells allows them to stimulate T cell proliferation and secretion of IFN-g and

TNF-a [53].

Interestingly, NK cell depletion experiments in mice have demonstrated a role

for NK cells in the generation of antigen-specific cytotoxic T cells (CTL) [54, 55].

Furthermore, studies performed in vitro suggest that NK cells are required for the

differentiation of fully competent effector CTL in mixed lymphocyte cultures [56].

Although at present the molecules involved in this interaction have not been

identified, recent reports demonstrate that the induction of costimulatory molecules

on activated NK cells such as CD137 [57] and LIGHT [58] might be a critical signal

to support the development of CTL in tumor models.

A functional interaction between NK and T cells able to promote T cell immune

response has been described also in vivo. Indeed, an in vivo murine tumor model

demonstrates that NK cells can promote the development of an antitumor immune

response mediated by memory CD4+ T cells in an NKG2D-dependent manner

without the requirement of conventional type-1 cytokines [59]. In addition, two

different studies performed in mice indicate that NK cells contribute to the allor-

esponse against solid organs through functional interactions with T cells [60, 61].

On the other hand, NK cells can also act as potential modulators of regulatory T

cells (Treg); increased numbers and activity of Treg are often associated with
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reduced NK cell activity in several diseases [62, 63]. During the immune response

to Mycobacterium tuberculosis infection, Treg cells can prevent efficient pathogen

clearance in infected mice [64]. Interestingly, a recent study shows that upon M.
tuberculosis infection, NK cells can inhibit the generation of Treg cells through

direct lysis, with a mechanism dependent on NKG2D- and NKp46-activating

receptors [65].

Similar to the NK cell–DC interaction, it is likely that NK and T cells might

interact both in peripheral tissues and in secondary lymphoid organs depending on

the T cell populations (naı̈ve, effector, memory) they are contacting, as it has been

shown in cardiac allograft vasculopathy lesions [60, 61] and in the liver of MCMV-

infected mice [26].

In summary, during the course of an immune response NK cells can be activated

by innate cytokines and/or by the interaction with abnormal cells (virus-infected,

tumor, or allogeneic cells). NK cell activation results in the induction of different

ligands for T cell costimulatory molecules and promotion of T cell responses. NK

cells may costimulate activated T cells by enhancing the initial activation of naı̈ve T

cells, providing additional biochemically distinct signals to promote T cell division,

survival, or effector functions (Fig. 1). In addition, NK cells can also contribute to

the positive regulation of an immune response by direct killing of Treg cells.

5 Downregulation of T Cell-Mediated Immune Responses

The negative regulation of adaptive immunity is relevant to maintain lymphocyte

homeostasis and to prevent inappropriate T cell activation that can ultimately

result in autoimmune or lymphoproliferative diseases. Different reports suggest

that NK cells can contribute to the negative regulation of T cell responses. In vivo

depletion studies established that the presence of NK cells in MCMV-infected

mice negatively affects CD4+ and CD8+ T cell-dependent IFN-g production and

proliferation [66]. Similarly, depletion of NK cells was shown to enhance the

CTL response to MHC class I positive lymphomas [67]. Furthermore, expression

of the class Ib MHC molecule Qa-1-Qdm by activated CD4+ T cells is required

to prevent lysis by NK cells expressing the inhibitory receptor CD94-NKG2A,

and it was essential for T cell expansion and development of immunological

memory [68].

Moreover, studies in animal models have suggested a regulatory role of NK cells

in the initiation and progress of autoimmune disorders [69, 70]. In an animal model

of multiple sclerosis, in vivo depletion of NK cells resulted in a more severe form of

experimental autoimmune encephalomyelitis (EAE) [71]. The inhibitory role for

NK cells in rodent EAE has been further strengthened by the finding that NK cells

inhibit proliferation and cytokine production of T cells specific for the myelin basic

protein in vitro [72] by a cell-to-cell contact-dependent mechanism [73]. Likewise,

in an in vivo mouse model of colitis, it has been reported that NK cells inhibit CD4+

T effector cells by a mechanism dependent on perforin, suggesting that NK cells
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can directly lyse T cells or some other intermediate immune cells such as DC [74].

In addition, NK cells have been shown to have a protective role in type I diabetes;

treatment with complete Freund’s adjuvant (CFA) prevents diabetes in nonobese

diabetic (NOD) mice, through the downregulation of self-reactive CTL, with a

mechanism dependent on NK cells [75]. A study from Ogasawara et al. further

revealed that NK cell functions mediated by the NKG2D-activating receptor were

impaired in NOD mice [76].

In accordance with the protective role of NK cells against autoimmune diseases

shown in murine studies, decreased NK cell activity and numbers are found in the

peripheral blood of patients with multiple sclerosis, rheumatoid arthritis, systemic

lupus erythematosus, and type I diabetes [69, 70, 77].

NK cells can attenuate T cell adaptive immune responses by several mechanisms

including killing of DC [30–33, 41] and/or of activated T cells [78–80] and

secretion of inhibitory cytokines [23, 24].

With regard to the NK-cell-mediated killing of T cells, it has been shown that IL-

2-activated mouse NK cells recognize and lyse syngeneic T cell blasts in a perforin-

dependent manner through the NK-activating receptor NKG2D [79]. Interestingly,

expression of NKG2D ligands (NKG2DLs) such as MICA, ULBP-1, ULBP-2, and

ULBP-3 on T cells has been reported also in humans. MICA is induced on the

surface of T cells following anti-CD3 stimulation [81, 82] and the presence of

ULBP-1,2,3 transcripts on activated CD8+ T cells cultured with IL-7 and IL-15 has

been reported [82]. Interestingly, our recent studies indicate that activation of

human T cells by alloantigens, superantigens, or a specific antigenic peptide is

sufficient to induce surface expression of MICA, MICB, ULBP-1, -2 and -3 on

CD4+ and CD8+ T lymphocytes [80, 83]. Similar to the mouse, we have also shown

that activated T cells became susceptible to autologous NK lysis via NKG2D/

NKG2DLs interaction [80].

Previously, expression of NKG2DLs was thought to be mostly restricted to

transformed, infected, and/or stressed cells. Nowadays, however, this view is

changing, as several studies report that MIC and ULBPs can be expressed also on

distinct hematopoietic cells, including bone-marrow cells, mature DC [34, 35],

activated macrophages and monocytes [84, 85], antigen-activated T cells [80, 83],

expanded Treg cells [65] indicating a more general NKG2D-dependent immuno-

regulatory role of NK cells.

Induction of NKG2DLs on activated T lymphocytes during the course of an

immune response might allow the establishment of a crosstalk with NK cells. This

interaction may trigger a perforin-dependent lysis of T cells expressing NKG2DLs

and act as a negative regulator of T cell responses. Interestingly, a role for perforin

as immune regulator has been demonstrated. Perforin-deficient patients show

lymphoproliferative disorders [86] and perforin-mediated killing is involved in

downregulating T cell responses in vivo, since perforin-deficient mice show a

huge expansion of activated T cells upon lymphocytic choriomeningitis virus

(LCMV) infection [87]. Moreover, mice deficient in both Fas and perforin have a

dramatic acceleration of the spontaneous lymphoproliferative disease seen in Fas-

deficient mice [87, 88].
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Thus, the receptor/ligand interactions that trigger a perforin-mediated cytotoxi-

city play a key role in controlling T cell responses during viral infections and

autoimmunity.

Also, during allogeneic hematopoietic cell transplantations, donor T cells in the

graft can mediate graft-versus-host disease (GVHD) which is initiated by host

DC presenting alloantigens to donor T cells [89]. Strikingly, an in vivo study

performed by Ruggeri et al. has shown that GVHD was the cause of death of

mice engrafted with bone marrow cells containing nonalloreactive NK cells;

inclusion of alloreactive NK cells in the grafts resulted in complete survival.

GVHD has been suggested to be prevented through killing of host DC by allor-

eactive NK cells [90]. Conceivably, these NK cells could kill also activated donor T

cells (expressing NKG2DLs), thus providing an additional protective mechanism

from the deleterious effects of GVHD.

In summary, NK cells can contribute to the suppression of T cell responses and

to the maintenance of T lymphocyte homeostasis through the direct elimination of

activated T cells and antigen presenting cells and/or the release of inhibitory

cytokines such as TGF-b and IL-10 which can inhibit DC maturation or T cell

activation and functions (Fig. 2).

mDC

Infected
cell

TGFb

TGFbIL-10

IL-10

IFNa/b
pathogen

DNAM1

DNAM1

NKp30

NKp30

iDC

NKG2D NKG2D

NK

Activated
T cell

Allogeneic
cell

Fig. 2 NK cell inhibition of T cell immune responses. Activated NK cells can downmodulate T

cell responses by secretion of TGF-b and IL-10 which can block DC maturation and/or directly

inhibit T cell proliferation and effector functions. Activated NK cells kill both immature and

mature DC as well as activated T cells through different NK-cell-activating receptors (NKG2D,

NKp30, DNAM)
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6 Concluding Remarks

Several in vivo and in vitro studies assert an important immunomodulatory role of

NK cells. Thus, NK cells can shape adaptive immune responses through multiple

mechanisms, but it remains unclear under which conditions NK cells promote or

inhibit immune responses.

Promotion of T cell responses may occur by secretion of several cytokines and

chemokines which can affect T cell polarization and DC maturation and T cell

recruitment, respectively. The expression of ligands for T cell costimulatory mole-

cules on activated NK cells reveals new and unexpected insights into the direct

interaction between NK and T cells. In addition, the direct killing of Treg cells may

contribute to promote the immune response in some pathological conditions. We

envisage that NK-cell-mediated enhancement of T cell responses might have

important implications in the context of tumor immune surveillance, infectious

diseases, and transplantation.

On the other hand, NK cells can also limit T cell immune responses through the

elimination of DC and of activated T cells, and/or the secretion of inhibitory

cytokines. The negative regulation of adaptive immunity can be relevant in the

maintenance of lymphocyte homeostasis subsequent to an immune response, as

well as in the context of autoimmunity or GVHD.

Further studies are necessary to elucidate the mechanisms underlying these two

opposite functions of NK cells and to validate the relevance of NK-T cell interac-

tions both in physiological and pathological conditions.
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Interactions Between NK Cells and Regulatory

T Cells

Magali Terme, Nathalie Chaput, and Laurence Zitvogel

Abstract Regulatory T cells (Treg) maintain peripheral tolerance and prevent the

development of autoimmune diseases. They control the function of different im-

mune cells such as differentiated CD4+ and CD8+ T cells, B cells, and dendritic

cells. We and others contributed to demonstrate that Treg also regulate NK cell

functions in mice and humans. Treg hamper the homeostatic proliferation of NK

cells, NKG2D-dependent NK cell cytotoxic activity, and IL-12-induced NK cell

IFNg secretion. In vivo, in the absence of Tregs, NK cell proliferation ensures in

lymph nodes through an autoreactive crosstalk between resident dendritic cells

(DC) and CD4+ T lymphocytes leading to IL-15Ra exposure on DC. During tumor

progression, Treg play a dominant role in suppressing the innate arm of antitumor

immune responses. We will discuss strategies currently developed to impede Treg

inhibitory effects in cancer.
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NK Natural killer cells

TGFb Transforming growth factor

Treg Regulatory T cells

WT Wild type

1 Introduction on Regulatory T cells

Regulatory T cells are a subset of T lymphocytes essential in maintaining peripheral

tolerance [1–3]. They contribute to exert a dominant tolerance during infections

[4, 5], tumor progression [6, 7], and allogeneic transplantations [8]. Traditionally,

mouse and human Treg were defined as CD4+CD25hi T cells. They also express

Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) [9] or the Glucocorticoid-induced

TNF Receptor (GITR). The search for more specific markers, specifically in mice,

led to the seminal identification of the Foxp3 transcription factor involved in Treg

development [10, 11]. More recently, Sakagushi’s team identified the Folate

Receptor 4 (FR4) as a specific marker of mouse Treg [12]. Indeed, mouse Treg

constitutively express high amounts of the folate receptor 4 (FR4), a subtype of the

vitamin folic acid receptor, in contrast to naive or activated T cells [12]. Since

human conventional T cells (CD4+ CD25�) may also express Foxp3 after activation

[13], other markers have been used to discriminate human Treg from effector T

cells, such as IL-7 receptor alpha (IL-7Ra). Indeed, CD4+CD25hiIL-7Ralow T cells

are highly enriched in naturally occurring Treg. About 85% of CD4+CD25hiIL-

7Ralow T cells are Foxp3+ [14].

Treg suppress the proliferation of naive T cells and their differentiation into

effector T cells in vivo. They also negatively control the functions of B lympho-

cytes, dendritic cells (DC), and macrophages [15–18]. Various controversial regu-

latory mechanisms have been described for Treg. Contact-dependent suppression

and/or immunosuppressive cytokines have been proposed [19]. The role of inhibi-

tory cytokines such as membrane-bound or secreted TGF-b and IL-10 has been

largely studied [20]. Recently, a novel immunosuppressive cytokine, IL-35,

belonging to the IL-12 subfamily members, has been described, which appears to

play a key role in the suppressive function of Treg against conventional T cells [21].

Ectopic expression of IL-35 confers regulatory activity to naive T cells. Further-

more, IL-35 suppresses T cell proliferation in vitro [21]. The use of neutralizing

antibodies and loss-of-functionmice highlighted that CTLA-4-inducedTreg-mediated

suppression of the DC antigen-presenting functions [22]. Treg could condition

DC to produce indoleamine-2,3 oxygenase (IDO), a tryptophan-degrading enzyme,

via the interaction between CTLA-4 and B7 molecules on the DC surface.

IDO expression suppresses effector T cell responses [23]. Treg can also hamper

DC maturation via LAG-3 molecules [24] and prevent TLR-induced TRAIL

expression on myeloid DC [25]. A recent study established that, through the

generation of the immunosuppressive factor adenosine, the ectoenzymes CD39

and CD73 are important contributors to the regulatory activity of Treg cells [26].

330 M. Terme et al.



Finally, Treg express granzyme B molecules during activation and may not

only suppress but also delete peripheral T cell effectors in a perforin/granzyme-

dependent manner [27–29]. Since Treg depletion aggravates diseases in some autoan-

tibody-mediated autoimmune disease models, it has been proposed that Treg could

also control B cells [30]. In vitro, Treg kill antigen-presenting B cells in a Fas-Fas

ligand-dependent manner [31]. In vivo, Treg induce peripheral tolerance of B cells

specific for autoantigen in spleen and lymph nodes by suppressing their proliferation

and inducing killing in a perforin/granzyme-dependent manner [29, 32].

Therefore, it was well established that Treg could keep in check DC and/or T

cells and B cells i.e., the adaptive arm of immune responses. Later, we and others

unraveled that Treg also control the innate arm of immunity as detailed in the

following section.

2 Regulatory T cells Control NK Cell Functions In Vitro

A pioneering study performed by Shimizu et al. in 1999 suggested the capacity of

Treg to inhibit NK cell effector functions [33]. In this work, Balb/c Nude mice

bearing the RL♂1 leukemia were adoptively transferred by splenocytes depleted or

not from Treg. Tumor regression only occurred in mice receiving Treg-depleted

splenocytes. The cytotoxic activity of splenocytes depleted or not from Treg and

restimulated with RL♂1 was assessed. Treg-depleted splenocytes displayed signif-

icant lytic function attributable to TCR-CD4�CD8� cells, while total splenocytes

failed to do so. The putative scenario was that these TCR�CD4�CD8� effector

cells became activated by IL-2 secreted by the conventional CD25�CD4+ T cells in

the absence of Treg [33].

Our group assessed the direct effects of Treg onto human CD3�CD56+ blood

NK cells [34]. Treg were purified from normal volunteers’ peripheral blood by cell

sorting or magnetic purification. Autologous or allogeneic NK cells were cocul-

tured with purified Treg, and analyzed for their cytolytic capacity against K562 and

the GIST cell line GIST882. Freshly isolated Treg inhibited NK cell cytotoxicity at

1/1 to 1/5 T: NK ratios against cell lines expressing NKG2D ligands. Treg not only

suppressed NK cell cytotoxic functions, but also cytokine secretion. Treg control

IFNg secretion, but it depends on the mode of NK cell activation. IFNg secretion

was inhibited by Treg when human NK cells were stimulated by IL-12 [34] but not

by IL-2Rg chain-dependent cytokines (such as IL-2, IL-4, IL-7, or IL-15). [34].

We next studied the mechanisms involved in Treg-mediated NK cell suppres-

sion. After formaldehyde fixation, Treg retained their suppressive activity toward

NK cells suggesting a role for membrane-bound molecules [34]. TGF-b is an

essential mediator used by Treg to suppress T cells [20, 35]. Moreover, resting

human Treg express membrane-bound TGF-b but do not release this cytokine in

soluble form [36]. Addition of anti-TGF-b neutralizing antibodies could restore the

NK cell cytotoxicity and IFNg secretion underlining the role of membrane-bound

TGF-b in the Treg-mediated suppression of NK cells in vitro [34].
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Surprisingly, in contrast to human data, only activated and not resting mouse

Treg could inhibit NK cells [37]. Indeed, Smyth’s group showed that Treg derived

from C57Bl/6 mice required a prestimulation by anti-CD3- and anti-CD28-activating

antibodies to suppress NK cells. Activated Treg could block NK cell-dependent

killing of different tumor cells such as RMA-S-Rae-1b and B16-Rae1e [37]. This
inhibition was observed at a 1:1 and 1:3 T/NK ratio. As in humans, TGF-b was

involved in this phenomenon since anti-TGFb neutralizing antibody restored NK

cell-mediated cytotoxicity. The discrepancy between mouse and human data

concerning the requirement for an activation step of Treg could be explained

by the expression of membrane-bound TGF-b. Resting human Treg constitutively

express membrane-bound TGF-b, while mouse Treg require a TCR-driven signaling

or IL-2 to do so [38]. Moreover, human Treg downregulate their membrane

expression of TGF-b upon activation [39].

How did Treg-associated TGF-b impact on NK cell functions? Treg could

specifically inhibit NKG2D expression on human and mouse NK cells that could

be restored by anti-TGFb neutralizing antibodies [34]. In humans, the NK cell-

dependent cytotoxicity against K562, which is by large dependent on NKG2D,

could be blocked by Treg and restored by anti-TGF-b neutralizing antibodies. This

finding has been corroborated in the mouse system since Treg could only hamper

the NKG2D-dependent cytotoxicity (that directed against specific targets over-

expressing NKG2D ligands such as B16Rae1e, or RMA-S-Rae1b but not the

parental lines) [37]. In mice, Treg harvested from TGF-b loss-of-function mice

(at 6 weeks of age) lost their inhibitory function on NK cell cytotoxicity after

adoptive transfer. Moreover, Scurfy mice bearing a loss-of-function mutation in

Foxp3 exhibited high proliferative index in the NK cell compartment in lymphoid

organs [34]. Soluble TGF-b is also known to decrease the expression of NK-cell-

activating receptors such as NKG2D and NKp30 [40]. In cancer patients, not only

Treg but also soluble bioactive TGF-b account for the reduction of NKG2D

expression on NK cells in glioma or colon carcinoma-bearing patients [41, 42].

These lines of evidence point out to the direct regulatory role of resting or

activated Tregs onto NK cells in vitro and in vivo, in mice and humans.

3 Treg Control DC/NK Cell Crosstalk in Homeostatic

and Inflammatory Conditions

Since NK cell homeostasis and functions are dictated by DC [43, 44], the indirect

role of Treg during the DC/NK cell dialogue has been studied in homeostatic and

inflammatory conditions.

Ablation of Treg in neonates or in adult mice induced the development of

autoimmune disorders, supporting the notion that Treg are required to maintain

peripheral tolerance and homeostasis of the immune system [45]. In Scurfy mice,

which lack a functional Foxp3 transcription factor and thus have no Treg [46, 47],

a deregulated proliferation of NK cells occurred [34]. This observation was
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confirmed inmice treated withmetronomic cyclophosphamide or anti-CD25 (PC61)

antibodies, both resulting in transient Treg depletion [34, 48, 49]. Using Foxp3-DTR

mice, Kim et al. also reported a sevenfold and a fourfold increase in NK cell numbers

in LN and spleen of Treg-depleted mice, respectively [1]. These observations

suggested that Treg could control NK cell proliferation in vivo at the steady state.

Two reports addressed the mechanisms involved in the Treg-mediated NK cell

control. First, Giroux et al. brought up the evidence that Treg could block the NK

cell differentiation pathway in LN. Using HY-TCR-Rag2�/� transgenic mice de-

void of Treg, they detected an increase in the number of mature NK cells (i.e.,

CD122+ CD11bhi CD43+) in LN. Moreover, the adoptive transfer of Treg repressed

the development of mature NK cells in LN. In vitro, coculture of preactivated Treg

with NK cell precursors suppressed NK cell development, while coculture with

conventional CD4+ CD25� T cells failed to do so. Thus, their data supported the

notion whereby Treg hamper the generation of mature NK cells in LN through short

interactions with NK cell precursors [50]. Nevertheless, this study did not rule out

the possibility that Treg impair the entry of mature NK cells in the lymph nodes

through the high endothelial veinules.

Secondly, we examined the effects of Treg on the DC/NK cell crosstalk in the

LN using two different experimental approaches leading to either Treg inhibition

(by low-dose CTX administration) or Treg depletion (by anti-CD25 Ab). We

observed that NK cell increase in LN was mainly due to an active proliferation,

as detected by BrdU incorporation [48, 49]. NK cells could interact with LN

resident-DC which resulted in NK cell recruitment or proliferation and activation

in LN [51]. In the absence of functional Treg, CD11chi I-Ab+ DC were recruited in

LN in aCCR5-dependentmanner. NK cell proliferation involved IL-15Ra-expressing
DC, since (1) no proliferation occurred in IL-15Ra�/� mice; (2) proliferation was

abolished in DC-depleted mice (CD11c-DTR mice). Furthermore, in Treg-depleted

mice, IL-15Ra+ DC were recruited in LN. This phenomenon was not observed in

mice depleted from both Treg and conventional T cells by anti-CD4 antibody. We

reconstituted the system in in vitro studies. Coculture of DC with conventional T

cells led to chemokine secretion, especially CCR5 ligands, and DC maturation

characterized by the acquisition of IL-15Ra [48, 49]. The addition of Treg in the

coculture inhibited chemokine release and IL-15Ra expression on DC. Thus, LN

Treg control two major checkpoints (chemokine secretion and DC maturation)

resulting in NK cell proliferation [48, 49].

In our work, we showed that IL-15Ra expression on DCwas controlled by TGF-b,
suggesting that NK cell homeostasis could also be controlled by TGF-b. In a

CD11c-TGF-bRII-transgenic model, where TGF-b signaling is disrupted in DC

and in NK cells, the NK cell number was greatly enhanced in spleen, bone

marrow, and liver [52].

Not only DC but also monocytes can regulate NK cell functions [53]. In a setting

mimicking infection where monocytes were activated by anti-influenza vaccine,

Trzonkowski et al. showed that the presence of CD4+CD25+ Treg impaired the

monocyte-mediated NK cell cytotoxicity against K562 [54] and to a lesser extent

IFNg or perforin levels in NK cells. Anti-IL-10 neutralizing antibodies did not
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influence Treg immunosuppressive activity on NK cells suggesting that IL-10 was

not involved in this suppression [54]. In another report where human plasmacytoid

DC could induce the selective proliferation of CD56bright CD16�NK cells [55], this

proliferation was strongly enhanced in the presence of conventional T cells in an

IL-2-dependent manner. CD4+ CD25+ Treg abrogated the IL-2-dependent prolifer-

ation of NK cells. However, Treg could not directly inhibit pDC-induced NK cell

proliferation [55].

Therefore, these lines of evidence establish the capacity of Treg in interfering in

the DC/NK cell crosstalk in homeostatic and potentially pathological conditions.

4 Regulatory T cells Control NK Cell Functions in Pathology

4.1 In Cancer

During tumor development, Treg accumulate in tumor beds, tumor-draining lymph

nodes (LN), and peripheral blood [7, 56, 57]. Numerous studies reported the

association between high Treg numbers and poor prognosis in cancer patients. In

mouse models, the impact of Treg depletion on tumor growth has been extensively

studied. Different strategies have been utilized to deplete or inhibit Treg. First, the

administration of anti-CD25 antibodies led to Treg depletion. Second, the adminis-

tration of cyclophosphamide (CTX) at low dosages [48, 49, 58] allowed the

transient inhibition of Treg functions. Third, the recent generation of the Foxp3-

DTR knock-in-mice allowed conditional depletion of Treg [1]. Administration of

anti-CD25 mAb or CTX could promote tumor-specific T-cell-mediated immune

responses leading to tumor rejection [33, 59–61].

In the first study suggesting that Treg could impact on NK cells, the depletion of

Treg using anti-CD25 antibodies prior to tumor inoculation eradicated the tumor.

Tumor rejection depended upon CD8+ T cells and CD4�CD8� cells defined as NK

cells [33]. In a Balb/c model of methylcholanthrene (MCA)-induced carcinoma,

immunization with a series of SEREX (serological identification of antigens by

recombinant expression cloning)-defined self-antigens resulted in the development

of CD4+CD25+ Treg and tumor progression [62]. However, tumor growth could be

delayed by administration of anti-CD25. Given that NK and NKT cells are essential

in the immunosurveillance against MCA-induced carcinoma [63] and that SEREX

Ag-induced immunization was associated with decreased innate functions, an

inhibitory role of Treg onto NK and NKT cells was anticipated in this model. In

immunized mice, the number of NK cells in spleen and lungs was unchanged

compared with naive mice. However, NK cells displayed reduced cytolytic activity

against YAC-1 target cells compared to NK cells obtained from control mice.

Adoptive transfer of Treg obtained from immunized mice into naive Balb/c mice

resulted in a decreased cytotoxic activity against YAC-1 [62], demonstrating that

Treg could inhibit NK cell functions in vivo. In athymic Nude mice lacking
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conventional and regulatory T lymphocytes, we demonstrated that adoptive transfer

of Treg abrogated NK-cell-dependent cytotoxic activity against YAC-1 cells unlike

conventional CD4+CD25� T cells [34]. MHC class I-deficient tumors such as

RMA-S injected intraperitoneally induced an NK cell recruitment in the peritoneal

cavity that could be blocked by adoptively transferred Tregs [34, 64].

In another study, depletion of Treg with anti-CD25 antibody before 3LL or

B16Rae tumor inoculation enhanced the establishment of pulmonary metastases.

Elimination of NK cells using anti-NK1.1 or asialo-GM1 antibodies reduced the

antitumor effect induced by Treg depletion, demonstrating the capacity of naturally

occurring Treg to keep in check NK-cell-controlled metastases. In vitro, different

studies underscored the capacity of Treg to inhibit NKG2D-mediated NK cell

cytotoxicity. In vivo, Treg depletion only impacted on the growth of NKG2D

ligands-expressing tumors. For example, Treg elimination decreased metastases

number in B16-Rae1emodel, which overexpress the Rae1eNKG2D ligand, but had

no effect on B16F10, the NKG2D ligand negative parental cell line [37]. The

adoptive transfer of activated Treg cells in Nude mice, which lack T cells, enhanced

B16-Rae1b tumor metastases, but failed to compromise lung metastasis establish-

ment of B16F10 [34]. These results were corroborated in another mouse model

lacking T cells (B6.RAG1�/�mice) [34, 37]. Therefore, Treg can suppress NK cell-

mediated tumor immunosurveillance against NKG2D ligand-expressing tumor

cells. Thus, strategies aimed at neutralizing Treg (by anti-CD25 Ab, or CTX) to

increase NK-cell-dependent antitumor response were developed. Exogenous rIL-12

(a NK-cell-stimulating cytokine) could synergize with anti-CD25 antibodies to

eradicate 3LL metastases [37].

The negative impact of Treg on human NK cells has also been demonstrated in

tumor patients. We previously examined the effect of imatinib mesylate (IM) on

NK cell effector functions. IM is a tyrosine kinase inhibitor blocking signaling

through c-kit, BCR/ABL, c-abl, and PDGF-R receptors [65–67]; therefore, it is

widely used in the treatment of chronic myeloid leukemia and gastrointestinal

sarcoma (GIST). We previously showed that IM promoted NK cell activation by

triggering the DC/NK cell crosstalk in vitro and in vivo in mouse models and in

patients [68]. We performed a prospective analysis of NK cell IFNg secretion

before and after 2 months of IM in 77 GIST patients treated with IM and identified

that those patients exhibiting stable or enhanced levels of NK cell IFNg secretion at
2 months of IM were long-term survivors (in a Cox regression model) (Menard,

Cancer Res in press). However, about 40% of GIST patients failed to exhibit NK

cell activation despite IM therapy. The monitoring of the percentages and absolute

numbers of CD4+CD25high Treg by flow cytometry revealed that Treg numbers

were significantly augmented by two to threefold in patients without NK cell

activation compared to the other GIST patients, independent of tumor burdens in

the two cohorts [34]. In another Phase I clinical trial where melanoma patients

where immunized with dendritic-cell-derived exosomes (Dex), we found that Dex

were able to trigger NK cell activation in 7/14 pts (Viaud et al., submitted to PlOs
Biology). There was an inverse correlation between Tregs numbers and Dex-

mediated NK cell activation [69].
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In cancer patients, administration of low-dose CTX referred to as “metronomic”

therapy resulted in a profound and selective depletion of CD4+ CD25high Treg [70].

Peripheral blood mononuclear cells obtained from these advanced cancer patients

displayed a reduced killing activity against the specific NK cell target K562

compared with normal volunteers [70]. After metronomic CTX treatment, Treg

were depleted and NK cell cytolytic activity was restored [70]. Therefore, the

management of NK-controlled cancers could take advantage of suppressing Treg

functions using metronomic CTX.

4.2 In Bone Marrow Graft

The effect of Treg on NK cells has also been addressed in the “hybrid resistance”

model. In this setting, parental bone marrow cells are rejected by lethally irradiated

F1 recipients, since they only express half of the MHC Class I genes present in the

recipient cells and are eliminated by NK cells according to the missing self-

hypothesis [71]. Bone marrow cell engraftment is determined by measuring the

colony-forming unit-granulocytes/monocytes (CFU-GM) in spleens. In this setting,

administration of anti-CD25 antibodies to the recipient strongly enhanced the

rejection of the parental bone marrow graft. Depletion of NK cells by anti-NK1.1

restored the engraftment, demonstrating the role of NK cells in the bone marrow

rejection [72]. Once again, anti-TGFb neutralizing antibodies enhanced bone

marrow graft rejection suggesting that TGF-bwas likely involved in Treg-mediated

tolerance of allogeneic BMT. Finally, the adoptive transfer of Treg along with the

graft suppressed the NK-cell-mediated rejection of the bone marrow [72].

4.3 In Infection

Lund et al. have investigated the role of Treg in a mouse model of herpes simplex

virus (HSV)-2mediated genital infection using Foxp3-DTRmice.AfterHSV-2 infec-

tion, regulatory and conventional T cells accumulated in the draining lymph nodes

and at the site of infection. Treg played a key role in controlling the development of

infection since Treg-ablated mice succumbed more rapidly than Treg-sufficient

mice [73]. Type I IFN produced by pDC and IFNg produced by CD4+ T cells or

NK cells were involved in the protection against virus infection [74, 75]. In the

absence of Treg, local IFNg secretion was impaired in the vaginal tract but not

in draining lymph nodes. The proportion of immune effector cells, such as conven-

tional T cells, NK cells, and subsets of DC (plasmacytoid DC and CD11b+ DC), was

greatly decreased in the vaginal tract but was enhanced in the DLN in Treg-depleted

mice, compared to Treg-sufficient mice at 2 days after infection. In the absence

of Treg, recruitment of effector cells, especially NK cells, was strikingly reduced

at the site of infection early after infection. Treg depletion was associated with

336 M. Terme et al.



a sharp increase in proinflammatory chemokines (CXCL10, CXCL9, CCL2) in

DLN. Thus, Lund et al. showed that Treg control chemokine production in DLN

or in peripheral sites during mucosal infection. Treg facilitate the homing of

immune effector cells such as NK cells at the site of infections. In the absence

of Treg, chemokine production is greatly enhanced in the LN, leading to the

recruitment of effector cells in the DLN, thereby compromising the mucosal

immunity [73].

5 Concluding Remarks

It is now well accepted that Treg can control NK cell effector functions (recruit-

ment, proliferation, cytotoxicity, and cytokine production). But depending on the

stimuli-inducing NK cell activation, NK cells may not be repressable by Treg.

When NK cells are activated by IL-2Rg chain-signaling cytokines, Treg do not

prevent IFNg secretion. Treg abolish NK cell cytolytic function against tumors only

when tumor cells overexpress NKG2D ligands. Therefore, it is likely that other

checkpoints, yet to be defined, be active against NK cells in these circumstances.

In the context of cancer, NK cells have been shown to control metastases [76]

and play a role at the effector phase in some circumstances (neuroblastoma [77],

acute myeloid leukemia [78], GIST [68]). These NK cells can exhibit innate

dysfunctions (bcr/abl expressing NK cells in CML patients [79], NK cells in

myelodysplastic syndromes [80]), or acquired dysfunctions (STAT3 phosphoryla-

tion [81], soluble NKG2DL [82, 83], soluble TGF-b [84]). In this setting, Treg

accumulation may add deleterious effects which may be solved, at least in part, by

depleting or inhibiting their function. Metronomic CTX is currently used to selec-

tively hamper Treg in cancer patients [70]. Alternatively, peptides blocking TGF-b
could provide a new tool in enhancing antitumor responses [85]. In parallel,

strategies harnessing NK cell effector functions could be developed [48, 49].

Another potential relevance of the role of Treg in controlling the DC/CD4+

T cell crosstalk could be discussed in cases of autoimmune disorders (Fig. 1).

Indeed, NK cell proliferation is controlled at the steady state by Treg [48, 49].

NK cells have been involved in the development of autoimmune disorders, but their

precise role remains unclear. In two differentmodels of diabetes (NOD andBDC2.5-

TCR-Transgenic NOD), depletion of NK cells by anti-NK1.1 or anti-asialoGM1

antibody reduced the severity of the disease [86, 87]. Moreover, in distinct autoim-

mune disorders, Treg may be deficient [88] and may fail to control NK cells. Our

data lead us to hypothesize that blocking IL-15Ra/IL-15 and CCR5 by pharmaco-

logical interventions could compromise an uncontrolled NK cell proliferation and

activation and could ameliorate the exacerbation of NK-cell-dependent autoimmune

disorders.

In the context of viral infections, the NK to Treg interaction needs further

clarifications. It appears that Treg is indispensable for the appropriate recruitment

of NK cells at infected sites [73]. Moreover, IFNa may render NK cells resistant to
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the inhibitory effects of Treg. Conversely, human NK cells can also keep in check

Treg. NK cells activated by monokines or M. tuberculosis-stimulated monocytes

are able to lyse expanded Treg in response to M. tuberculosis infection, but not

resting Treg [89]. Thus, the NK cells to Treg interaction is bidirectional and highly

regulated.

In the near future, we anticipate that the comprehensive characterization of

distinct NK cell subsets together with the increased knowledge on the regulatory

pathways used by Treg will facilitate the pathophysiological relevance of the

retrocontrol of Treg on innate immunity.
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Interactions Between B Lymphocytes and NK

Cells: An Update

Dorothy Yuan, Ning Gao, and Paula Jennings

Abstract The major role of NK cells has traditionally been assigned to their

cytotoxic activity both against tumor cells and against virus-infected cells. Only

recently has there been greater appreciation for their more diverse functions. The

interaction between NK and B cells is unique in that NK cells have not been

reported to kill B cells, allowing, therefore productive interactions between the

two cell types. In this review we have focused on the ability of NK cells to influence

the two major functions of B cells, their ability to secrete antibodies and to present

antigen to T cells. This review provides the definitive evidence obtained from

in vitro experiments that NK and B cells can interact productively in both direc-

tions. In addition, much progress has been made toward identification of the

receptor–ligand pairs required for the interaction. This review also points out that

whereas there is evidence for similar interactions to occur in vivo, unraveling the

mechanisms by which this occurs is more challenging due to the many players

involved. For this same reason we have focused the review in the mouse system

which is more amenable to in vivo manipulation. We realize that much insights

derived from work with human cells should be informative, but complete correla-

tion with findings between the two system is beyond the scope of this review.

1 Introduction

There is ample documentation that the initiation of specific B cell antibody secre-

tion requires, in addition to activation of the antigen receptor, interaction with either

T cells or with pathogens that can directly trigger specific Toll-like receptors

(TLRs) [1]. However, there is also accumulating evidence that the various functions

of B cells can be also modulated by another cell type, natural killer (NK) cells.
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Unlike B or T cells, NK cells do not possess antigen-specific receptors. On the other

hand, they are equipped with receptors that allow them to distinguish self vs.

nonself as well as specific pathogen motifs (reviewed in [2]). In addition, they

express a number of cytokine receptors that can overcome the inhibitory receptors

that keep them quiescent. These receptors are important for their expansion as well

as further activation. In this review we will highlight recent findings that show how

NK cells can direct the path of antigen-specific B cell responses. Among the most

important of these functions is the ability of NK cells to selectively alter the effector

function of B cells by modifying isotype switching, most commonly associated

with an increase in the expression of the immunoglobulin (Ig) G2a/c subclass.

IgG2a/c has been shown to be particularly adept at mediating antibody-dependent

cytotoxicity (ADCC), binding to Fc receptors on phagocytes, as well as initiating

complement fixation. Therefore a rapid induction by NK cells of this subclass prior

to T cell participation can provide significant advantages in early responses to

pathogens. In addition to the influence on Ig switch recombination more recent

findings suggest that NK cells can also modulate yet another function of B cells,

that of antigen presentation. This more subtle effect may thus also influence the

adaptive response during the memory phase.

Conversely, we will also review evidence that B cells can in turn affect the

differentiation of NK cells. Thus, in addition to activation by cytokines, NK cells

can be activated by novel interactions with B cells resulting also in the initiation of

cytokine production. These interactions are important points to consider in any

dissection of the immunological response to pathogens as well as treatment regi-

ments that implicate the immune system.

2 NK Modulation of B Cell Responses In Vivo

2.1 NK Cell Modulation of B Cell Responses to T-Independent
Antigens

The most direct test of whether NK cells can modulate specific B cell responses

independent of factors that can affect the quality of T cell help is to examine

antibody responses to T-independent (TI) antigens. Moreover, the use of well-

studied synthetic antigens representative of those expressed on pathogens offers

the advantage of determining minimal effects that are independent of complications

arising from the infective process. This approach further targets B cell responses to

individual antigens that may be obscured by additional responses to other determi-

nants expressed by the pathogen. Classical studies have shown that responses to

TI-I antigens require activation of the B cell receptor together with TLRs on B cells,

while responses to TI-II antigens require only extensive crosslinking of the B cell

receptor as well as a source of cytokines which is not derived from direct MHCII-

restricted interaction with T cells [3]. In addition, stimulation of the TACI,
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a receptor for the activators, BAFF or APRIL on B cells appears to be required for

the TI-II response [4]. Importantly, the source of these TAC1-binding factors can be

derived from a number of cell types [5]. Interestingly, a recent report indicates that

CD11c(hi) dendritic cells (DCs) are not required for the TI-II response [6] further

confirms that T cell participation via antigen presentation by DCs is not necessary.

Our initial studies, using the simple approach of examining B cell responses after

depletion of NK cells prior to challenge with either a TI-I antigen, TNP-LPS, or a

TI-II antigen, NP-Ficoll, showed that neither the magnitude of serum Ig levels nor

the extent of subsequent switching to various IgG subclasses was affected [7].

Significantly, the depletion of NK cells also does not result in increased responses

to these antigens; therefore, at least in C57BL/6 mice, without specific stimulation,

NK cells exert neither stimulatory nor inhibitory effects on B cell responses.

In contrast to these findings, activation of NK cells prior to challenge with these

antigens showed that B cell responses, can be significantly modulated ([7] and

Yuan, personal observations). These studies utilized Poly(I:C), a frequently used

reagent for the stimulation of the cytolytic activity of NK cells. Poly(I:C) is a ligand

for TLR3. Unlike human NK cells [8] TLR3 is not functionally expressed on mouse

NK cells [9] and the activation of NK cells requires stimulation by cytokines

secreted by either macrophages or DCs that express these receptors. Both IFN-

a/ß and IL-12 produced by these cells are potent stimulators of IFN-g secretion by

NK cells. IFN-g in turn can stimulate cells expressing the receptor for this cytokine

thus creating a cytokine circuit resulting in significant amplification of these

cytokines. Because IFN-g can enhance IgG2a/c synthesis by B cells activated by

either LPS or by antigen, it is not surprising that activation of NK cells by this route

can increase the production of this antibody subclass in response to both TI-I and

TI-II antigens. The obligatory role of NK cells can be shown by depleting NK cells

prior to the administration of Poly(I:C), resulting in the abrogation of the enhance-

ment of antigen-specific IgG2c production [7]. In other studies we have utilized a B

cell tumor that can directly stimulate NK-cell IFN-g production in vitro. Injection

of the tumor also enhances IgG2a/c production. Not only is this enhancement

eliminated by depletion of NK cells, the enhancement is also dependent on the

presence of IL-12, showing that despite the direct stimulation of NK-cell IFN-g
secretion amplification of a cytokine circuit is also required [10]. It should be noted

that, for these early studies an anti-IgG2a antibody was used. We subsequently

became aware that the gene for g2a is replaced by g2c in C57BL/6 mice [11];

therefore, the low levels of IgG2a reported are most likely representative of cross-

reactivity for much higher levels of IgG2c.

In addition to Poly(I:C), other adjuvants such as RIBI or incomplete Freund’s

adjuvant (CFA) that can enhance immune responses can also stimulate NK cells

sufficiently to result in their ability to significantly increase B cell responses to TI

antigens [12]. In contrast to Poly(I:C) stimulation, how NK cells are activated in

this case is not clear since the question of whether stimulation by these agents

requires activation of TLRs is still controversial [13].

In conclusion, the relatively low level of B cell responses to TI antigens can be

significantly enhanced by NK cells, if and only if, they are first activated.
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2.2 NK Cell Modulation of B Cell Responses to Viral Infection

Classical studies have clearly documented a role for NK cells in the early control of

some viruses [14, 15]. Modification of cell surface antigens by the infectious

process can activate NK cells by either reducing the function of inhibitory receptors

or by induction of specific activating ligands. A well-studied gene product

expressed by the murine Cytomegalovirus (MCMV) is m157 ORF which can

activate Ly49H expressed on NK cells of MCMV-resistant mice [16]. Thus, during

MCMV infection, activation of NK cells can occur via two phases, the first

involving the amplification of the cytokine circuit due to initial activation of

macrophages or DCs via their TLRs, and the second occurring upon direct recogni-

tion of the virally expressed antigen expressed by the infected cells [17]. Direct

cytopathic effects of the activated NK cells as well as IFN-g produced by the cells

play an important role in control of MCMV infection. Whereas the increased IFN-g
[15] may not always be required for the control of some viruses [18], it is notable,

however, that IFN-g produced upon MCMV infection is correlated with increased

levels of IgG2a with specificity both against the virus and against a number of other

polyclonal antigens. The polyclonal antibody production was found to be indepen-

dent of T cell activation [19]. Whereas depletion of NK cells increases pathogenic-

ity of MCMV, the effect on antibody levels has not been assessed. Thus it is

possible that MCMV-activated NK cells can directly stimulate B cells via a

BCR-independent pathway.

Antibody production by B cells plays an important role in the resolution of

many, although clearly not, all viral infections. Antibodies are usually required for

neutralization of preformed viruses, for prevention of adhesion, and for mediating

ADCC of infected cells thus reducing virus spread. In fact there is evidence that in

some cases, the function of antibodies may be necessary and sufficient for the

control of infection. In B cell deficient or in SCID mice, injection of preformed

antibodies into vesicular stomatitis virus (VSV)-infected mice can provide com-

plete protection. Similarly in the absence of B or T cell function, SCID mice

injected with various monoclonal antiviral antibodies can cure an influenza-virus-

induced pneumonia [20]. Furthermore, immunization regiments in intact mice that

allow the preferential generation of IgG2a antibodies have been shown to provide

greater protection against viral influenza infection [21].

The induction of both T and B cell responses against most virus infections

complicates the assessment of whether NK cells constitute a necessary or auxiliary

component contributing to the resolution of the infection. However, the ability of

viruses to activate TLR-3 on infected cells is comparable with our results showing

NK-dependent enhancement of the IgG2c response by Poly(I:C) which functions by

stimulating TLR-3 on accessory cells suggesting a role for NK cells in helping with

viral clearance. Indeed many virus infections elicit a predominant IgG2a antibody

response [22] which is presumably due to the development of a cytokine circuit

resulting in the activation of NK cells and the production of IFN-g. Thus, in the
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absence of IFN-g, virus-specific IgG2a levels have been shown to be significantly

reduced in influenza-infected mice [23, 24]. Nonetheless, in order to establish

whether NK cell induction of B cell Ig production is sufficient for the control of

some viruses it is necessary to dissociate the role of T cells. A number of viruses

have been shown to display cell surface determinants that are sufficiently repetitive

so that they can adequately crosslink the B cell antigen receptor resulting in the

activation of B cells independent of MHCII-mediated T cell help. Analysis of the

role of NK cells as an alternate source of help has utilized these viruses. For

example, response to polyoma virus does not require T cell participation [25].

Significantly, in mice deficient in both T and NK cells, infection by this virus

results in IgG2a levels that are more reduced than those lacking only T cells

implicating a role for NK cell help in obtaining an optimal response [25]. Another

virus shown to be able to induce a response similar to that of a TI-II antigen is VSV,

which expresses sufficient repetitive determinants to result in extensive crosslink-

ing of the BCR [26]. Therefore the response to VSV also does not require T cell

help. Further studies showed that resolution of the infection was not greatly

compromised in the absence of C3 or TNF [27]. The studies also concluded that

NK cell help is not involved because enhanced NK cytotoxicity was not detected.

However, it should be noted that since induction of NK cell cytokine production is

often dissociated from cytotoxicity [28], the possibility remains that NK cell help

play an important role in the generation of antibodies in response to this infection.

Despite the prominent role of IFN-g in directing B cell IgG2a production it is

worthy to note that there is convincing evidence that IFN-g is not absolutely

required for the induction of this isotype by virus infection. The level of IgG2a

antibodies produced upon infection by lactate dehydrogenase-elevating virus

(LDV) was not substantially decreased in IFN-g knockout (KO) mice [29]. It is

not known whether NK cells participate in the induction because it is only partially

blocked by anti-CD40 antibodies. Furthermore, NK cells can also be involved in the

control of this infection since IgG2a antibodies have been shown to be more

effective for NK-cell-mediated ADCC [30].

Recent studies have also revealed that, in contrast to stimulation by double-

stranded RNA, the ssRNA genome of influenza virus, is recognized by TLR7 [31].

Furthermore, virus infection can directly activate B cells via TLR7. It is interesting

that this stimulation can only result in activation of IgG1 secretion. For switching to

IgG2a activation of CD40 is required [32]. Whereas this finding implicates a role

for T cells, the possibility that stimulation of other ligands on B cells can substitute

for this costimulator requires further investigation.

In summary, a number of studies have suggested that upon infection by some

viruses, NK cells, as well as IFN-g produced by activated NK cells, can result in the

enhancement of IgG2a production by B cells. Whereas in some cases antibodies

and, in particular IgG2a, can be shown to be protective, the relative role of direct

cytotoxicity against the infected cells vs. antibody-mediated effects can vary

greatly. In addition, whether the isotype preference can be attributed to direct

NK-B cell interaction also requires further elucidation.
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2.3 NK Cell Modulation of B Cell Responses to Bacterial
Infections

Classical studies using Listeria monocytogenes have shown that NK cells play an

important role in the early response against infection by this organism mainly via

amplification of the cytokine circuit initiated by activation of macrophages [33].

The increase in IFN-g secretion is important for bactericidal activity of infected

macrophages; however, antibodies produced during the normal course of the

infection were shown not to be important for control of this mainly intracellular

bacterium. Analyses of the requirement for NK cells in the resolution of the

intracellular phase of a number of other bacterial infections have also not revealed

a critical role [34–36].

On the other hand, it has long been known that antibodies are critically important

in recovery from infections caused by most extracellular bacteria by virtue of their

ability to activate the complement pathway, to enhance phagocytosis by macro-

phages, and to neutralize bacterial toxins. Since the relative efficacy of these

pathways depends on the antibody subclass, the ability of NK cells to modulate

antibody subclass distribution should be relevant in resolving some of these infec-

tions. As with viral infections, macrophages or neutrophils are activated to produce

cytokines, including Types I IFNs, TNF-a, IL-12, and IL-15, that can activate NK

cells. In this case activation by bacteria occurs mainly via TLR-4 and TLR-2. Thus

a model antigen for this response can be TNP-LPS, where TLR-4 is a necessary

component for the activation of TNP-specific B cells. However, depletion of NK

cells prior to immunization by this antigen does not alter the magnitude or isotype

distribution of the antibodies produced. Thus it appears that stimulation via TLR4 is

insufficient for the activation of NK cells. On the other hand, if Poly(I:C) is injected

prior to immunization with the same antigen, then IgG2c levels can be significantly

enhanced and this enhancement is abolished by NK cell depletion [7]. Since mouse

NK cells do not express TLR-3 [9], the role of Poly(I:C) cannot be attributed to

direct stimulation of NK cells. The mechanism could be due to either alterations in

the quantity or quality of cytokines induced by the combination of the two TLR

ligands as well as the LPS receptor.

A class of bacteria including Streptococcus pneumoniae, Haemophilus influen-
zae, and Klebsiella pneumoniae are coated by large polysaccharides. The repetitive
units of these polysaccharides are highly effective crosslinkers of BCR and there-

fore should activate B cells in a TI manner. However, resistance against these

infections is compromised in the young, presumably due to the paucity of appro-

priate cytokines. The deficit has been effectively remedied by conjugating vaccines

made with these carbohydrates with proteins that can stimulate MHC II mediated

T cell help [37]. We have found that immunization in the presence of RIBI, an

adjuvant that is an effective stimulator of NK cells, can augment the immune

response against these carbohydrate antigens. Indeed the enhancement of the

response is dependent on the presence of NK cells [12]. Thus, these results show

that, as with the Poly(I:C) enhancement of the response against the representative
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TI-II antigen, NP-Ficoll, activation of NK cells can serve to substitute the require-

ment for T-cell-derived cytokines.

In addition to the role of NK cells in propagating the cytokine circuit, the

expression of TLRs on NK cells themselves may be altered by specific cytokines

resulting in alterations of their activation status such that they may be able to

activate B cells directly. We have recently examined this possibility by using

infection by the microbe Brucella abortis (BA). The consequence of BA infection

differs from many other bacterial infections in the induction of substantial poly-

clonal IgG2 production which is T cell independent [38]. Whereas early experi-

ments have shown that IFN-g plays a role in this induction, whether NK cells are

required has not been examined. Heat-inactivated BA has been shown to be as

effective as infective BA in its ability to induce the polyclonal B cell response [39].

Thus despite the inability of fixed BA to multiply, various cell types are necessary

for this response. The polyclonal nature of the B cell response suggests that B cells

themselves can be directly activated via receptors other than the BCR. However,

since infection is accompanied by an increase in NK cell cytotoxicity [34], it is also

possible that the induction requires direct interactions between NK and B cells. In

order to determine the role of NK cell involvement in the induction of polyclonal

antibodies, we assessed the effect of depletion of NK cells on the response to fixed

BA. Figure 1 shows that polyclonal IgG2c production was dramatically reduced by

the absence of NK cells. The extent of reduction (70%) was reproducibly found to

be greater than the effect of IFN-g (50%) or IL-12 (50%) depletion [Dang and

Yuan, personal observations] suggesting that other than the effect of the cytokine
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Fig. 1 Effect of NK depletion on increase in total IgG2c serum levels. Prior to immunization with

fixed BA a set of animals was depleted of NK cells by anti-NK1.1 treatment. Induction of

polyclonal IgG2c was determined by ELISA analysis of serum samples. The relative increase

was obtained by dividing the IgG2c levels at each time point by the prebleed value of each animal.

The right-hand axis indicates the percentage of NK cells remaining in each animal at d14 after

treatment. Note significant recovery in the animal (encircled) with the highest titer
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circuit on the increase in IgG2c levels NK cells may play an additional role. Indeed

in an experiment shown in Fig. 2, as early as 3 h after injection of BA, a large

fraction of NK cells were activated. The stimulation of CD69 expression occurred

prior to that on all the other splenic populations, including B cells.

It is not known how NK cells are directly activated by BA; however, their

expression of TLR2 has been shown to be enhanced by IL-12. Thus, it is possible

that for sufficient activation of NK cells resulting in production of IFN-g they

require, in addition, a second signal such as upregulation of their TLR2 [40].

Alternatively, BA-activated B cells could directly stimulate NK cells resulting

eventually in cells that can further induce B cells directly. Inasmuch as the

stimulation of polyclonal Ig secretion is more affected by NK depletion than by

IFN-g depletion it is possible that dual signals are responsible for the induction of B
cell Ig secretion, one derived from cytokines and the other from direct interaction

between B and NK cells. The role of putative ligands for this stimulation using

in vitro studies is presently being pursued. Based on our in vivo findings we have

developed a working hypothesis illustrated in Fig. 3.

In conclusion, activation of NK cells by bacterial pathogens either directly or

indirectly has importance both for their bactericidal and deleterious effects due to

excess activation of the inflammatory network. Whereas antibodies and especially

those of the IgG2a subclass, induced during the immune response undeniably play

an important role in recovery from and prevention of subsequent infections, the

requirement for NK activation in this aspect requires further investigation. Our

studies utilizing the ability of fixed BA to stimulate TI polyclonal Ig production

may provide further insight.

It should be noted that this discussion of the role of NK cells in bacterial

infections has not included the effect of NKT cells because we have ascertained

that our regiment of NK depletion does not affect NKT cells [12]. More relevant

is the fact that the majority of NKT cells express a defined TCR specificity that

recognizes CD1d-restricted glycolipid antigens, the most prominent of which being

Fig. 2 Comparative kinetics of activation of NK cells by fixed BA vs. Poly(I:C). Total splenocytes

stimulated with each reagent as indicated were stained at the times indicated and analyzed by

FACS
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alphagalactosylceramide (alphaGC). These lipids are expressed on some Gram-

negative, LPS-negative microbes [41, 42] and activation of appropriate T cells

and associated cytokines can increase nonantigen specific help for B cells [43].

However the immunogenicity of these lipids in the context of most bacterial

infections remains an open question [44].

2.4 Role of NK Cells on Antigen Presentation by B cells:
Evidence of NK Cell Effect on T Cell Responses

While the antibody response to pathogens can occur in the absence of T cells, this

response does not result in the generation of either memory B or T cells. For a

robust secondary response T cell activation is required. Whereas the involvement of

NK cells is usually considered to be part of the innate system that is rapidly

activated prior to the initiation of T cell functions it is also possible that the early

response of NK cells can affect B cell antibody production directly or through the

quality of T cell help for B cells. To investigate this question we examined the

primary antibody response to a classical T-dependent antigen, TNP-KLH and did

not find detectable effects on the level of antigen-specific serum antibodies pro-

duced in NK-cell-depleted mice [7]. This finding was somewhat surprising in view

of the fact that the antigen was injected in adjuvant which should have activated NK

cells. In contrast, other studies using similar routes of antigenic challenge, but in a

transgenic mouse model, concluded that the extent of T-cell-dependent switching to
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Fig. 3 Possible pathways of NK cell effects on induction of polyclonal Ig secretion. BA can

activate both NK and B cells via TLR2 as well as other receptors but activation level is insufficient

until accessory cells are also activated resulting in production of IL-12 which can upregulate

TLR2. NK cells can now stimulate B cells directly and together with IFN-g can program B cells to

increase polyclonal IgG2c secretion

Interactions Between B Lymphocytes and NK Cells: An Update 353



IgG2a was dependent on NK cells [45]; however, the absence of NK cells in these

transgenic mice was accompanied by other abnormalities, including cytokine

dysregulation [46], that may affect the antibody response. Contradictory conclu-

sions were obtained in two different laboratories in which the T-dependent antigen

OVA was administered by aerosol [47–49]. These inconsistent results could be

explained by subtle effects of NK cells on the different cell types involved in the

generation of a T-cell-dependent response. One factor affecting these inconsistent

results could be attributed to differences in direct NK cell effects on T cells which in

turn influences the B cell antibody levels. For instance, NK cells can enhance Th1-

mediated immunity via cytokine production in the lymph node [50]. NK cells may

also directly enhance T cell proliferation through CD244 (2B4)–CD48 interactions

[51]. Another possible pathway involves interactions between DCs and NK cells.

NK cells can induce maturation of DCs [52] as well as eliminate mature DCs [53]

thus potentially modulating the extent of T cell activation (reviewed in [54]).

Recently it has been shown that NK cells can decrease antibody responses to

Hepatitis B Surface antigen (HBsAg), which is correlated with decreased ability

of DCs to present HBsAg to memory T cells [55]. In addition, human NK cells may

acquire an antigen-presenting cell (APC) phenotype directly regulating T cell

activation [56], although this ability has since been challenged [57].

In recent experiments we have confirmed earlier findings that depletion of NK

cells did not affect the primary antibody response. Interestingly, however, we found

that their absence during priming resulted in a decreased T cell memory response

that is reflected in reduced antigen-specific serum IgG1 levels [58] upon secondary

challenge. Significantly, the decrease was observed after complete recovery of the

NK cell compartment. In order to determine more directly whether these reduced

levels are attributable to NK effects on T cell responses we tested whether NK

depletion can influence the extent of proliferation of CFSE labeled T cells from

OT-II transgenic mouse transferred into C57BL/6 mice in response to ovalbumin

administered in the adjuvant, Ribi. The greater representation of OVA peptide-

specific T cells facilitated the assessment of antigen-specific T cell activation by

either CD69 upregulation or proliferation. NK cell depletion was found to cause a

small but reproducibly significant decrease in T cell activation and proliferation

[58]. This apparent effect of NK cells could be a reflection of three independent but

possibly related interactions. (1) NK cells could directly alter T cell responses, or

(2) NK cells could influence the manner by which professional APCs present

antigen to T cells or (3) NK cells could affect B cell presentation of antigen. We

chose to examine the last possibility because a number of studies point toward a

prominent role of B cells for T cell priming [59] which is correlated with more

effective induction of memory T cells [60]. We generated radiation chimeric mice

reconstituted with MHCII deficient B cells together with other APCs that were

MHCII sufficient as described previously [61]. T cell priming was found to be

greatly reduced in these mice confirming the role of B cells in antigen presentation.

More importantly, the reduction was not further affected by the absence of NK

cells. Furthermore, T cell priming can be restored by reconstitution of B cells only

if NK cells were also present [58]. These results show, at least in this experimental
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system, that the effect of NK cells on T cell memory development can be mediated

by modulation of antigen presentation by B cells.

In further in vitro experiments we have directly explored the effect of NK cells

on B cell antigen presentation in an effort to determine the mechanism of enhance-

ment (See Sect. 3.2). These experiments allowed us to conclude that direct cell–cell

interaction between NK and B cells is required for the enhancement of antigen

presentation by B cells and that soluble factors produced by NK cells are not

sufficient for the induction. Moreover, it is important that NK cells directly isolated

from the animal that has not been activated in vitro cannot enhance the B cell

antigen presentation.

In these in vivo studies, the question that frequently arises is whether NKT cells

were deleted along with NK cells when they were injected with anti-NK1.1 and

therefore may be responsible for the effects. We have shown that NKT cells remain

intact in the liver even with chronic depletion with this antibody [12]. Moreover,

this question may not be critical for protein antigens such as KLH since greater than

80% of NKT cells express a restricted TCR specificity that recognizes CD1d-

restricted glycolipid antigens. There is now clear evidence that upon recognition

of these lipids, B cells can present antigen to NKT cell and can provide help for B

cell Ig secretion even in the absence of adjuvant, CD4+ T cells [43], or MHC class

II [62]. Interestingly, NKT cells from autoimmune mice may be particularly adept

at providing CD1-restricted T cell help [63]. Clearly, however, this non-MHC class

II-mediated help does not account for the role of conventional NK cells in the

generation of antigen-specific CD4+ memory T cells.

The augmentation of B cell antigen presentation by NK cells resulting in

enhanced T cell priming is an important factor to consider for blood-borne infec-

tions since the offending organism is likely to encounter and activate NK cells in

the red pulp prior to localization in the marginal zone of the splenic follicles where

large numbers of B cells can process the antigen. Further investigations should

reveal whether migration of activated NK cells into the same area can result in

encounter with the B cells that can process antigen. Of particular relevance in this

regard is the finding by Linton et al. that costimulation via OX40L expressed by B

cells is sufficient for the generation of memory T cells [64]. OX40 has been shown

by gene expression profiling to be present on NK cells as well as T cells [65].

2.5 Possible Role of NK Cells in Autoantibody Production

Over the years a number of studies have explored the role of NK cells in the

development of autoantibodies. These studies have been reviewed previously [66].

Due to the complexity of factors that could contribute to both autoantibody produc-

tion and the further disease manifestations, the exact role of NK cells has not been

easy to pinpoint. To examine the participation of NK cells in a more restricted

context we have recently utilized a model system in which production of auto-

antibodies has been shown to be regulated by a gene segment defined as the
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B6.Sle1b gene cluster. This gene cluster was derived from the NZM2410 mouse

strain which spontaneously develop autoantibodies including antinuclear antibodies

(ANA) and kidney disease. B6.Sle1b mice also develop autoantibodies late in life

with high penetrance but do not progress to kidney disease. Further experiments

also showed that for the development of ANA, B cells from this strain are the only

necessary component. This locus contains the SLAM/CD2 gene cluster, which

encodes numerous cellular interaction molecules expressed by B, T, as well as

NK cells. One of these genes encodes CD244 which is expressed predominantly on

NK cells. Interestingly, we have previously shown that activation of NK cells by B

cells can occur via the interaction between CD48, another gene contained within the

SLAM/CD2 cluster, and CD244 [67]. Therefore the interaction between NK cells

and B cells may be a critical factor for the development of autoantibodies. Pre-

cursors of autoimmune B cells can arise by a number of mechanisms. First, they

could be “ignorant B cells” which have arisen due to receptor editing of previously

tolerized cells, or they could be anergic B cells that can nevertheless be triggered by

strong T cell help ([68] and references within). B cells in the B6.Sle1b strain have

been shown to undergo increased receptor editing possibly due to dysregulated

expression of Ly108 [69]. Thus, these cells may fit the criteria of “ignorant” B cells

that can be more easily triggered by antigens. In addition, although T cells, derived

from the B6.Sle1b strain cannot on their own, initiate autoimmunity, they are

nonetheless more easily activated. Therefore they may function as helper T cells

that can overcome the activation barrier presented by anergic B cells. If autoanti-

bodies in the B6.Sle1bmouse are produced by B cells that are more easily triggered,

then it is possible that they would produce a higher response to a T-independent

antigen. Indeed, we found that at an early age, before manifestation of any autoim-

mune symptoms, B6.Sle1bmice produce significantly higher levels of antibodies to

NP-Ficoll than B6 littermates [70]. Moreover, the increased response can be

eliminated by the depletion of NK cells. Importantly, the increased response is

also eliminated by the inactivation of the SH2D1A/DSHP/SAP gene which encodes

SLAM-associated protein (SAP), a signal transducer utilized by all members of

the SLAM-CD2 family. Thus, even though NK cells can enhance responses to

T-independent antigens if they are activated by the cytokine circuit; in this case,

where there is no apparent overt stimulation of the circuit, it appears that interac-

tions between NK and B cells, which may exist in a higher activation state due to

developmental dysregulation, is sufficient to induce the higher response. Further-

more, this induction may require signaling mediated by SAP. Finally, we have also

shown that when the SAP gene is inactivated in the B6.Sle1b strain by the creation

of the B6.Sle1b.SAP �/� strain, the percentage of animals that produce ANA is

much reduced but, the level of ANA produced in the animals that succumb is not

reduced [70]. Since SAP is required for a T-dependent response, the ANA produced

must be derived from responses to T-independent antigens. Significantly, the

subclass of antibodies produced were predominantly Ig2b and IgG2c but not

IgG1 which is most dependent on T cell help. Thus these experiments unequivo-

cally show that ANA can be produced by the activation of B cells via T-independent

antigens. Although these studies provide clear evidence that NK cells play
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a possible role in the induction of autoimmunity further analysis utilizing this

system to explore the underlying mechanisms should enhance the understanding

of the disease.

3 In Vitro Dissection of NK-B Cell Interactions

3.1 NK Cell Effects on B cells

Due to the multiplicity of cell types that can contribute to B cell activity in vivo we

have expanded considerable effort toward dissecting possible effects of NK cells on

B cell responses using in vitro systems. By this approach, various B cell populations

can be isolated and their responses separately analyzed. Due to the heterogeneous

nature of B cells that are directly isolated from the animal, analysis of the response

is complicated by varying levels of activation signals that are required. Fraction-

ation of B cells by density gradient sedimentation allows the preparation of large

numbers of high-density B cells that contain a minimal proportion that had already

been activated in vivo. Cell surface phenotype of this population showed that they

do not express detectable levels of CD69, low levels of CD86, and does not contain

B1 or marginal zone B cells as defined by B220+CD55+ or B220+, CD23lo and

CD21hi markers, respectively. Greater than 85% of the cells have characteristics of

follicular B cells (IgDhi and CD23hi). Since memory B cells can be also present in

the high-density population, these cells were further depleted by means of anti-IgG

columns resulting in cells that do not express mRNA for any IgG isotype that can be

detected by semiquantitative RT-PCR. The response of these cells to NK cells was

assessed by coculture of the two cell types. NK cells had to be propagated by IL-2

stimulation in order to obtain sufficient numbers. Initial studies first established that

coculture of these NK cells at various ratios with B cells do not result in B cell lysis

[28] or apoptosis (Dang and Yuan, unpublished observations) even when MHC

disparate sources of cells were used. The NK cells also do not induce significant B

cell proliferation [71]. On the other hand, coculture with NK cells increased B cell

viability. Experiments are underway to determine if this effect could be due to NK

cell induction of BAFF which can promote B cell viability.

Using these coculture conditions definitive induction of B cell differentiation by

NK cells can be shown. First, B cell CD69 as well as CD86 expression was

increased within as early as 6 h. Second, induction of germline transcripts for g2a
accompanied by upregulation of mRNA for AID [72] as well as T-bet [71] can be

detected by semiquantitative RT-PCR analysis within 24 h. Thus NK cells can

initiate the events required for both of the important functions mediated by B cells,

antigen presentation, and Ig secretion. It should be noted that although it is possible

that NKT cells can also function in this capacity, we have vigorously eliminated

these cells from the propagated cells used to activate B cells. The NK cultures also

do not contain MHCII positive cells; therefore, macrophages and DCs do not play a

role. On the other hand, freshly isolated NK cells cannot effectively activate B cells;
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therefore, partial activation of NK cells by IL-2 occurring during propagation is

required for their activity.

3.2 NK Cell Enhancement of Antigen Presentation by B cells

The increase in CD86 on resting B cells upon interaction with NK cells suggested

that the interaction can enhance their ability to present antigen to T cells. We

assessed antigen presentation by determining the extent of proliferation of purified

T cells from OT-II transgenic mice as measured by dilution of CFSE fluorescence

intensity upon stimulation by OVA. As shown in Fig. 4a, highly purified T cells do

not respond measurably to the addition of only antigen in vitro. Addition of B cells

increased the proliferation, and as expected, activated low-density B cells can

induce greater anti-OVA-dependent T cell proliferation than resting B cells

(Fig. 4b, 4c). Most significantly, coincubation of resting B cells with IL-2 propa-

gated NK cells enhanced proliferation mediated by the resting B cells (Fig. 4d).

The proliferation measured by CFSE dilution is mirrored by measurement of
3HTdR incorporation after the cells have been cocultured in a similar manner.

Table 1 shows a representative experiment.

Although the extent of enhancement of antigen presentation by resting B cells is

not extensive due to the low responsiveness of resting B cells, the results have been

reproduced in many independent experiments [58]; therefore, it is possible to

further analyze the molecular basis for the enhancement. For example, by separat-

ing NK cells from B cells by a transwell membrane we showed further that the

effect of NK cells on T cell proliferation requires direct cell contact and therefore is

unlikely to be mediated by cytokines produced by NK cells (Table 1). Investiga-

tions are underway in attempts to identify the cell surface molecules involved in this

interaction. One possible candidate is that between OX40L on B cells and OX40

[64, 73] on NK cells.

3.3 NK Cell Activation of Switch Recombination

The ability of NK cells to influence the extent of switch recombination to IgG2a

in vivo has been usually attributed to their ability to produce IFN-g. However, our
results, showing that NK cells from IFN-g KO mice can also induce germline

transcription of the g2 gene in a contact-dependent fashion [72], show that they

have the ability to initiate this process in the absence of IFN-g. Transcription of the
Ig2a exons is the first step required for B cells to initiate the process of DNA

recombination from the variable region exons to the g2a heavy chain exons result-

ing in appropriate coding sequences for the functional g2a heavy chain. Interest-

ingly, the induction by NK cells is limited to the first step of differentiation and

productive switch recombination does not occur. In these in vitro cultures of highly
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purified B cells we also cannot detect germline or switched transcripts for g1. The
absence of these transcripts also indicates the absence of participation of inadver-

tent factors that can be a source of ligands that can directly stimulate TLRs

expressed on B cells [32, 74].

Fig. 4 NK cell enhancement of B cell antigen presentation. After 3 days of culture with the

reagents indicated or with B cells (ratio of 1:1) CD4+T cells in the cultures were identified by

staining and assessed by FACS analysis to determine the fraction of T cells that had undergone cell

division resulting in a reduction of CFSE fluorescence intensity. Profiles were normalized to equal

areas to allow easier comparison. Coculture with low-density B cells in the presence of antigen

enhanced T cell proliferation to a much greater extent than did resting, high-density B cells

(compare B and C). Prior incubation of the resting B cells with NK cells (ratio of 2:1) resulted

in a significant increase in the ability of the cells to induce T cell proliferation (D) The fraction of

total cells present in the M1 gate was increased from 35.5 to 53.5%

Interactions Between B Lymphocytes and NK Cells: An Update 359



The observation that coculture with NK cells only results in induction of germ-

line transcripts for g2a is consistent with the unlikely probability that in vivo any

chance encounter of activated NK cells would result in induction of B cell Ig

secretion. The case may be different, however, for B cells that have encountered

specific antigen. Indeed, if NK cells are incubated with B cells expressing a

transgene encoding the specific antigen receptor for NP, together with NP-Ficoll

to crosslink the BCR, IgG2a can be induced [71]. Again, the induction can occur in

the absence of IFN-g but requires direct cell contact. Thus, NK help is sufficient for

switch recombination in response to a TI-II antigen, and activation of CD40 on B

cells is not required [75].

In contrast to the induction of Ig2a, it is interesting that incubation of B cells

from mice expressing the transgene for NP with antigen alone is sufficient for the

induction of germline transcripts for g1 (Ig1), although productive switch to g1
mRNA also does not occur unless NK cells are added [71]. Thus, whereas the

interaction with NK cells is required for both Ig2a and mature g2a mRNA expres-

sion, the signal is only needed for induction of the mature g1 mRNA. Thus

activation by NK cells appears to impinge on signals required for two different

steps during B cell differentiation, the first one for induction of Ig2a and the second
one for induction of productive DNA rearrangement to either g1 or g2a.

These experiments were performed under stringent conditions in which high-

density, IgG-negative, B cells with the phenotype of the follicular subset were used.

Whereas the results allow us to determine the minimal conditions required for

induction they do not negate the possibility, that in vivo, NK cells can stimulate

other B cell subsets such as marginal zone B cells that are more accessible to NK

cells that usually reside in the red pulp. Analysis of this population is precluded by

their propensity to express switched transcripts without overt stimulation; therefore,

unequivocal demonstration of NK induction is not easy.

The induction of both germline transcripts and switch recombination by NK

cells requires direct contact with B cells [71]. In order to determine the nature of

this interaction a number of antibodies for receptors known to be expressed on NK

cells were used in attempts to inhibit the interaction. The results show that although

NK cells can express T cell costimulators such as CD40L and CD28, they were

neither sufficient nor necessary for activation of B cells. The interaction was also

not inhibited by anti-TCR, further validating the fact that any residual NKT cells in

the culture could not be responsible. Until now, the only antibody found to be able

Table 1 Enhancement of B-cell Antigen Presentation by NK cells

Coculture conditions Day 3 3HTdR Incorporation (+/�SD)

No antigen OVA (200mg/ml)

T+B 2,605 cpm (+/�96) 4,297 cpm (+/�535)

T+B+NK 3,140 cpm (+/�476) 7,303 cpm (+/�1,196)

T+B +(NK in transwell) 1,687 cpm (+/�544) 2,655 cpm (+/�57)

Resting B cells were cultured alone or in the presence of IL-2-activated NK cells with or without

200mg/ml ovalbumin. After 16 h cells were irradiated and purified primary OT-II cells were added.

Proliferation was measured by 3HTdR incorporation 3 days later
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to inhibit the interaction was anti-CD48. Although CD48 is expressed by both NK

and B cells, we showed that the expression of this molecule on B cells is essential

for activation by NK cells. Whereas two different receptors, CD2 and CD244, can

specifically interact with CD48, by the use of NK cells derived from either CD2 or

2B4 KO mice, we showed that CD2 is the more effective inducer for B cells [67].

Although CD48 is required for induction of both germline and switch recombina-

tion, ligation of this GPI-anchored receptor does not appear to be sufficient because

crosslinking by anti-CD48 antibodies in either soluble or immobilized form cannot

substitute for the effect of NK cells (Gao and Yuan, personal observations). Thus

ligation of CD48 on B cells appears to be necessary but not sufficient for activation

of B cells. Cellular activation by CD48 is unusual in that it is anchored to the

membrane via glycosyl phosphatidylinositol. In the absence of cytoplasmic

domains how the signal from CD2 is transmitted to B cells is not clear.

However, GPI-anchored receptors have been shown to coimmunoprecipitate

with various members of the SRC family of tyrosine kinases in glycolipid-enriched

microdomains [76] as well as G protein subunits [77]. Considering the weak

charge–charge interactions of CD2 with its ligands one possibility is that any

encounter between CD2 and CD48 only serves to initiate the interaction between

the two cell types such that another receptor–ligand pair can provide the final

stimulation. Efforts are underway to identify these additional receptors.

Additional actors to be considered are factors that can stimulate TACI on B cells

since activation by TI-II antigens has been shown to be dependent on the expression

of TACI on B cells [4]. The activation of TACI appears to be more important for

downstream events of Ig secretion rather than for the initial activation of B cells

[78]. Two different factors can stimulate TACI, BAFF, and APRIL. BAFF can be

produced by a number of cells types although expression by NK cells has not been

extensively analyzed [79]. Importantly, however, stimulation of B cells via TLRs

can increase both BAFF secretion and TACI expression [80]. Thus it is possible that

stimulation of B cells via CD48 also initiates an autocrine pathway in B cells and

initiation of germline transcription and/or switch recombination in the presence of

antigen is mediated by BAFF. A similar pathway may be responsible for the finding

that human plasmacytoid DCs can activate switch recombination via the production

of BAFF and APRIL [81].

It should be noted that if BAFF is the critical stimulator in the induction by NK

cells it is most likely effective only as an autocrine factor and insufficient amounts

are produced for the activation of B cells that have not been directly activated by

NK cells. Thus, if NK and B cells are cocultured in the upper chamber of transwells

only B cells within the same chamber can be stimulated to produce Ig2a or

VDJCg2a while B cells cultured in the lower chamber remained inert [71]. Addi-

tionally, it is worthy to consider that whereas there is much evidence that both

responder and regulatory B cells can produce a plethora of cytokines, including

IL-4 and IFN-g [82], that can potentially activate their own switch recombination,

our transwell experiments show that if NK cell activation involves only the

stimulation of B cells to produce cytokines then the amounts must be too low to

be registered functionally in this system.
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3.4 B Cell Activation of NK Cells

Early studies of NK cells have shown that they migrate from the red pulp to the

marginal zone of B cell follicles upon activation by Poly(I:C) or by viruses [83].

This close association suggests that the large number of B cells in this zone may

contribute to further activation of NK cells. Indeed, we, as well as others, have

shown that low-density B cells, which contain the marginal zone subset, can

enhance the secretion of IFN-g by IL-2 propagated NK cells (reviewed in [66]).

Various ligand–receptor interactions required for the induction have been impli-

cated (reviewed in [66]). However, we found it difficult to delineate the role of these

interactions by using the induction of IFN-g mRNA as an indicator of further NK

cell differentiation because IL-2 propagated NK cells produce variable amounts of

IFN-g even without overt stimulation. Furthermore, the mechanism of B cell

enhancement of NK cell IFN-g production occurs mainly via stabilization of the

mRNA [84]; therefore, the extent of induction depends significantly on the initial

level. For this reason we investigated the synthesis of other products by NK cells

that may be a better indicator of further NK cell differentiation. Another cytokine

produced by NK cells is IL-13 [85]. The induction of IL-13 appears to require more

rigorous conditions in that IL-2 propagated NK cells produce virtually no detect-

able mRNA for IL-13. Thus it was possible to assess the inductive stimuli for NK

cell differentiation under more stringent conditions. We showed that B cells can

induce IL-13 mRNA expression as well as synthesis of low amounts of the protein

by NK cells [86]. The level of mRNA expression can sometimes approximate that

induced by the cytokines IL-12 and IL-18 [87]. Human NK cells have been divided

into distinct subpopulations that produce different cytokines [88]; thus, it may be

that induction by B cells only targets a fraction of the cells. At this point we cannot

rule out this possibility despite the fact that signals that have been shown to enhance

IFN-g secretion by NK cells, including anti-NK1.1 as well as other activating

ligands for NK receptors, can also induce IL-13 mRNA expression [86, 87].

Nonetheless, the more stringent conditions of induction of IL-13 mRNA allow

the requisite cell interaction molecules to now be defined. Interestingly, we found

that CD48 expression on B cells is also required for the activation of NK cells [86].

In this case, however, in which B cell CD48 is the ligand, the counter-receptor on

NK cells is 2B4 rather than CD2. Since NK cells from 2B4 KO mice were

completely inert to stimulation by B cells other possible ligand–receptor interac-

tions, while they may contribute to the interaction, appear to be insufficient for the

induction of IL-13 gene activation. Furthermore, our finding that activation by B

cells requires the signaling pathways that depend upon expression of the X-linked

lymphoproliferative disease gene product, SAP , rules out the participation of a

number of possible candidates such as NKRP1, recently shown to be activated by

lectin-like transcript -1 (LLT1) expressed on human DCs and B cells [89].

The interaction of 2B4 with CD48 has been investigated extensively ([reviewed

in [90]) and the receptor has not been shown to interact with any other ligand.

Although stimulation via 2B4 was originally shown to activate NK cell cytotoxicity
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in mouse cells [91] recently 2B4 was also found to serve as an inhibitory signal for

stimulation by other ligands [92]. In contrast, studies of mature human NK cells

have shown that 2B4 can only function as an activating receptor [93]. It is interest-

ing that despite the expression of CD48 on virtually all hematopoetic cells includ-

ing NK cells themselves, IL-2 propagated NK cell cultures, in which the cells can

interact freely, do not produce IL-13. Therefore, the ligation of 2B4 by self CD48 in

these cultures must provide an inhibitory signal. Alternatively, due to the early

interaction of NK cells with CD48 during ontogeny, they may have become

hyporesponsive to this ligand. How then does CD48 expressed on B cells overcome

the inhibition? Our studies have shown that activation of 2B4 proceeds via the

expected pathway of being transduced by SAP. However, although CD48 is

absolutely required, other costimulators may be also involved. Since marginal

zone B cells appear to be much more effective stimulators of NK cells than

follicular B cells these costimulators may be differentially expressed by the subsets.

It is also interestingly that, despite the similar level of expression of CD48 on T

cells, they are not effective stimulators of IL-13 mRNA expression by NK cells

(Gao and Yuan, personal observations). Until further information regarding the

type of costimulator involved is obtained, alternative explanations for the stimula-

tory ability B cells can be entertained. For example, it is possible that the configu-

ration of CD48 on NK cells and follicular B cells differs from marginal zone B cells

such that the manner of engagement of 2B4 confers different signals. Studies are

underway to dissect this problem.

Finally, it should be noted that IL-13 is a Th2 cytokine that functions in many

similar ways as IL-4; however, IL-13 has not been shown to induce B cell switch

recombination to IgG1. Correspondingly, IL-13 produced in cocultures of NK and

B cells also does not induce switch to IgG1 [71]. However, depletion of NK cells

can affect the IgE response to aerosolized antigen [47] as well as IgG1 responses to

pneumococcal vaccines given in adjuvant [12]. In addition, although IL-13 has

generally been associated with allergic inflammation [94] the cytokine may be also

involved in other diseases as well [95]. Experimentally it will be difficult to sort out

how the B cell induction of NK cell differentiation to this pathway impacts the

activation conditions that result in T cell production of the cytokine in vivo.

However, a plausible scenario can be envisioned in which the cytokine produced

under certain conditions can amplify a cytokine burst involving mast cells and

eosinophils in the same manner that NK production of IFN-g amplifies the cytokine

loop initiated by macrophages.

4 Conclusions

Investigations of the participation of NK cells as a major part of the innate immune

system on antigen-specific responses mediated by B and T cells continue to

generate important information regarding the effect of early responses to the

eventual outcome of how organisms can counter infections by pathogens. In
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addition to the specific effects of NK cells on antibody production, our new findings

showing that the initial interaction between the two cell types can impact memory

responses have further implications yet to be explored. In addition, the recent

identification of the role of CD48 on B lymphocytes as both receptor and a

stimulatory ligand for the interaction with NK cells should provide an important

tool for the dissection of the relative importance of each of the plethora of actors

that participate in the immune response.
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The Regulatory Natural Killer Cells

Zhigang Tian and Cai Zhang

Abstract NK cells are effector lymphocytes of the innate immune system that

control tumors and microbial infection by limiting their spread and subsequent

tissue damage. Recently, more and more evidence has been obtained that NK

cells also display a potent regulatory function by secreting various cytokines or

cell-to-cell contact and thus regulate innate and adaptive immune responses and

maintain immune homeostasis. In this review, we summarize the progress in

studying the positive and negative regulatory effects of NK cells in immune

responses as well as the NK subsets identified in humans and mice.

1 Introduction

The immune system evolves to protect the host against the attack of foreign

pathogens by recognizing self-antigens and non-self-antigens, and to prevent the

host from suffering autoimmune diseases via tolerance to self-antigen. Improper

immune responses (e.g., immune response to self-antigens, immune tolerance or

excessive immune response to foreign pathogens) may result in damage to the host

[1, 2]. To sustain the immune homeostasis of the internal environment, a complex

immune regulatory system (e.g., the cytokine network, the idiotype and antiidiotype

network, the regulatory network among immune cells) has been developed during

the evolutionary process of the immune system. Foxp3-expressing regulatory T

cells (Treg), induced Treg (Tr1 cells), dendritic cells (DC) and natural killer T

(NKT) cells are involved in maintaining immunological self-tolerance and immune

homeostasis through several inhibitory mechanisms [3–6]. Natural killer (NK) cells
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are effector lymphocytes of the innate immune system that control several types of

tumors and microbial infections by limiting their spread and subsequent tissue

damage [7–9]. Although NK cells were originally defined by their capacity to

lyse target cells and produce interferon gamma (IFNg) without prior activation,
more and more evidence has been obtained that NK cells also display a potent

regulatory function by secreting various cytokines or cell-to-cell contact and

maintain immune homeostasis. In this review, we summarize the progress in

studying the positive and negative regulatory effects of NK cells in immune

responses as well as the NK subsets identified in humans and mice.

2 The Positive Regulatory Effects of NK Cells

2.1 The Regulatory Effects of NK Cells on Dendritic Cells

NK cells discriminate target cells from other healthy “self” cells through a set of

activating or inhibitory receptors, which recognize pathogen-encoded molecules

(“non-self recognition”), self proteins whose expression is upregulated in trans-

formed or infected cells (“stress induced-self recognition”), or self proteins that are

expressed by normal cells but downregulated by infected or transformed cells

(“missing-self recognition”) [10–13]. NK cells and DC are two types of specialized

cells of the innate immune system, the reciprocal interaction of which can poten-

tially influence the maturation of each other and result in a potent, activating cross

talk [14–16]. DC act during the priming phase of NK cell activation and shape the

magnitude of innate immune responses by modulating the cytolytic effect of NK

cells on tumors or virus-, bacteria- or parasite-infected cells. NK cells can provide

signals that favor the generation of mature DC, promote DC maturation and

cytokine production. In vivo, NK and DC interactions may occur in lymphoid

organs as well as in sites of inflammation or in tumor tissues and at different stages

of the innate and adaptive immune responses. By inducing DC activation, NK cell

activation induced by tumor cells can indirectly promote antitumoral T cell

responses.

NK cells could profoundly influence DC function by different mechanisms

involving not only cell–cell contacts but also soluble factors [14–16]: (1) NK

cell-mediated lysis of infected cells or tumor cells might release cell debris and

microbial products that are taken up by DC, enabling cross-presentation of incom-

ing antigens; (2) NK cell-mediated lysis of immature DC (iDC) might maximize the

efficiency of antigen presentation by “cleaning-up” iDC that are unresponsive to

particular infectious stimuli, thereby freeing up resources for reactive, maturing DC

and promoting the efficiency of antigen presentation; (3) Activated NK cells boost

the antigen processing and presentation of DC and the polarization of Th1 cells by

producing IFNg; (4) NK cells promote DC maturation and the production of IL-12,

which in turn induces a more efficient cytotoxic T lymphocyte (CTL) response;
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(5) NK cell-secreted granulocyte–macrophage-colony stimulating factor (GM-CSF)

would promote DC survival and differentiation of monocytic precursors into DC.

The interaction of NK and DC plays a helper role in antitumor immune

responses by promoting the induction of tumor-specific CD4+ and CD8+ T cell

responses. Activated NK cells induce the maturation of DC into type-1 polarized

DC (DC1), characterized by an up to 100-fold enhanced ability to produce IL-12.

This process depends on IFNg and TNFa produced by NK cells as well as NKG2D

expressed on NK cells [17–21]. DC1 produce high levels of IL-12p70 even in the

presence of immunosuppressive factors that abolish the IL-12p70 producing capac-

ity of immature or mature DC [18]. In addition to tumor cell-derived signal (such as

NKG2D–MICA interaction), the helper role of NK cells requires additional signals

from type-I IFNs, products of virally infected cells, or from IL-2, produced by

activated CD4+ T helper (Th) cells. Other soluble factors, such as IL-18, exert

synergistic effect with type-I IFNs or IL-2 during the process [17].

Efficient generation of cytotoxic T lymphocytes (CTL) from naı̈ve CD8+ T cells

needs help from CD4+ T cells, including secretion of cytokines and CD40/CD40L

interactions, which lead to increased expression of costimulatory molecules on DC

and induction of IL-12 [22, 23]. Interestingly, it was found that bone marrow-derived

DC caused rejection of A20 lymphoma and induced tumor-specific long-term mem-

ory, even if they were not loaded with tumor-derived antigen. Surprisingly, experi-

ments using CD40 knock-out mice and cell depletion indicated that this effect did

not require the help of CD4+ T cells [24]. Instead, the cross-talk between NK cells

and DC plays key roles during this process. Activated NK cells stimulated by

expression of NKG2D ligands on tumor cells produced IFNg, which in turn induced
the DC maturation. IL-12 produced by DC primed CTL responses. The primary

rejection of A20 cells following immunization with unpulsed DC required NK cells

and CD8+ T cells, whereas long-term memories only need CD8+ T cells [24, 25].

Therefore, a novel pathway linking innate and adaptive immunity was suggested in

that the interplay between NK cells and DC could completely replace CD4+ T cell

help in the induction of CD8+ CTL.

2.2 The Helper Role of NK Cells in Induction of Cytotoxic
T Lymphocytes

NK cells fulfill essential accessory functions for the priming of antigen-specific

CTL. Kos and his colleagues first postulated that the generation of human alloantigen-

specific CD8+ T cells required the participation of CD3�CD16+CD56+ NK cells

but did not need CD4+ T helper cells [26, 27]. Depletion of NK cells from

responders abolished the induction of alloantigen-specific CTL in vitro and in vivo.

On the basis of a NKG2D-ligand-positive tumor model, results were obtained

showing that NK-mediated regulatory as well as NK-mediated cytolytic activities

played major roles in the initiation and persistence of CTL activity. CD8+ T cell-

dependent tumor rejection requires NK cell function in vivo, because tumors will
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progress both on depletion of NK cells or in the absence of optimal NK activity [28].

The absence of NK cells during subcutaneous tumor growth will abrogate generation

of antitumor CTL responses. The accessory functions of NK cells in the initiation

and persistence of CTL activity depend on the cross-talk of DC and NK cells. In

addition, interaction of CD27 on NK cells and CD70 on tumor cells promoted the

rejection of tumors by CD8+ T cells, which is dependent on the production of IFNg
[29]. Wilcox and his colleagues found that IL-2 and IL-15 induced NK cells to

express CD137 and ligation of CD137 stimulated NK cell proliferation and IFNg
secretion. CD137-stimulated NK cells promoted the expansion of activated CD8+ T

cells in vitro, demonstrating the immunoregulatory or helper activity for CD8+ CTL

[30].

CD4+ T cells and CD8+ T lymphocytes are important for elimination of intra-

cellular pathogens. Limited information is available on the effect of NK cells on the

CD8+ CTL responses. Depletion of NK cells by antibodies (Ab) to asialo-GM1 or to

NK1.1 suppressed the influenza virus-specific CTL responses, suggesting that NK

cells are essential to initiation of CTL responses to infection [27, 31]. Depletion of

NK cells from PBMC of healthy tuberculin reactors reduced the frequency of

Mycobacterium tuberculosis-responsive CD8+ IFNg+ T cells and decreased their

ability to lyse M. tuberculosis-infected monocytes. Soluble factors secreted by

activated NK cells can restore the frequency of CD8+ IFNg+ T cells and this process

depended on the presence of IFNg, IL-15 and IL-18 [32]. Results showed that NK

cells secreted IFNg, which stimulated monocytes to produce IL-15 and IL-18,

which in turn facilitated the expansion of CD8+ T cells that produce IFNg in

response to M. tuberculosis infection. Meanwhile, the capacity of NK cells to

prime CTL activity was also dependent on cell-to-cell contact between NK cells

and infected monocytes because this process was inhibited by anti-CD40 and anti-

CD40L [32]. NK cells link the innate and adaptive immune responses by promoting

the capacity of CD8+ T cells to produce IFNg and to lyse infected cells, which is

critical for protective immunity against M. tuberculosis and other intracellular

pathogens.

2.3 NK Cells Promote the Differentiation of Th1 Cells
by Secreting IFNg

Previously, NK cells have been assumed to participate in adaptive immune

responses by an indirect mechanism that involves their secretion of cytokines

(such as IFNg, GM-CSF and TNF-a) and chemokines (MIP-1a, MIP-1b, RANTES,
etc) [7, 8, 33]. Recently, increasing evidence indicated that the direct cell-to-cell

contact between NK and T cells also plays potential roles. Phillips and his collea-

gues first found that activated human NK cells expressed MHC class II molecules

[34]. Later, Roncarolo and his colleagues also demonstrated that NK cells upregu-

lated the expression of MHC class II molecules and presented antigen to CD4+ T

cells [35]. More recently, Zingoni et al. showed that human NK cells activated by
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innate cytokines, IL-12 and IL-15, expressed CD86 (a B7 family member and a

ligand of the costimulatory receptor CD28). The ligation of activating NK receptors

(e.g., CD16, NKG2D) induced the expression of OX40 ligand (OX40L) on acti-

vated NK cells, while OX40 is induced by TCR/CD3 signals and is mostly present

on activated CD4+ T cells. They further demonstrated that receptor-activated NK

cells can costimulate TCR-induced proliferation and cytokine production of autol-

ogous CD4+ T cells and that this process requires OX40-OX40L and CD28-B7

interaction [36, 37]. This interaction might happen in liver and secondary lymphoid

organs (SLO). These findings suggest a novel link between the natural and adaptive

immune responses, providing direct evidence for cross-talk between human CD4+

T cells and NK receptor-activated NK cells.

By high-throughput proteomic analysis of NK cell membrane-enriched fractions

and flow cytometry, Hanna and his colleagues showed that activated NK cells

express significant levels of MHC class II molecules and ligands for TCR costi-

mulatory molecules (e.g., B7-H3 and CD70). Incubation of activated NK cells

resulted in a dose-dependent enhancement of CD4+ T cell proliferation and secre-

tion of IL-2 and IFNg. NK cells possess multiple independent unique pathways for

antigen uptake. The ligation of activating receptors (NKp30, NKp46, NKG2D and

CD16) on NK cells and their ligands leads to lysis of target cells, and then NK cells

become activated and acquire the ability to process pathogen-derived antigen and

stimulate CD4+ T cells. They also showed that NK cells isolated from inflamed

tonsils express significant levels of HLA-DR, DP, DQ, CD86, CD70, and OX40L,

which indicated that human NK cells acquire an APC-like phenotype in vivo in

inflamed lymphoid organs [38]. These observations offer new insights into the

direct interactions between NK and T cells and suggest novel APC-like properties

of human NK cells.

Activated NK cells could boost the ongoing adaptive responses by producing

IFNg, which promotes the Th1 orientation of antigen-specific T cells. IL-12 plays

an important role in promoting the production of Th1 type cytokines and inhibiting

the production of Th2 type cytokines in antigen-specific adaptive immune

responses. Activated NK cells produce IFNg, which in turn activates macrophages

to secrete IL-12. Both IFNg and IL-12 can induce the differentiation of Th1 cells

[15, 16]. In humans, tissue-resident NK cells from secondary lymphoid tissues

supported Th1 polarization more efficiently than blood NK cells by their superior

ability to produce IFNg after stimulation with DC. Th1-polarized T cell responses

have been found to be more effective in the immune control of tumors and viral

infections in mice. Normal BALB/c mice are sensitive to Leishmania major
infection and undergo fatal visceral dissemination when infected. During the

early phase of infection, injection of IL-12 decreased the mortality rate and the

mice acquired the capacity to resist rechallenging with L. major. However, deple-
tion of NK cells abolished this effect of IL-12 and did not result in Th1 cytokine

responses. Normal CH3 mice are resistant to L. major infection and sustain a type 1
cytokine status in vivo. Depletion of NK cells resulted in a type 2 cytokine status

and dissemination of lethal infection in liver and lung [39]. Similar results were

also obtained in mice with Bordetella pertussis infection [40]. Meanwhile, the
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type 2 cytokine status was observed in NK-deficient tumor-bearing mice, which

affects the activity of CTL and suppresses subsequent memory CTL restimulation

[28]. Increasing evidence indicated that the predominant effect of IL-12 on Th1

status depends on the presence of NK cells and the importance of NK cells in

promoting the differentiation of Th1 cells and in the generation and persistence of

adaptive immune responses. When the immune system tends to be type 2 oriented,

NK cells can drive an efficient type 2 to type 1 switch in the population of antigen-

presenting cells and Th cells to provide signaling for the generation of CTL.

2.4 NK Cells Regulate Immune Response via T Regulatory Cells

CD4+CD25+ Treg have been recognized as a major population of suppressing

lymphocytes that maintain peripheral immune tolerance [3, 4]. Many studies have

shown that Treg are involved in downregulating the immune response to organ

transplants, tumors and intracellular pathogens, preventing the development of

autoimmune diseases [41–44]. It is now accepted that Treg homeostasis depends

in part on the peripheral conversion of naı̈ve CD4+CD25– T cells. This conversion

implicates acquisition of the Treg-specific marker, forkhead winged helix protein

3 (Foxp3), after CD28 costimulation. Brillard and colleagues found that IL-

2-activated NK cells decreased Treg conversion of adoptively transferred murine

CD4+CD25– T cells in vivo. Meanwhile, human activated NK cells decreased

CD28-driven Foxp3 expression in CD4+CD25– T lymphocytes [45]. These results

suggest that activated NK cells interfere with CD28-mediated Foxp3 expression in

CD4+CD25– T lymphocytes. It has been recently found that NK cells lyse Treg that

expand in response to the intracellular pathogenM. tuberculosis. Monokine (IL-12,

IL-15, and IL-18) or TB lysate-stimulated monocytes-activated NK cells lyse TB

lysate-expanded Treg, but not freshly isolated Treg. This effect is mediated through

the NK cell-activating receptors, NKp46 and NKG2D. Meanwhile, the NKG2D

ligand ULBP1 is upregulated in TB lysate-expanded Treg, and the lysis is deter-

mined to be mediated via interactions between NKG2D and ULBP1 [46]. The

results suggest that NK cells may play an important role during the early phases of

the immune response to M. tuberculosis and other intracellular pathogens by

inhibiting Treg expansion.

3 The Negative Regulatory Effects of NK Cells

NK cells exert negative regulatory effects to maintain immune homeostasis in some

physiological and pathological conditions. For example, they can kill over-stimu-

lated macrophages, DC, and activated T and B cells. A small NK cell subset that

expresses CD94/NKG2A, but not killer immunoglobulin-like receptors (KIR) in

lymph nodes was capable of killing not only immature DC but also mature DC in
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order to prevent the over-activation of DC [47]. The CD94/NKG2A+ KIR� NK cell

phenotype is consistent with that of most CD56bright NK cells. By limiting the

supply and recruitment of iDC, activated NK cells exert the ability to control the

subsequent innate and adaptive immune responses. The cross-talk between acti-

vated NK cells and iDC acts as a control/switch for the immune system. At low NK:

DC ratio (1:5), the DC/NK interaction dramatically enhances DC cytokine produc-

tion (IL-12, TNF-a) in a cell to cell contact-dependent manner and DC maturation

which was dependent on endogenously produced TNF-a. While at high NK:DC

ratio (5:1), inhibition of DC functions is the dominant feature due to the direct NK

cell killing of immature DC [14–16, 18, 19]. NK cells may also play an important

role in maintaining immune homeostasis by directly regulating clonal expansion of

activated T cells. The role for NK cells in downregulation of T cell responses has

been implicated in several studies. Trivedi and colleagues found that NK cells

inhibit syngeneic T cell proliferation via upregulation of the cell cycle inhibitor,

p21, resulting in a G0/G1 stage cell cycle arrest. The inhibition is cell–cell contact

dependent, reversible, and antigen nonspecific [48]. In a skin transplant model, host

NK cells can destroy graft-derived antigen presenting cells, inhibit priming of

alloreactive T cells, and thus promote transplant tolerance [49, 50]. More recently,

Deniz and his colleagues characterized an IL-10-secreting NK cell subset and found

that the IL-10+ NK cells significantly suppressed both allergen/antigen-induced

CD4+ T cell proliferation and secretion of IL-13 and IFN-g, particularly due to

secreted IL-10 as demonstrated by blocking of the IL-10 receptor [51]. A

NKp46+CD49b+CD3+ NK subset was identified and was found capable of being

recruited into spleen and hepatic granulomas after Leishmania donovani infection
and also inhibit host protective immunity in an IL-10-dependent manner [52].

These results suggest that the novel mechanism of T cell regulation by NK cells

provides insight into NK cell-mediated regulation of adaptive immunity and pro-

vides a mechanistic link between NK cell function and suppression of T cell

responses. The regulatory NK cells play major roles in autoimmunity, pregnancy

tolerance and organ transplantation.

3.1 The Negative Regulatory Effects of NK Cells in Antoimmune
Liver Injury

Hepatitis is a common worldwide disease with high mortality. Several hepatitis

models have been reported by different groups to study hepatitis, mainly including

Concanavalin A (Con A)-induced hepatitis [53–55] and LPS-induced liver injury

[56]. The former was a well-described mouse model of T cell-dependent liver

injury via intravenous injection with the T cell mitogen Con A, which can cause

fulminant hepatitis [53–55]. The latter was considered to be associated with macro-

phages and was septic hepatitis [56, 57]. Activation of T cells or macrophages is

one of the initial events in these two hepatitis models in which activated T cells and

macrophages are directly cytotoxic as against hepatocytes or indirectly released
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proinflammatory cytokines, which mediate hepatocyte damage [58, 59]. Recently,

it has been reported that natural killer T (NKT) cells, a population of T cells, play a

key role in Con A-induced hepatitis via releasing a wide variety of cytokines and

direct cytotoxicity against hepatocytes [60–62].

Recent research revealed that NK cells are involved in the pathogenesis of some

autoimmune diseases (e.g., diabetes, multiple sclerosis) [63–65]. Although hepatitis

is thought to be a kind of autoimmune disease, the critical role of NK cells in its

pathogenesis is still undefined. It is found that the amount and proportion of NK

cells in HBV- or HCV-infected liver increased significantly and that the liver injury

is also related to NK cell activation [66–68]. Polyinosinic-polycytidylic acid (Poly

I:C) is an artificial mimic of viral RNA and mimics the immune response during

viral infection and can induce the activation of NK cells in vivo and in vitro [69].

We found that Poly I:C significantly induces NK cell accumulation and activation

in the liver [70, 71]. Administration of Poly I:C induces a slight elevation of ALT/

AST, mild inflammation and focal necrosis in the liver. Poly I:C-induced liver

injury is much weaker than fulminant hepatitis caused by Con A injection. Deple-

tion of NK cells by anti-AsGM1 Ab markedly attenuates Poly I:C-induced liver

injury. We further demonstrated that Poly I:C-induced liver injury is dependent of

NK cells, but independent of T, B and NKT cells, and independent of IFNg, TNF-a
and IL-6 by using gene knock-out mice [70]. The molecular mechanisms might be

that NK cells expressing TNF-related apoptosis-inducing ligand (TRAIL) displayed

strong cytotoxicity against primary hepatocytes in the liver injury [72]. These

findings in Poly I:C-induced liver injury model suggest the involvement of NK

cells in autoimmune hepatitis.

Interestingly, injection of mice with a subdose of Con A (inducing NKT activa-

tion but without liver injury) followed by Poly I:C leads to severe liver injury,

which indicated that NKT cells upregulate the function of NK cells [73]. However,

when the mice were injected with a low dose of Poly I:C followed by Con A, there

was no injury to the liver, which indicates that Poly I:C pretreatment protects

against T cell-mediated hepatitis, as evidenced by decreased mortality, hepatic

necrosis, serum transaminase levels and inflammatory cytokines (IL-4, IFNg).
The protective effect of Poly I:C was diminished in NK-depleted mice, which

could be partially restored by adoptive transfer of NK cells. Administration of

Poly I:C caused NKT and T cell apoptosis via enhancing expression of Fas protein

on these cells and expression of Fas ligand on NK cells [74]. These findings suggest

that activation of NK cells by Poly I:C prevents Con A-induced T cell-hepatitis via

downregulation of T cells or NKT cells and subsequent reduction of inflammatory

cytokines. Our further investigation showed that injecting mice with a low dose of

Con A led to no liver injury, but severe liver injury occurred when it was given

to HBs antigen transgenic mice (NK cell deficient). The over-sensitiveness of HBs

antigen transgenic mice to Poly I:C-induced liver injury was absolutely dependent

on the presence of NK cells and IFNg produced by intrahepatic NK cells, but

independent of Kupffer cells and IL-12 [75, 76]. These results demonstrate that

malfunction of NK cells in HBs antigen transgenic mice lost the negative effect

on NKT cells. Further investigation demonstrated that NKG2D recognition of
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hepatocytes by NK cells plays a critical role in oversensitive liver injury during

chronic HBV infection. In HBs antigen transgenic mice, low dose of Con A

stimulation, with non hepatotoxic effect for wild-type mice, markedly increased

expressions of NKG2D ligands (Rae-1 and Mult-1) in hepatocytes, which greatly

activated hepatic NK cells via NKG2D/Rae-1 or Mult-1 recognition [77]. The

Kupffer cell is an important innate immune cell for initiation of several hepatitis

models. It is also found that TLR3 ligand Poly I:C pretreatment can alleviate

subsequent liver injury induced by TLR4 ligand, LPS, in which Poly I:C treatment

can downmodulate TLR4 expression on Kupffer cells [78]. In addition, NK cells

are also found to prevent formation of liver fibrosis. During CCL4 induced-liver

fibrosis, NK cells have an ability to kill activated stellate cells which have increased

NKG2D ligand Rae-1, a stress-inducible molecule in addition, TRAIL is also

responsible for the NK cell cytotoxicity [79].

3.2 The Role of NK Cells in Other Autoimmune Diseases

The role of NK cells in autoimmunity is attracting increased attention, although NK

cells play seemingly opposite roles in autoimmune diseases and function as both

regulators and inducers of autoimmune diseases [63–65, 80]. The role NK cells play

depends on which cells become the targets for NK cell attack. If the targets are

nontransformed or stressed organized tissues, NK cells might participate in their

destruction in the initial stage of autoimmune diseases. If the targets are autoreac-

tive immune cells, NK cells can act as regulators by killing the inflammatory cells

mediating autoimmune diseases.

NK cells have been shown to regulate autoimmune responses by inhibiting the

autoreactive T lymphocytes under some experimental conditions in animals. The

mechanism of the NK cell’s regulatory role in experimental autoimmune encepha-

lomyelitis (EAE) was studied. Smeltz et al. showed that rat bone marrow-derived

NK cells exhibited potent inhibitory effects on T cell proliferation to both Con A as

well as the central nervous system antigen myelin basic protein, which indicates

that NK cells may play an important role in regulating both normal and autoimmune

T cell responses by exerting a direct effect on activated, autoantigen-specific T cells

[81]. Furthermore, in vivo experiments showed that NK cell depletion by anti-

NK1.1 monoclonal antibody treatment enhanced EAE in mice. To investigate the

mechanism, proteolipid protein (PLP) (136–150) peptide-specific, encephalitogen-

ic T cell lines, which were used as the NK cell target, were cultured. The results

show that NK cells exert a direct cytotoxic effect on autoantigen-specific, encepha-

litogenic T cells. Furthermore, using enriched NK cells as effectors enhanced

cytotoxicity to PLP-specific, encephalitogenic T cell lines [82]. The results indicate

that NK cells play a regulatory role in EAE through killing of syngeneic T cells,

which include myelin antigen-specific, encephalitogenic T cells, and thus amelio-

rate EAE. Takahashi and colleagues found that NK cells from CD95+NKhigh

multiple sclerosis (MS) patients could inhibit the antigen-driven secretion of
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IFNg by autologous myelin basic protein (MBP)-specific T cell clones in vitro,

which indicate that NK cells may regulate activation of autoimmune memory T

cells in an antigen nonspecific fashion to maintain clinical remission in

CD95+NKhigh MS patients [83]. Meanwhile, the type 2 cytokines, such as IL-5,

secreted by NK cells (NK2 cells) also play a role in maintaining the remission of

MS, while NK cells lose the NK2-like property when relapse of MS occurs, but

regain it after recovery. It has been found that NK2 cells induced in vitro inhibit

induction of Th1 cells, suggesting that the NK2-like cells in vivo may also prohibit

autoimmune effector T cells [84]. In vivo blockade of the human IL-2R by mAb has

been used for immunosuppression in transplantation, therapy for leukemia, and

autoimmune diseases. During the course of IL-2Ra-targeted therapy (daclizumab)

of uveitis and MS patients, it was found that regulatory CD56bright NK cells mediate

immunomodulatory effects by inhibiting activated T cell survival [85, 86].

Type 1 diabetes is an autoimmune disease in which pancreatic islet b cells are

destroyed by the cellular immune system, leading to b cell loss, insulin deficiency,

and hyperglycemia [87, 88]. Much of the understanding of the pathogenesis of b
cell destruction in type 1 diabetes has been obtained through the study of disease in

the nonobese diabetic (NOD) mouse [89, 90]. Although some researchers found

that depletion of NK cells prevented the loss of b cells following infection, and

indicated that NK cells induced the progression of type 1 diabetes by stimulating

autoreactive T and B cells [91, 92], some conflicting outcomes have been observed

by other groups. Previous studies have shown that a single injection of CFA

prevents diabetes in NODmice, but the mechanisms of protection remain unknown.

Lee and colleagues showed that this reduced incidence was associated with a

decrease in the number of b cell-specific, autoreactive CTL. Their results demon-

strated that CFA-induced NK-cell trafficking to the blood and spleen, induced IFNg
production by NK cells and decreased activation of b cell-specific T cells. More-

over, removal of NK cells abolished the protective effects of CFA while restoration

of NK cells returned its protective effects, indicating that NK cells mediate protec-

tion from diseases [93]. It has been reported that NOD mice treated with Poly I:C

have a markedly reduced incidence of diabetes [94], but the underlying mechanisms

remain undefined. Recently, our investigation into autoimmune diabetes demon-

strated that NK cells mediate the protective effect of Poly I:C through the promo-

tion of Th2 bias of immune responses. We found that long-term Poly I:C-treated

NK cells exhibit a NK3-like phenotype, and are involved in the induction of Th2

bias of spleen cells in response to islet autoantigens via TGF-b-dependent manner.

These findings suggest that NK cells may participate in the regulation of autoim-

mune diabetes [95].

The number and activity of NK cells were found reduced in target organs or in

peripheral blood within systemic lupus erythematosus (SLE), psoriasis, MS, rheu-

matoid arthritis (RA) and type 1 diabetes patients [96]. It has been hypothesized that

NK cells act as a source of Th2 cytokines. When this type of NK cells is reduced,

Th1 cytokines become abundant, which results in autoimmunity. It has been

identified that there are associations between risk of autoimmune diseases

and activating KIR or KIR/HLA genotypes accompanied by a lack of inhibition.
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For example, risk of systemic sclerosis, rheumatoid vasculitis, and type 1 diabetes

seemed to be associated with the presence of activating KIR2DS2 accompanied by

diminished inhibitory interactions [96].

In conclusion, NK cells may either prevent autoimmune responses or may have a

permissive role in autoimmunity. The discrepancy role might lie in the different

functional NK subsets, the different phases of diseases, the localization of NK cells

as well as the local cytokine environment.

3.3 The Regulatory Effects of Uterine NK Cells in Maternal
Fetal Tolerance

NK cells constitute 50%–90% of lymphocytes in human uterine decidua in early

pregnancy. These cells derive predominantly from a subset of peripheral blood NK

cells, which gets recruited to the uterus under hormonal influence [97–100]. The

uterine decidual NK cells are believed to promote placental and trophoblast growth

and provide immunomodulation at the interface. The phenotypes and function of

uterine NK (uNK) cells are different from those of peripheral blood NK cells.

Human peripheral blood NK cells comprise two different subsets, the predominant

CD56dim NK cell subset (90%–95%) and the much smaller CD56bright NK cell

subset (5%–10%). However, the pattern of predominant human uterine decidual

NK cells is CD56brightCD16� with expression of inhibitory NK cell receptors

CD94/NKG2A and KIR [97, 98, 101]. CD56bright NK cells are now thought to be

an important NK cell subset for exerting immunoregulatory effect. The

CD56brightCD16� NK cells with expression of inhibitory NK cell receptors in

uterus may play a major regulatory role in preventing the attack of NK cells on

trophoblast cells and in promoting the implanting and growth of placenta and

trophoblast. It is found that spontaneously aborting women usually have a greater

percentage of CD56dimCD16+ cells and smaller percentage of CD56brightCD16�

NK cells in the secretory phase of endometrium [102]. These NK cells also have a

limited repertoire of inhibitory receptors of the KIR family, and many of them lack

KIR specificity for the fetal HLA-Cw antigens, which indicates that a limited

maternal KIR repertoire and a lack of maternal KIR-fetal HLA-C epitope matching

may be the cause of recurrent spontaneous abortion [103].

The cytokine profile of decidual CD56brightCD16� NK cells is unique and

different from CD16+ NK cells and peripheral blood CD56brightCD16� NK cells.

Shigeru and colleagues found that the main populations of decidual CD56bright

NK cells and CD56dim NK cells were TGF-b-producing, IFNg, TNF-a, IL-4, IL-5
or IL-13-nonproducing NK3 cells, suggesting that TGF-b plays a very important

role at the feto–maternal interface [102]. These cell populations increased in early

pregnant decidua, but decreased accompanied with increased NK1 cell population

in miscarriage cases. They also postulated that decidual NK cells might promote

pregnancy tolerance by killing fetal DC and might downregulate the MHC class II

expression on DC by TGF-b production and thus inhibit the CTL induction to fetal
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antigens [102]. Importantly, Blois et al. recently provided evidence that interaction

between DC and NK cells promotes a tolerogenic microenvironment at the mouse

maternal fetal interface by downregulation of the expression of activation markers

on uNK cells and uterine DC (uDC) and dominance of Th2 cytokines. The secretion

of IL-12p70 by uDC is dramatically abrogated in the presence of uNK cells [104]. It

has been supposed that decidual NK cells might represent a distinct lineage of NK

cells, possibly arising from a distinct hematopoietic precursor. Or, the decidual

CD56brightCD16� NK cells might mature from peripheral blood CD56brightCD16�

NK cells in the decidual microenvironment after recruitment into the uterus [98].

L-selectin and some chemokines, such as MIP-Ib, IP-10 and SDF-1, are found

involved in the adhesion and accumulation of peripheral blood CD56bright NK

cells to endothelial cells [102, 105]. In addition, decidual CD56brightCD16� NK3

cells were also found to play an important role in angiogenesis during pregnancy

via producing a large amount of angiogenic growth factors, and insufficient NK3

function might induce poor angiogenesis in the uterus, resulting in preeclampsia

[106, 107].

4 NK Cell Subsets and the “Regulatory” Function

Accumulating evidence shows that NK cells play positive or negative immune

regulatory roles by secreting various cytokines or cell-to-cell contact and maintain

immune homeostasis, which reveals that NK cells are not only “killers,” but also

“regulators.” The malfunction or loss of NK cells is involved in the pathogenesis of

many diseases (e.g., tumor, autoimmune diseases, infection, sterility, and recurrent

spontaneous abortion). Increasing data have indicated the presence of different

subsets of NK cells dependent on either the pattern of cytokines they produced or

expression of cell surface markers and activating or inhibitory receptors. Therefore,

we and others proposed that there may exist a “regulatory NK cell subset (NKreg

subset)” [108, 109], although the exact phenotype and function are not clearly

clarified.

It was originally proposed that human NK cells in peripheral blood can be

divided into at least two subsets based on the expression of CD56 and CD16. A

majority (approximately 90%) of human NK cells are CD56dim and express high

levels of FcgRIII (CD16), whereas the minority (approximately 10%) are

CD56bright and CD16dim/neg [110–113]. CD56brightCD16� NK cells constitutively

express the high- and intermediate-affinity IL-2 receptors and expand in vitro and

in vivo in response to low doses of IL-2. In contrast, resting CD56dimCD16+ NK

cells express only the intermediate affinity IL-2 receptor and proliferate weakly

in response to high doses of IL-2 in vitro, even after induction of the high-affinity

IL-2 receptor. CD56brightCD16� NK cells produce significantly greater levels of

IFNg, TNF-b, GM-CSF, IL-10, and IL-13 protein in response to monokine stimu-

lation than do CD56dimCD16+ NK cells, which produce negligible amounts of

these cytokines. Resting CD56dimCD16+ NK cells are more cytotoxic against
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NK-sensitive targets than CD56brightCD16�NK cells. All resting CD56brightCD16�

NK cells express high levels of the inhibitory CD94/NKG2A complex recognizing

HLA-E, but they do not express MHC class I allele-specific KIR that are, in

contrast, expressed by CD56dimCD16+ NK cells. Both NK cell subsets in human

peripheral blood express the activating receptors NKG2D and NKp30 as well as

NKp46. CD56brightCD16� NK cells express a functional CC-chemokine receptor 7

(CCR7), CD62L and have high-level expression of CXC-chemokine receptor 3

(CXCR3) and strong chemotactic responses to the ligands for these receptors,

resulting in an enrichment of this subset in SLO and sites of inflammation. By

contrast, CD56dimCD16+ NK cells lack expression of CCR7 but have high levels of

expression of CXCR1 and CX3C-chemokine receptor 1 (CX3CR1), and show

functional responses to IL-8 and fractalkine. It has been demonstrated that AIDS

patients and some cancer patients have a lower percentage of CD56dim NK-cell

subset with decreased natural cytotoxicity [114, 115]. While in immune-tolerance

organs, such as the human uterus and liver, NK cells were mostly composed of

CD56bright subset with relatively fewer CD56dim cells [97, 116, 117]. These results

indicate that CD56bright NK cells have a immunoregulatory function and predomi-

nate in the lymph nodes and sites of inflammation, whereas CD56dim NK cells play

a key role in innate immunity against viruses and cancer.

The developmental relationship between CD56bright and CD56dim NK cells has

not been clarified. It is commonly accepted that CD56bright NK cells can be induced

by IL-15 from NK cell precursors and may thereafter differentiate into CD56dim NK

cells [110, 111, 118]. However, the existence of a unique CD56dim NK-cell

precursor or an alternate signal that could induce the differentiation of CD56dim

cells from a common NK-cell precursor cannot be excluded. Recently, we found

that both IL-2 and IL-15 support differentiation of NK cells from cord blood

mononuclear cells. IL-15 improved the proliferation and activation of CD56dim

NK cells in long-term cord blood mononuclear cell culture, but IL-2 only main-

tained the survival of CD56bright NK cells. IL-15 played a crucial role in sustaining

the long-lasting functions of CD56dim NK cells, while Bcl-xL is associated with the

antiapoptotic effect [119]. The results revealed that IL-15, but not IL-2, maintained

terminal differentiation and survival of CD56dim NK cells from intermediate NK

progenitor or precursor cells.

Similar to the Th1 and Th2 subsets of CD4+ T cells, NK cells are also divided into

NK1 and NK2 subpopulations according to the profile of cytokine secretion

[120–122]. The NK1 subset showed a typical cytokine pattern with predominant

expression of IFNg, but almost no IL-4, IL-5 and IL-13. In contrast, the NK2 subset

expresses IL-4, IL-5 and IL-13 but no IFNg. Our and other results showed that the

type 2 cytokines produced by NK2 cells are dominant in asthma and tumor micro-

environment and are involved in pathogenesis of asthma and cancer [123–125]. The

IL-10-secreting NK3 and TGF-b-secreting NKr1 cells also play major roles in

immunoregulation and promote transplant and pregnancy tolerance [49, 102].

CD56 is not expressed in rodents, and there has been no similar clear evidence

for functionally distinct mature NK cell subsets in mice. Recently, Smyth et al.

showed in mice that the mature Mac-1high NK cell pool can be further dissected into
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two functionally distinct CD27high and CD27low subsets [126, 127]. They demon-

strated that CD27high and CD27low mouse NK cell subsets exhibit some similarities

to but also some distinct differences from the human CD56 NK cell subsets in terms

of their function and phenotype. Mac-1highCD27high NK cells exert higher cytotox-

icity against tumor target cells even in the presence of MHC class I expression and

produce higher amount of IFNg in response to IL-12 and IL-18 stimulation, which

is demonstrating a predominant role in NK:DC cross talk. By contrast, Mac-1high-

CD27low NK cells express higher level of inhibitory Ly-49C/I receptors that

recognize self MHC class I molecules and display very low cytotoxicity and

cytokine production. Mac-1highCD27high NK cells were the main NK cells in LN,

while Mac-1highCD27low NK cells reside predominantly in lung and peripheral

blood, which indicates the possible surveillance role outside of the lymphoid tissue

environment. More importantly, CD27high and CD27low subsets also exist in

humans [128, 129]. The majority of peripheral blood human NK cells were

CD27low/CD56dim NK cells, containing high levels of perforin and granzyme B,

and were able to exert strong cytotoxic activity. In contrast, the minor CD27high NK

cells were mostly CD56bright, had significantly lower levels of perforin and gran-

zyme B, and had a low cytolytic potential, whereas significantly higher frequencies

of CD27+ NK cells, most of them being CD56bright, were found in spleen and in

tonsils. Another murine NK subset with expression of CD127, the IL-7 receptor,

and transcription factor GATA-3 was described in the thymus [130]. This subset

exhibits similar properties like human CD56brightCD16� NK cells in expression of

CD127, low cytotoxicity, and higher cytokine production.

A B220+CD11c+NK1.1+ cell population capable of producing higher levels of

IFNg has recently been found in secondary lymphoid tissues. This subset possesses

both the lytic potential of NK cells and the antigen-presenting capacity of DC and

thus has also been called interferon-producing killer dendritic cells (IKDC). Further

investigation revealed that IKDC efficiently kill NK cell targets and proliferate

extensively in response to IL-15 and IL-18, but induce little or no T cell prolifera-

tion relative to conventional DC when exposed to protein antigen or to MHC class

II peptide. Existing data indicate that this population should be activated NK cells,

but should not belong to DC [131–133]. More recently, a novel noncytolytic NK

cell subset displaying a mature phenotype and remarkable immunoregulatory

functions has been generated from peripheral blood CD34+ progenitors [109].

These regulatory NK cells exhibit the phenotype of CD56+CD16+NKp30+

NKp44+NKp46+CD94+CD69+CCR7+HLA-G+ and secrete the immunoregulatory

factors IL-10, IL-21, and HLA-G. They downregulate immune response by sup-

pressing mature myeloid DC (mDC) into immature/tolerogenic DC, blocking

cytolytic functions on conventional NK cells and inducing HLA-G membrane

expression on peripheral blood-derived monocytes. The effect is dependent on

reciprocal transpresentation of membrane-bound IL-15 forms expressed by

human CD34+peripheral blood haematopoietic progenitors. Maroof and colleagues

identified an NKp46+CD49b+CD3� NK subset, which can recruit to spleen and

hepatic granulomas and inhibit host protective immunity in a IL-10-dependent

manner [52].
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In summary, more and more evidence has been obtained that NK cells are no

longer simple “killers” against tumor and infected cells. More importantly, they

fulfil essential immunoregulatory functions either by secreting various cytokines or

through cell-to-cell contact with other immune cells, and thus participate in and

influence adaptive immunity as well as maintain immune homeostasis. The diverse

activities of NK cells might be decided by the diversity of NK cell subsets, the

different tissue environment, and the cross-talk with other immune cells. Deeper

investigation aimed at understanding the NK cell biology, the functional distinc-

tions between NK cell subsets, and design of new tools to monitor NK cell activity,

modulate NK cell trafficking patterns and dampen NK cell suppressors are needed

to strengthen our ability to harness the power of NK cells for therapeutic aims.
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NK Cells and Microarrays

Esther Wilk and Roland Jacobs

Abstract During the last decade, array technology has found its way into the

laboratories and considerably changed the way of getting information on gene

expression and metabolite production. Complex interactions can be observed and

kinetics of cellular events can be simultaneously analysed. Due to the minimisation

of the chips, thousands of biological reactions can be measured in one experiment,

yielding information on protein production or gene expression [27]. In particular,

gene arrays require elaborate bioinformatical processing of the vast amount of data

obtained from a single experiment. Despite possible complex mathematical calcu-

lations, multiplex technology has revolutionised research of cells and living sys-

tems by enabling high-throughput analysis of gene regulation and protein

production. Thus, array analysis has become a useful strategy for the investigation

of cell dynamics and gene profiling in all cell types. This chapter will focus on gene

and protein array technologies and their applications in NK cell research.
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1 Introduction

Natural killer (NK) cells were initially described as a lymphocyte population with

the innate ability to kill tumour and virus-infected cells [1]. As they neither

expressed specific antigen receptors nor required sensitisation to perform killing

they were named based on this prominent functional ability. They were considered

to be a uniform lymphocyte subset and characterised as cells expressing a certain

pattern of surface markers. However, molecules like NKp46 (CD335), which is

exclusively restricted to NK cells, have only recently been described [2–6]. There-

fore, human NK cells were previously defined as CD56+CD3�, CD16+CD56+CD3�

or CD16+ lymphocytes. Using these different marker combinations for identifica-

tion of NK cells was not problematic as long as NK cells were thought to represent a

homogeneous lymphocyte population. At least 95% of the NK cells could be

identified by each of the earlier listed marker combinations. However, in the early

1990s the marker profiles of NK cells were analysed in much more detail.

This marked the beginning of defining NK cell subpopulations, and differential

expression patterns of surface markers were used to sort these subpopulations.

Subsequent analyses of purified populations revealed diverse functional capacities

[7–9]. For example, the majority (ca. 90%) of human blood NK cells present a

CD56dimCD16brightCD3� phenotype, possess strong killing activity and produce

moderate amounts of cytokines such as TNFa and IFNg. In contrast, CD56bright

CD16dim/negCD3� NK cells have very weak cytotoxic capacity but produce much

more cytokines [10]. From these findings we have learned that the NK cell compart-

ment comprises different NK cell subtypes in respect to surfacemarker expression as

well as cellular function and tissue distribution [11].

Different to peripheral blood, CD56bright NK cells represent the main NK cell

population in lymph nodes and inflamed tissues [12–14]. In lymph nodes, NK cells

have recently been shown to interact with T cells and dendritic cells (DC), which

are in close proximity, thereby modifying immune responses [13, 15, 16]. CD56bright

NK cells accumulate at inflammatory sites, including exudative pleural fluid,

peritoneal fluid from patients with peritonitis, and synovial fluid or tissue from

patients with inflammatory arthritis [14]. In human decidua, CD56bright NK cells

represent the main lymphocyte population. However, decidual CD56bright NK cells

have been reported to express killer cell immunoglobulin-like receptors (KIR) and

exhibit some other unique properties, suggesting that they constitute an NK cell

population, which is remarkably different from either subset of peripheral blood NK

(pNK) cells [17, 18]. Decidual CD56bright NK cells are thought to play an important

role in decidualisation and implantation [19].

The more detailed the functions and phenotypes of NK cells were scrutinised,

the more the heterogeneity of NK cells became evident. Although it is fairly easy to

sort several NK cell populations by multicolour flow cytometry, the size of rare

populations is often insufficient for subsequent physiological or functional analysis.

However, modern array technology allows the investigation of the vast variability

of cellular capabilities in spite of low cell numbers. There is a substantial variety of

392 E. Wilk and R. Jacobs



commercially available arrays for gene expression analysis, and these arrays are

used to generate gene profiles. As genes are regulated according to immediate

cellular needs, such gene profiles indicate functional and physiological states of the

cells. Arrays can either cover the entire genome or be restricted to a certain set of

genes of interest. For example, one might only be interested in certain cellular

functions such as apoptosis, inflammation or proliferation. Although vast amounts

of useful information are obtained from whole genome arrays, it must also be

considered that handling and analysis of huge data sets is a challenging bioinfor-

matical task. In addition, the selection of the most suitable array design is cost

dependent and the more comprehensive an assay, the higher the price. Furthermore,

in most cases the gene expression profiles obtained by array analysis must subse-

quently be confirmed by quantitative (real time) PCR.

In contrast to gene arrays, which only allow estimation of cellular functions

based on gene activities, it is possible to directly measure cell activity by means of

protein arrays. As the name implies, protein arrays can be used to assess the

synthesis of multiple proteins from a single cell fraction, culture supernatant or

serum sample. Depending on the design of the applied assay, the results will be

primarily quantitative or qualitative. The number of simultaneously measurable

proteins by arrays is usually restricted to less than 100 for qualitative (semi-

quantitative) and 20 for quantitative assay kits.

In the following section, the technologies of gene and protein arrays will be

described and examples from the practise will demonstrate their applicability in NK

cell research. Array-based analysis of NK cells is applicable for various goals such

as investigation of cellular changes in terms of gene expression and protein

production under certain conditions or medical treatment. However, array analysis

is also a very promising tool for the functional and phenotypical characterisation

of NK cell subsets, and therefore the following examples are mostly restricted to

this issue.

2 Gene Array Technology

Gene arrays or DNA microarrays are a multiplex technology applied in biology,

allowing the concomitant analysis of a large number of genes. It consists of a solid

slide of silicon, plastic or glass, only a few square centimetres in size, carrying up to

several thousands of microscopic DNA oligonucleotide spots in known locations.

These oligonucleotides are gene segments or other DNA sequences used as probes

that will hybridise to corresponding elements (cDNA or cRNA) from the sample.

The number of spots on a single chip depends on the aim of the gene analysis, and

can be limited to a small number of selected genes or cover an entire genome

(more than 30,000 genes in humans). Gene arrays are typically high-density arrays

(> 1,000 elements/array). Due to the requirement of sophisticated devices, most
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laboratories are unable to perform complete gene array analyses and prefer to take

advantage of commercial or academic array facilities.

The principle of a gene array analysis is the hybridisation of sample oligonu-

cleotides with the probe on the chip (Fig. 1). If genes, gene mutations or poly-

morphisms are analysed, the DNA of the target cells has to be transformed into

single-strand DNA. For the analysis of gene activities, mRNA is isolated from the

cells of interest and reverse transcribed into cDNA. The DNA oligonucleotides are

then tagged with a fluorochrome enabling the fluorescence-based detection after

hybridisation in a reader system. Some chip systems use two fluorochromes with

different emission maxima allowing the analysis of two samples on the same chip.

In general, each chip is equipped with a multiplicity of each gene probe (Fig. 2).

Depending on the manufacturer, the probes of a particular gene can either be

identical or represent different segments of the same gene. This design improves

the specificity of the chip and enables quantification of the hybridisation events.

Finally, positive and negative control nucleotide sequences are used to complete

the chip system. The intensity of the fluorescence signal correlates with the

number of hybridisation events for a certain probe and is thus used to determine

the relative abundance of the oligonucleotide in the sample. The quantity of

sample oligonucleotides must exceed a threshold in order to ensure saturation of

the array capacity. In the case of insufficient quantity, the original oligonucleotide

concentration of the sample can, in most cases, be increased by an amplification

step. Of course, it is preferable to analyse samples without additional amplification

in order to avoid the introduction of artefacts. Data obtained by array analysis are

Fig. 1 Gene array technology. Fluorochrome-labelled segments of nucleic acids are incubated

with the probes spotted on a chip (a). Corresponding strands hybridise and non-hybridised

molecules can be removed (b). The signal intensity evolved by the dye of hybridised molecules

correlates with the expression level of the respective gene in the sample
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normally visualised as coloured maps representing the results as differential

intensities of green to red shades according to the measured value (Fig. 3).

Genes with similar expression kinetics under certain conditions are often

subjected to cluster analyses which are displayed as dendrogram plots. If two

genes are directly compared, the expression level of one gene is often given as

x-folds of the second.

The array technique allows simultaneous monitoring of thousands of genes and

thereby the determination of a gene profile of the analysed cells. Such a gene profile

is very helpful to compare the same cells under different conditions, such as

medical treatment, activation or maturation. However, it is also possible for exam-

ple to compare different cell types in respect to functional capabilities or physio-

logic features. In NK cell research in particular, the comparative gene profiling of

subpopulations was very helpful in uncovering functional differences among the

various subsets.

3 Protein Array Technology

DNA array technique is a powerful tool, but is limited to detection on DNA and

mRNA levels. Based on the amount of a specific mRNA, one can estimate gene

activity and thereby the biosynthesis of the corresponding protein. However,

protein synthesis is regulated not only at the transcriptional but also at the transla-

tional level. In addition, modification and degradation of mRNA can also affect

protein expression [20, 21]. This indicates that protein expression levels can

A

B

C

1 2 4 53

Fig. 2 Gene chip design. Multiple copies of the same or overlapping gene segments (1–5) of each

gene are spotted at a known location on a solid surface. Depending on the manufacturer, a certain

number of replicates are affixed for each gene (A–C). The differential signals obtained for each

gene are finally computed by statistical calculations to determine the expression level of the

respective gene
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accurately be measured only by direct protein analysis. For high-throughput

approaches, protein arrays are the obvious method of choice. Protein arrays are

excellent tools for the detection of a large number of proteins from sera, cell lysates

or culture supernatants. Typically, these arrays have a low-density design (up to 100

elements/array) and can be performed also in non-specialised laboratories within a

few hours. In contrast to gene arrays, this technology directly detects cellular

products. In principle, this kind of technology can be adapted for any protein to

study protein–protein interactions, although the most common means of identifica-

tion of proteins are antibodies. Basically, the techniques applied are known from

ELISA (Fig. 4). Capture antibodies, specific for each of the proteins of interest, are

spotted on a certain location of a slide or membrane, which is then incubated with a

specimen such as supernatant, serum or lysate containing the proteins that are to be

determined. If the samples were labelled with detection molecules beforehand, the

array can directly be analysed (Fig. 4a). Otherwise, the array matrix is washed after

appropriate incubation, and a cocktail of enzyme-labelled detection antibodies is

used for the next incubation step, resembling sandwich ELISA technique (Fig. 4b).

This method is widely used for the detection of cytokine expression. Finally, the

bound detection antibodies can be identified by colorimetric, fluorometric or

chemiluminescent techniques, with the latter leaving visible blackened areas on

X-ray films (Fig. 4c). Sizes and densities of the spots can be analysed by graphical

and densiometric methods. Protein arrays used for fluorometric analyses are nor-

mally manufactured on glass chips. They exhibit lower background levels but

require appropriate fluorescence reader systems. Background and maximal inten-

sities of the assay are determined with the help of negative and positive control

spots, respectively. Although the chip-based arrays can be adapted for quantitative
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Fig. 3 Gene expression plot. Gene expression profiles are often depicted as heat charts, in which

the expression level of each gene of a certain sample (1–5) corresponds to a specific ratio of green
and red (left panel). After clustering the genes according to the similarity of the profiles,

dendrogram plots can be used to illustrate relationships between the genes. Alternatively, values

can be depicted as bar graphs where the expression levels of the genes (A–X) are given as x-fold
expression of an appropriate reference gene (right panel)
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measurement, they tend to be used for semi-quantitative analyses. This means, due

to dispensation with known standard concentrations, the data are not absolutely

quantitative. However, normalised results from different arrays can be used for

comparison of relative protein concentrations.

In addition to the detection of proteins, arrays can be used for analysing protein

modifications. For example, this is an elegant method for studying the phosphory-

lation of signalling molecules. The chips are spotted with a capture antibody, which

cannot distinguish between the modified and the unmodified protein, whereas the

detection antibody can. Alternatively, pairs of antibodies, reactive with either the

modified or the unmodified protein, are bound to the matrix and pan-specific

antibodies are used for detection. Finally, many additional array designs can be

constructed to study interactions of proteins with other molecules, such as DNA

and RNA.

4 Quantitative Protein Arrays

The quantitative determination of produced proteins is possible by applying array

systems optimised for this task. Most of them are bead-based array systems, which

can be analysed by flow cytometric techniques. The beads are manufactured either

differentially in size, colour or both, so that they can be distinguished during data

Fig. 4 Protein arrays analysis. Most arrays used for the detection of proteins are antibody-based

systems. A capture antibody is spotted on a surface, such as a membrane, glass or plastic slide. The

captured antigen is either labelled beforehand (a) or is recognised by a specific detection antibody

in a sandwich like manner (b). Depending on the labelling system, the assays are analysed with

fluorescence analysers or by exposure to X-ray films (c). The latter system leaves spots on the

developed film, which correspond to the concentration of the particular protein in size and density.

The spots can be transformed into values by graphical or densitometric methods
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acquisition. Furthermore, they serve as a solid phase, to which capture antibodies

with the specificity of interest are bound. After incubation with the samples, the

captured antigens can be identified by a fluorochrome-labelled detection antibody

with the same specificity. For analysis of the experiments either a conventional flow

cytometer (Cytometric Bead Assay, Becton Dickinson, Heidelberg, Germany;

FlowCytomix Multiplex, Bender, Vienna, Austria) or a dedicated cytometric ana-

lyser (Luminex, Austin, TX) are employed, depending on the system. The arrays

that can be used with a standard cytometer have a maximum capacity of about 30

distinct proteins/sample. Multiplex systems with specific detection systems can

analyse up to 100 different proteins from a single sample. The main reason for

the differences in the number of products that can be simultaneously measured is

the resolution of the bead detection. The FACS-based systems use beads of

different sizes, fluorescence intensities of one or two fluorochromes or a combina-

tion of all parameters (Fig. 5). This limits the number of beads that are clearly

distinguishable and thus concomitantly analysable. The Luminex system uses

beads, labelled with up to 100 different combinations of two dyes. The dedicated

analyser is equipped with two lasers, of which one is used only for differentiation of

the fluorescent shades of the beads. A second laser of a different wave length is used

to measure the fluorescence intensities of the detection antibodies. The main

advantage of the multiplex assays, in comparison to standard ELISA techniques,

Fig. 5 Quantitative cytokine determination by flow cytometry. Beads are tagged with different

dye concentrations enabling their identification according to mean fluorescence intensity (MFI) of

beads by flow cytometry. Each of the bead populations is coated with capture antibodies for a

particular cytokine. The captured cytokines are detected by antibodies labelled with a second

fluorochrome. The samples are analysed in a dot plot graph showing the specificity of the beads on

the y-axis and the quantity of the cytokines on the x-axis. The cytokine concentrations can be

calculated from the MFIs of the samples and a standard curve that is generated in parallel to

the assay
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is due to the bead-based architecture. First, in a normal ELISA plate, the capture

antibodies are coated to the plastic bottom and thus are limited to binding the antigen

in a two-dimensional fashion. In contrast to solid matrices, beads are colloidally

soluble in the sample fluid allowing a rapid reactivity while presenting a large

surface area, due to the three dimensionality of the system. Second, the usage of

bead-based technology is the basic prerequisite for high-speed analysis of the assay,

allowing high throughput of samples while measuring a vast variety of parameters.

5 Array Technologies in NK Cell Research

NK cells are part of the innate immune system of many species. The following

section will focus mainly on human NK cells. However, the described assay

systems and experimental strategies are applicable in principle for all species,

though commercial assay systems are mainly tailored for man and mouse.

NK cells were initially defined as large granular lymphocytes, which possess the

inherent capacity to kill a wide range of tumour and virus-infected cells, and differ

from T and B cells in that they lack specific antigen receptors. NK cell functions,

such as cytotoxicity and cytokine production, can be modulated by several cyto-

kines, including IL-2, IL-12, IL-15, IL-21. Dybkaer et al. used gene array technol-

ogy in order to investigate the cellular events of NK cells after IL-2 activation.

Therefore, they performed a genome-wide analysis of resting and IL-2-activated

human NK cells [22]. This study revealed that resting NK cells express many genes

associated with cellular quiescence. IL-2 stimulation rapidly induced the down-

regulation of these genes and upregulation of genes associated with proliferation

and cell cycle progression. Concomitantly, many genes involved in immune func-

tion and responsiveness, such as activating receptors, chemokine/cytokine recep-

tors, death receptor ligands and molecules participating in secretory pathways, were

also upregulated. The expression profile indicates that NF-kB activation possibly

plays a central role in pro-survival and pro-inflammatory function in IL-2-activated

NK cells. This study shows that activation of NK cells is marked by a coordinated

fine tuning of gene expression of those genes needed to exert specific functions.

Additionally, the gene profile that is shaped in response to the stimulus gives

detailed information on the regulation of molecules associated with cell signalling.

Hence, gene data provide hints on the signal transduction pathways used by the cell

in response to a particular stimulus. This is a good example of how a gene array

approach can be very helpful in the selection of suitable functional experiments.

Although NK cells were initially thought to represent a homogenous lymphocyte

fraction, it soon became obvious that the NK cell compartment comprises several

functionally and phenotypically different subpopulations. Fascinating was the

finding of the diverse functional capacities of CD56bright and CD56dim NK cells.

CD56dim NK cells comprise the classical NK cell type exerting strong cytolytic

activity. CD56bright cells, in contrast, are weak killers but are superior in terms of

cytokine production. These functional differences were uncovered by applying
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standard experimental approaches to sorted subpopulations, for example, cytotoxic-

ity assays and determination of cytokine production. Once gene array technology

was fully established in biomedical research, this technique dominated for the

detailed analysis of these twoNK cell subpopulations. Several groups independently

investigated these populations by using the gene array approach, though the experi-

mental settings differed in some respect among the studies [17, 23–25]. Basically,

the three studies revealed comparable results as it should be expected of course,

since similar approaches were performed. Data were primarily assessed by gene

array analyses, and the findings were confirmed for a selection of genes by quantita-

tive PCR and/or on the protein level by flow cytometry (Fig. 6). Due to the diffe-

rences of the study designs and the chosen foci, the work of three groups presents a

more comprehensive analysis on NK cell populations than each of the single studies

does. Koopman et al. compared the expression of approximately 10,000 genes in

CD56bright uterine decidual NK (dNK) cells and CD56bright and also CD56dim pNK

cells by microarray analysis using the HGU95Av2 chip (Affymetrix, Santa Clara,

CA) [17]. They found that CD56bright dNK cells remarkably differ from either pNK

cell subpopulation and they are more similar to CD56dim pNK cells.

Among the pNK cells, a relatively low number of differently expressed genes

were detected with an equal distribution of overexpressed genes in both CD56dim

and CD56bright NK cells. They propose two possible alternative explanations for the

differential gene expression patterns between dNK and pNK cells. dNK cells may

descend from a distinct haematopoietic precursor, or they might develop from pNK
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Fig. 6 Comparison of results obtained by different approaches. In order to estimate the reliability

of the array analysis, the same genes were also measured by quantitative PCR. Furthermore, the

expression was verified on the protein level by flow cytometry. Gene expression levels of

KIR2DL2 (CD158b1) and KIR2DS2 (CD158j) as assessed by array analysis in CD56dim NK

cells are depicted as x-folds (a). The levels obtained in CD56bright NK cells were below threshold

and hence are classified as absent. Quantitative PCR analysis of the two genes revealed a much

stronger expression in CD56dim NK cells (black bars). The values are given as x-folds of the values
obtained in CD56bright NK cells (open bars) (b). Two-colour fluorescence confirms the differential

expression of CD158b1/j (KIR2DL2 and KIR2DS2) on CD56dim and CD56bright NK cells. Cells

were gated on CD3- lymphocytes. The inhibitory receptor (KIR2DL2) and the activating isoform

(KIR2DS2) are identical in the extracellular portion of the molecule. Thus, the two functionally

different receptors cannot be differentiated by the antibody
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cells in the decidual environment under influence of stromal cells and hormones.

The authors particularly emphasised the overexpression of CD9, NKG2C, NKG2E,

Ly49L, KIR, galectin-1 and PP14 by dNK cells, as these molecules exhibit immu-

nomodulatory functions during pregnancy. Thus, based on the array analysis, the

study of Koopman et al. revealed that (a) CD56bright NK cells from uterus and

peripheral blood differ considerably, and (b) uterine NK cells play an important role

in pregnancy by establishing maternal–foetal tolerance.

Hanna et al. used CodeLink Human 20K I Bioarrays (Amersham Biosciences,

Piscataway, NJ) to analyse ca. 20,000 genes of CD16�CD56bright, as well as resting
and activated CD16+CD56dim NK cells from peripheral blood [23]. Their data

support the model that CD56dim and CD56bright NK cells represent functionally

distinct subpopulations of mature NK cells. From the profiles of these subsets the

authors concluded that CD56bright NK cells are predestined for immunoregulatory

interactions with other immunocytes in lymphatic tissues such as lymph nodes. In

contrast, CD56dim NK cells are armed with molecules needed for cytotoxic func-

tions at inflammatory sites. In activated CD16+CD56dim NK cells, they found

upregulation of several molecules which have been reported by Koopman et al. on

decidual CD56bright dNK cells. Hanna et al. suggest that this activation-like pheno-

type of dNK cells might be due to chronic exposure to semi-allogeneic extravillous

trophoblasts that invade maternal decidua and the cytokine-enriched environment.

Wendt et al. analysed resting and activated CD56dim and CD56bright NK cells

from peripheral blood in a whole genome approach (>39,000 transcripts) via

U133A and U133B arrays (Affymetrix, Santa Clara, CA). Activation of the cells

was induced by stimulation with PMA/ionomycin in order to enable similar activa-

tion of the two populations as Protein kinase (PK) C, the target enzyme of PMA, is

equally expressed in all cells. In contrast, most receptors mediating stimulation

under physiological conditions, such as CD2, CD16 and cytokine receptors, are

differently expressed between CD56dim and CD56bright NK cells. The differential

amount of such receptors would most likely lead to unequal activation of the two

subpopulations. Also, this study confirmed that CD56dim NK cells express the

molecules needed to perform cytotoxicity. In contrast, CD56bright lack this capabil-

ity but do express receptors for migration into lymphatic tissues and molecules for

interacting with other immune cells. It was frequently suggested that CD56bright NK

cells might just represent an activated state of CD56dim NK cells. Wendt et al.

investigated gene regulation in both NK cell populations in order to address the

question whether or not CD56bright NK cells might be closely related to activated

CD56dim NK cells following stimulation with PMA/ionomycin. They selected the

487 genes that were upregulated at least threefold in CD56dim NK cells upon

activation. In parallel, expression signals of the same genes in resting CD56bright

NK cells were compared with resting CD56dim NK cells. If CD56bright NK cells

would simply represent an activated stage of CD56dim NK cells, the majority of the

genes upregulated in activated CD56dim would also be expected to be increased in

resting CD56bright as compared to resting CD56dim NK cells. However, expression

patterns of these genes clearly differ between resting CD56bright and resting

CD56dim NK cells. Although the expression of 117 genes was at least twofold

NK Cells and Microarrays 401



higher in resting CD56bright than in resting CD56dim NK cells, 159 genes were

concomitantly downregulated, arguing against a close relation between resting

CD56bright and activated CD56dim NK cells.

As previously mentioned, all studies analysed some of the molecules on the

protein level, in addition to the gene arrays, and in some cases found discrepancies

between gene expression and protein abundance. This suggests that several factors,

such as post-translational modification and differential mRNA stability, have con-

siderable impacts on the protein composition of a cell. Thus, as extreme caution

should be used when estimating protein expression based on mRNA levels alone,

direct measuring of the proteins is preferable. Therefore, Wendt et al. used two

different protein arrays [25]. In one approach, supernatants of activated CD56dim

and CD56bright NK cells were subjected to a semi-quantitative array (Raybiotech,

Norcross, GA) that detected a variety of approximately 80 cytokines and chemo-

kines. This assay revealed distinct patterns of soluble factors that can be produced

by the two populations. Some mediators (e.g. GDNF and EGF) were equally

produced, while others were preferentially produced by CD56dim (e.g. NT-4 and

osteoprotegerin) or CD56bright (e.g. PIGF and TGF-b2) NK cells. Furthermore,

protein array experiments confirmed the preferential production of TNF and IFNg
by CD56bright NK cells. However, the use of cytometric bead array (CBA) for

quantification of secreted cytokines after 24-h and 48-h activation revealed that

concentrations of IFNg and TNF did not significantly differ between supernatants

of activated CD56dim versus CD56bright NK cells. The lack of significance might be

due to the power or duration of the stimulus, as kinetic experiments revealed

considerably increased mRNA expression for both factors in CD56bright NK cells

as compared with CD56dim NK cells within 4 h. After 24 h, both mRNAs were on a

similar level, indicating a differential regulation of each cytokine. In addition,

soluble mediators have short half-lives (on the order of minutes to hours) and are

rapidly degraded [26]. Furthermore, it cannot be excluded that one or the other

cytokine, which is induced in CD56dim or CD56bright NK cells by activation, can

instantly be consumed and subsequently affect the production of other factors in a

loop-back mechanism in the respective population. Other cytokines, which can be

concomitantly detected by the CBA (IL-1b, IL-2, IL-4, IL-6, IL-10 and IL-12p70)

remained below detection sensitivity levels (<20 pg/ml) in the same samples,

indicating that the sorted NK cell populations were free of any contaminating

T cells and monocytes.

The data from the three groups present a comprehensive overview on how NK

cells can be analysed by modern array techniques. The gene expression profiles are

stored in public data bases and can be used for the screening of new target

molecules that have not yet been investigated in the context of NK cells. For

researchers in the NK cell field, the detailed information on gene expression profiles

in human NK cell populations will help to define NK cell populations in species

other than humans. Neither murine nor rat NK cells express CD56; thus, other

molecules selectively expressed by CD56dim or CD56bright can be used to find

feasible markers for identifying distinct functional NK cell subpopulations in

these animals. In addition, the number of distinguishable NK cell populations in
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humans is still increasing and these populations will surely be investigated in detail

via applying array technology.
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Natural Killer Cells in the Treatment

of Human Cancer

Karl-Johan Malmberg and Hans-Gustaf Ljunggren

Abstract NK cells may be exploited in the treatment of human cancer. One

strategy aims for activation of endogenous NK cells in the cancer patient. Another

takes advantage of the knowledge regarding “missing-self” recognition and KIR–

HLA mismatches in settings of allogeneic stem cell transplantation (SCT) followed

by, in some situations, the use of NK cell-based donor lymphocyte infusions. Other

strategies employ direct adoptive transfer of NK cells. Here, we briefly discuss

these and other prospects for the treatment of human cancer using NK cells either

directly or indirectly.

1 Introduction

NK cells were originally identified on a functional basis, because of their ability to

lyse certain tumor cells in vitro without the requirement for prior immune sensiti-

zation of the host [1]. Today, these cells are well characterized with respect to their

origin, differentiation, receptor repertoire, and effector functions [2–5]. NK cells

account for 5%–15% of peripheral blood lymphocytes. In addition to peripheral

blood, they are found in the bone marrow, spleen, and lymph nodes, as well as in

specific organs such as the liver and lungs. They are activated by cytokines and/or

by interactions with specific molecules expressed on target cells [3, 5, 6]. Upon

activation, NK cells produce cytokines and chemokines and can exert strong

cytolytic effector functions [7, 8].

Human NK cells are broadly defined as CD3�CD56+ lymphocytes. They can be

further subdivided into two main functional subsets on the basis of their surface

expression of CD56. CD56bright NK cells have potent immunoregulatory properties,
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and CD56dim NK cells have potent cytotoxic functions [9, 10]. These functions are,

however, not strictly confined to each respective subset; a certain degree of func-

tional overlap exists. The CD56dim NK cells express high levels of FcgRIIIA
(CD16) allowing them to mediate antibody dependent cellular cytotoxicity

(ADCC). Although insight into NK cell development has been obtained, it is still

not fully clear at which stage of differentiation CD56bright and CD56dim NK cells

separate from each other [11, 12].

2 NK Cell Responses to Tumors

A large number of studies have demonstrated the capacity of NK cells to recognize

many different types of murine and human tumor cell lines in vitro [13, 14]. Several

experimental studies in mice have demonstrated a role for NK cells in the eradica-

tion of grafted murine tumor cell lines [15, 16]. NK cells have been shown to be

involved in the rejection of experimentally induced and spontaneously developing

tumors in mice [17]. Human NK cells adoptively transferred to mice can also

participate in the rejection of grafted human tumors [18]. Direct evidence for NK

cell targeting of human cancer has come from studies of NK cell interactions with

primary tumor cells tested for susceptibility to NK cell-mediated lysis ex vivo. Such

approaches have recently been taken for, e.g., neuroblastoma, ovarian carcinoma,

and multiple myeloma [19–21]. Evidence for NK cell targeting of human tumors

has also come from clinical studies in settings of SCT and adoptive transfer of NK

cells to cancer patients [22–25]. Despite the large amount of studies that demon-

strate the ability of NK cells to target tumor cells in vitro and in vivo in experimen-

tal models [13, 14], there is still only limited evidence for clinical efficacy of

activated NK cells administrated to patients with cancer.

All tumors are, however, not susceptible to NK cell-mediated lysis. A variety of

reasons may underlie this resistance, including specific properties of some tumor

cells themselves as well as effects imposed by certain tumors on NK cells. Data from

both experimental models and from studies of human cancer have demonstrated

tumor cell evasion from NK cells [26–28]. This includes the intriguing observations

of, e.g., high MHC class I expression of some metastasizing human tumors and/or

loss of ligands for NK cell activation receptors on other tumors [29–31]. This may

argue for selection of tumor cell mutants or tumor cell modulation during an ongoing

NK cell-mediated response. Downregulation of NK cell activating receptors can be

mediated by, e.g., TGF-bwhich selectively downregulates the surface expression of

some NK cell activating receptors [32]. Likewise, NK cell interactions with tumor

target cells may specifically downregulate the expression of activating receptors,

e.g., downregulation of DNAM-1 upon recognition of PVR-expressing ovarian

carcinomas ([21]; our own unpublished results). Finally, tumor cells may also

restrain NK cell effector function by promoting the expansion of CD4+CD25+

Treg cells. Recent evidence points to a critical role for Treg cells in dampening
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NK cell immune responses by suppression of homeostatic proliferation, cytoto-

xicity, and IL-12-mediated IFN-g production [33, 34].

The identification of NK cell germ-line-encoded activation and inhibitory recep-

tors has in large part uncovered the molecular mechanisms used by NK cells to

recognize tumor cells. This knowledge emerges from early observations that NK

cell cytotoxicity is triggered by tumor cells lacking expression of certain (or all)

self-MHC class I molecules [16, 35–37], a phenomenon referred to as “missing-

self” recognition [38], which led in the early 1990s to the identification of NK cell

inhibitory receptors that recognize MHC class I molecules [39, 40]. However, NK

cells also need stimulation by target cell ligands to trigger activation via specific

receptors. The identification of the latter remained elusive until some 10 years ago

[3, 5]. Thus, we now know that NK cell recognition of tumors is tightly regulated by

processes involving the integration of signals delivered from multiple activating

and inhibitory receptors [3, 5, 6, 41, 42].

3 Molecular Interactions in NK Cell Responses to Tumors

One important group of human NK cell activation receptors is represented by the

so-called natural cytotoxicity receptors (NCR); NKp46, NKp30, and NKp44 [43,

44]. Two of these, NKp46 and NKp30, are constitutively expressed on all periph-

eral blood NK cells. Despite considerable effort to characterize their ligands, their

constituents on tumor cells remain poorly defined [45, 46]. However, the nuclear

factor HLA-B-associated transcript 3 (BAT3) was shown to be released from tumor

cells and to bind NKp30. BAT-3 triggered NKp30-mediated NK cell cytotoxicity

and thus represents the first identified cellular ligand for any of the NCR [45, 46].

The NCR have a major role in NK cell-mediated lysis of various human tumor cell

lines including melanomas, carcinomas, neuroblastomas, and myeloid or lympho-

blastic leukemias, as well as EBV-transformed B cells [45]. Other well-characterized

activation receptors are NKG2D and DNAM-1 [47, 48]. NKG2D recognizes the

stress inducible molecules MICA and MICB as well as the UL16-binding proteins

(ULBP). NKG2D ligands are expressed on a number of human epithelial tumor

and leukemic cell lines and have a significant role in rendering these cells sus-

ceptible to NK cell-mediated lysis. DNAM-1 recognizes PVR (CD155) and

Nectin-2 (CD122). These ligands are highly expressed in human carcinomas,

melanomas, and neuroblastomas [49–51]. CD16 on NK cells binds the Fc-portion

of IgG on opsonized cells, thus mediating ADCC. In addition, several other

receptors, including 2B4 (CD244), NTBA, NKp80, CD2, CD11a/CD18, and

CD59, have important coactivating or costimulatory functions in NK cell activa-

tion and tumor cell recognition [6].

Activation of NK cells is under control by inhibitory receptors [3, 5, 41].

Inhibitory receptors bind classical and/or nonclassical MHC class I molecules.

These molecules are normally expressed on most healthy cells in the body, but
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are often lost upon transformation or during tumor evolution [52]. In humans,

killer cell Ig-like inhibitory receptors (KIR) and CD94–NKG2A play major roles as

HLA-class I-specific inhibitory NK cell receptors. KIR recognize groups of HLA-A,

-B, and -C alleles [53–55], whereas CD94–NKG2A/B receptors recognize HLA-E

molecules [56]. Individuals differ in the number and type of inherited KIR genes,

and specific KIR gene products are expressed on distinct subsets of NK cells. Thus,

many NK cells express only a few of many possible types of receptors. Most NK

cells, however, express at least one inhibitory receptor that is specific for a self-MHC

class I ligand. The pattern of KIR expressed creates a system allowing NK cells to

detect cells lacking expression of single MHC class I alleles [54].

The relative importance of different NK cell activation receptors and their

ligands in recognizing primary human tumors is only partially known. Interestingly,

efficient natural cytotoxicity by resting (e.g., not preactivated by cytokines) NK

cells usually requires coactivation by several types of receptors [6, 57]. In contrast,

engagement of LFA-1 is sufficient to induce cytotoxicity by IL-2 activated NK cells

[57]. Translated to the context of killing tumor cells, these findings indicate that

tumor cells might elicit activation of NK cells by expressing an array of ligands

for several activating receptors, any one of which alone would be incapable of

triggering a response. For NK cells activated by IL-2, fewer qualitatively distinct

receptor–ligand interactions might suffice for tumor cell recognition and killing

provided MHC class I molecules do not confer inhibition. In some situations,

the activation signals may override the inhibitory signals mediated by MHC class

I molecules, as has been demonstrated, e.g., for NKG2D-mediated triggering of

some MHC class I expressing tumor cell lines [58, 59]. The final degree of NK cell

activation is also dependent on the relative density of ligands for the integration of

signals from activating and inhibitory signals.

4 Effector Functions Involved in NK Cell Responses to Tumors

Like cytotoxic T cells, NK cells possess different effector mechanisms by which

they mount antitumor responses [60]. NK cells use two major mechanisms to

induce target cell apoptosis, the granule exocytosis and the death receptor pathway

[61]. Granule exocytosis involves the release of perforin and granzymes [62]. The

death receptor pathway is largely mediated by members of the TNF superfamily, in

which FasL, TNF-a, and TRAIL are key apoptosis-inducing members [61, 63]. NK

cells can also produce many different types of cytokines (e.g., IFN-g, TNF-a, and
GM-CSF) as well as chemokines, at least some of which have a direct effect on

tumors. The best-studied cytokine in this respect is IFN-g. IFN-g can decrease

tumor proliferation and metabolic activity and inhibit angiogenesis [64]. IFN-g
induces type-1 immunity and may by this means counteract tumor escape mechan-

isms actively promoted by cancer cells and regulatory T (Treg) cells through the

secretion of type-2 cytokines [34].
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5 Activation of NK Cells to Enhance Responses to Tumors

Several cytokines affect NK cell differentiation and activation such as IL-2, IL-12,

IL-15, IL-18, IL-21, and type-1 IFN [65, 66]. Upon cytokine stimulation, NK cells

proliferate, produce cytokines, and upregulate effector molecules such as adhesion

molecules, NKp44, perforin, granzymes, FasL, and TRAIL. IL-2 stimulates NK cell

progenitors and mature NK cells, and induces the production of NK cell effector

molecules, enhancing NK cytolytic activity. In addition, IL-2 augments NK cell

degranulation via a syntaxin 11-independent pathway [67], and may reduce the

dependency of coactivation for some receptors implicated in tumor cell lysis [57].

Recent evidence suggests a unique role for IL-15 in the differentiation, prolifera-

tion, survival, and activation of NK cells [68, 69]. IL-15 may also protect lympho-

cytes from IL-2- induced activation-induced cell death (AICD) [69, 70]. This

cytokine synergizes with Flt3-L and SCF in inducing human CD56bright NK cells

[11, 12]. IL-12 and IL-18 act late during the NK cell differentiation, and synergis-

tically enhance cytotoxicity against tumor targets and IFN-g production by NK

cells [71]. IL-21 is of particular interest in its ability to stimulate cytotoxic CD56dim

NK cells and to enhance NK cell cytotoxicity [72, 73].

Cytokines have successfully been applied in the treatment of several human

cancers and, in some instances, the mechanisms of action are through direct or

indirect activation of NK cells [74, 75]. Several clinical trials have assessed the

effects of IL-2 administration on activation of NK cells in patients with cancer [75,

76]. Unfortunately, high doses of IL-2 are associated with significant toxicity [77].

Irrespectively, IL-2 is frequently used in lower doses to promote NK cell activity

in vivo. This cytokine has more recently also been used together with monoclonal

antibodies that mediate ADCC to enhance NK cell activity [78]. In many respects,

IL-15 may be a better cytokine. IL-15 is more efficient than IL-2 in expanding the

NK cell compartment [79–81]. It promotes survival of NK cells and protects NK

cells from AICD. However, high doses of IL-15 may be needed in vivo to obtain

effective antitumor effects [81, 82]. New insight into the role of early hematopoetic

growth factors, such as c-kit ligand and Flt-3 ligand, and their synergy with IL-15 in

the development of human NK cells in the bone marrow, will likely permit studies

of additional cytokine combinations for expansion of NK cells for clinical use.

Nevertheless, better knowledge about how to best use cytokines for optimal activa-

tion of NK cells, either alone or in combination with other immune interventions

[75], is clearly needed. It still remains to be studied whether the impressive results

obtained in mice, using individual and combinations of cytokines to activate NK

cells to kill tumor cells, can be translated to humans.

Apart from specific cytokines and/or growth factors, broad activators of immune

function implicated in antitumor immunity, may also stimulate NK cells. For

instance, in myeloma, NK cell activity has been shown to increase in response to

thalidomide and its analog lenalidomide, explaining, in part, the mechanism of

action of this drug [83]. Immunostimulatory DNA complexes have also been shown

to enhance in vivo antitumor activity, mediated, at least in part, through the
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activation of NK cells [84]. Imatinib mesylate (Gleevec), a specific inhibitor of

tyrosine kinase receptors may also lead to host antitumor effects mediated by the

innate immune system and a new type of immune cell, referred to as IFN-producing

killer dendritic cells (IKDC), that resembles natural killer cells [85–87]. Finally,

NK cells may also contribute to the clinical efficacy of bacillus Calmette-Guerin

(BCG) treatment of bladder cancer [88].

6 Modulating Receptor Signaling to Promote NK Cell Killing

Another possibility that has now reached the stage of clinical trials in humans is to

block inhibitory KIR with monoclonal antibodies, thereby augmenting tumor cell

recognition by NK cells [89]. Such reagents could ideally be used, e.g., in the

treatment of hematopoetic cancers that are not amenable to SCT. Preclinical

evidence in mouse models has demonstrated that this strategy may enhance anti-

tumor activity in autologous [90] and allogeneic settings [91]. Along the same lines,

the modulation of activating ligands on tumor cells may also improve the efficacy

of NK cell recognition. NK cells may also be genetically engineered prior to

adoptive transfer to the patients. One interesting possibility is to stably over-express

chimeric receptors recognizing ligands expressed by tumors combined with signal-

ing components that trigger NK cell function [92]. For example, NK cells engi-

neered to express chimeric anti-CD19-CD3 signaling receptors became highly

cytotoxic against autologous leukemia cells [93]. Genetically modified NK-92

cells, expressing a chimeric antigen receptor specific for the tumor-associated

ErbB2 (HER2/neu) antigen, specifically lysed ErbB2-expressing tumor cells that

were completely resistant to cytolysis by parental NK-92 cells [94].

7 NK Cell-Mediated Responses to Tumors in Settings

of Hematopoetic Stem Cell Transplantation

Hematopoietic stem cell transplantation (SCT) is an established treatment strategy

for several hematological malignancies. An intentional mismatch between donor

KIR and recipient HLA ligands in hematopoetic SCT is predicted to allow for a

graft-versus-tumor (GvT) effect by NK cells that develop in the recipient. In

pioneering studies by Velardi and collaborators, adult patients with acute myeloid

leukemia (AML) undergoing haploidentical SCT showed greatly improved disease-

free survival time and low relapse rates when a KIR–ligand mismatch prevailed

[25, 95]. This effect occurred in the absence of donor T cells, which had been removed

prior to the transplant. Notably, hematopoetic grafts with NK cell alloreactivity in

the graft-versus-host (GvH) direction also had increased rates of bone marrow

engraftment and reduced rates of clinically significant GvH disease (GvHD). The

latter effect may be caused by donor NK cell lysis of host antigen-presenting cells,
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impairing alloreactive donor T cell priming [25, 96]. Since the initial report by

Velardi and collaborators [25], numerous studies have addressed the role of KIR–

ligand mismatch in different settings of transplantation [97, 98]. Some, but not all,

studies have demonstrated a beneficial role of NK cell alloreactivity. Discrepancies

in outcome among the studies may depend on the transplantation protocol including

differences such as the type of preconditioning, dose of stem cells, degree of T cell

depletion, and posttransplantation immunosuppression. Further studies are war-

ranted to better understand the conditions that steer NK cell maturation and recep-

tor-acquisition following SCT, particularly relative to alloreactivity and GvT

effects.

8 NK Cell-Mediated Responses to Tumors in Settings

of Donor Lymphocyte Infusions Following

Hematopoetic Stem Cell Transplantation

Many patients relapse after hematopoetic SCT. Donor lymphocyte infusions (DLI)

can induce a direct and potent GvT effect in some of these patients [99–101]. The

major risk of DLI is GvHD, which may be a severe, even lethal complication. To

minimize the risk of GvHD, modified strategies have been developed such as

partially T cell-depleted DLI. In haploidentical SCT, studies have been initiated

where purified donor NK cells have been used as DLI with the aim to consolidate

engraftment and induce GvT effects [102, 103]. In a related study, patients with

solid tumors undergoing allogeneic SCT were infused with donor-derived ex vivo

expanded NK cells (unpublished results). Although, no firm conclusions can be

made regarding the clinical efficacy of NK cell-based DLI at this stage, available

data indicate that NK cell infusions are safe and may generate antitumor responses.

As normal tissues do not generally express ligands for activating NK cell receptors,

alloreactive NK cells should not normally cause GvHD [45, 104]. The development

of NK cell-based DLI represents new possibilities for treating relapses in patients

undergoing haploidentical or cord blood SCT.

9 NK Cell-Mediated Responses in Prehematopoetic Stem

Cell Transplantation Conditioning

Experimental data have demonstrated that NK cells can be administered directly

after conditioning but before SCT. The potential benefits are threefold. First, NK

cell-mediated GvL effects could enhance antitumor activity and reduce risk for

relapse. Second, NK cell-mediated depletion of recipient DC could prevent the

development of acute GvHD and perhaps allow higher numbers of alloreactive T

cells in the graft, thus avoiding death from infections in the early posttransplant

period [24, 25, 105]. Finally, NK cells may facilitate engraftment and promote
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a fast immune reconstitution, thereby reducing the need for myeloablative regimens

and shortening the neutropenic period.

10 Adoptive Immunotherapy Using Short Term Ex Vivo

Activated NK Cells

Because of the lack of significant clinical effects with past protocols based on

autologous “LAK” cells or NK cells [106–108], and because of the promising

effects observed in haploidentical T cell-depleted SCT, focus shifted towards the

potential of using allogeneic (potentially alloreactive) NK cells in adoptive cell

therapy. In recent studies, Miller and collaborators infused haploidentical NK cells

together with IL-2 to 43 nontransplanted patients with advanced cancer. Low and

high intensity preparative regimens were tested. The high-dose lymphodepleting

regimen resulted in long-term survival and expansion of donor derived NK cells

in vivo. The in vivo expansion was associated with increased levels of endogenous

IL-15, possibly driving the proliferation of donor NK cells. Notably, one of these

patients manifested a preferential expansion of the alloreactive NK cell subset. In

general, these donor NK cell infusions were feasible and tolerated without

unexpected toxicity. Moreover, 5/19 patients with AML achieved complete remission

(CR) with this protocol [23].

11 Adoptive Immunotherapy Using NK Cell Lines

and Ex Vivo Expanded NK Cells

In parallel, adoptive transfers are also being done with the NK-92 cell line [109].

This cell line can be grown continuously under GMP-conditions, expresses many

NK cell activation receptors and low levels of KIR, and displays significant

cytotoxicity towards many tumor targets. Following irradiation, more than 20

patients with advanced renal cell carcinoma and malignant melanomas have

received NK-92 cells [110]. In general, these infusions are well tolerated and

have yielded antitumor effects in some cases. Furthermore, this cell line is easily

modified genetically which opens up interesting possibilities for future therapeutic

trials. Whether adoptive immunotherapy with this cell line will produce more

substantial clinical responses remains to be seen.

Several techniques have been developed for ex vivo expansion of NK cells

[110]. A few of these protocols allow the expansion of NK cell-enriched cellular

populations under GMP-conditions [111]. Using such protocols, it has been demon-

strated that NK cells can be expanded ex vivo, also from tumor bearing patients

[112, 113]. The latter opens up for expansion of autologous NK cells for adoptive

immunotherapy, a strategy that may be developed further despite the earlier

disappointments with autologous LAK cell therapy in the 1980s to patients with
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advanced solid tumors [107, 108]. Expansion protocols provide greater numbers of

NK cells to be used for adoptive therapy that might be desired in some situations.

For such expansions to be effective, it is important that the expansion of NK cells

ex vivo is not associated with phenotypic changes, linage deviation, and/or selec-

tive expansion of specific subsets, such that their antitumor function will be

affected. Another aspect to consider, apart from consequences of activation and

proliferation, is that in vitro manipulation does not alter the NK cells’ ability to

mediate cell–cell interactions, trafficking, and homing to desired location. With

respect to autologous NK cells, one may predict that they may be more effective in

situations where tumors express low levels of MHC class I molecules.

12 Future Possibilities and Strategies for Adoptive NK Cell

Immunotherapy

We have recently described critical questions that must be considered for the

development of successful NK cell-based adoptive immunotherapy [22]. Below,

we briefly discuss some issues with respect to the possible advantages, but also

difficulties, of using allogeneic NK cells in future settings of adoptive NK cell-

based immunotherapy.

As autologous NK cells are inhibited by self-MHC class I molecules, allogeneic

NK cells may, in certain situations, represent a better cellular population for

adoptive immunotherapy in vivo. The latter choice applies particularly to situations

in which tumor targets express normal levels of MHC class I molecules in combi-

nation with low or only moderate expression of ligands for activating receptors. NK

cell alloreactivity depends on “missing” KIR ligands (MHC class I) in the recipient.

However, although NK cell alloreactivity is predicted by genetic algorithms based

on KIR- and HLA-genotyping, the numbers of alloreactive NK cells in a given

donor vary significantly, from 0% to 62% of the NK cells [114]. Predicting the

effectiveness of therapy may thus be on the basis of assessment of the NK cell

repertoire and selection of a donor with the largest alloreactive NK cell subset.

A prerequisite for survival of the infused cells is that they are not rejected by the

recipient’s immune system. If donor derived NK cells are infused at the time of

transplantation they may engraft along with the stem cells because of the pretrans-

plant conditioning. However, rejection of allogeneic NK cells represents a major

challenge for specific NK cell therapy in the absence of myeloablative condition-

ing. It is likely that some type of conditioning will be required for effective transfer

of allogeneic NK cells. Apart from preventing rejection, such regimens may also

eradicate regulatory T cells that could otherwise interfere with the proliferation and

function of the donor derived NK cells [115]. Moreover, there is reduced competi-

tion for growth factors during the homeostatic proliferation that follows lympho-

depletion and the surge of cytokines, including IL-15, may promote proliferation,

in vivo survival, and expansion of the infused NK cells. Indeed, in the studies by

Miller and collaborators [23], NK cell expansion was dependent on an intense
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preparative regimen (high-dose cyclophosphamide/fludarabin). The latter regimen

is similar to that used recently by Rosenberg and colleagues to induce homeostatic

proliferation of adoptively transferred T cells [116]. As understanding of the

conditions required for engraftment of NK cells improves, dosing of the preparative

regimen will be more precise and the risks associated with high-dose myeloablative

treatments will decrease.

13 Combination Therapies may Develop into Promising

Treatment Options for Some Cancers

Finally, we predict that combination therapies including NK cells (directly or

indirectly) will become ever more important in the future. Ligands for the activating

receptor NKG2D are upregulated by genotoxic stress and stalled DNA replication,

through activation of major DNA damage checkpoint pathways initiated by ATM

or ATR protein kinases [117, 118]. Thus, the response to DNA damage alerts the

immune system to the presence of potentially dangerous cells. As several of the

currently used chemotherapeutic drugs, as well as ionizing irradiation, act via

the DNA damage response pathway, a mild preconditioning using these drugs

and/or local ionizing irradiation might sensitize tumor cells to immune recognition,

leading to synergistic antitumor effects. Similarly, new generation cancer drugs

such as the proteasome inhibitors and the histone deacetylase inhibitors can upre-

gulate the death receptor DR5, sensitizing tumor cells to TRAIL-mediated killing

by NK cells [119–121]. Histone deacetylase inhibitors induce MICA/B expression

[122]. Imatinib mesylate, previously discussed as a potential stimulator of innate

immunity to tumors, was also shown to influence the expression and shedding of the

activating NK cell ligand MICA on Bcr/Abl positive targets [123]. Thus, although

NKG2D expression on NK cells is restored upon Imatinib treatment, this may lead

to decreased tumor targeting because of reduced MICA expression [123, 124].

As has been discussed, NK cells are major effectors in mediating ADCC.

Rituximab (Mabthera), a chimeric mouse/human antibody that recognizes the

CD20 antigen expressed on mature B lymphocytes [125], is currently given alone

or combined with chemotherapy to patients with non-Hodgkin’s lymphomas. One

mechanism of this antibody’s action is the induction of ADCC mediated by NK

cells [126, 127]. Trials combining Rituximab with IL-2 to activate and expand the

pool of NK cells available for ADCC are under way [128]. Several other antibodies

are being evaluated in clinical practices and for many of them such as, e.g.,

Herceptin, at least part of their effector mechanism seems to be mediated by NK

cells via ADCC [129, 130]. These and other findings suggest the possibility of using

antibodies in conjunction with adoptive NK cell immunotherapy or NK cell stimu-

lation-based protocols. A related therapeutic approach is the use of bispecific

antibodies to promote NK cell targeting of tumors. Experimental and clinical data

suggest that bispecific antibodies can be beneficial in tumor treatment. One

approach is the use of antibodies specific for CD16 on NK cells and CD19 on B cell
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lymphomas or HER2/neu on breast cancers to target tumors expressing these,

respective antigens [131]. Interestingly, clinical responses have been observed in

patients with Hodgkin’s lymphoma treated with bispecific antibodies against CD16

and CD30 [132].

14 Human Cancers that may be Subject to NK Cell Targeting

It is already evident from studies performed in vitro and even in some clinical

studies that certain tumor types may be better suited than others for NK cell-based

immunotherapy. The presence on human tumors of ligands for activating receptors

provides an important prerequisite for NK cell activation, and thus for the potential

of achieving good clinical results [51]. An illustration of this is the inefficient NK

cell killing of lymphoid compared to myeloid leukemias that may be caused, at least

in part, by the absence of LFA-1 ligand expression [95]. Likewise, low expression

of MHC class I molecules, particularly in situations where KIR–ligand mismatch-

ing (“missing-self”-reactivity) does not prevail, is also important. Most immuno-

therapy trials have been performed in patients with significant tumor burdens,

where conventional therapies were ineffective. The best clinical setting for most

cellular therapies including NK cell-based immunotherapy is probably when the

tumor burden is small, i.e., in minimal residual disease [133].

NK cell therapy against large solid tumors presents special problems including

not only the size of the tumor per se but also the presumed necessity of NK cells to

infiltrate the tumor. Despite the knowledge gained so far about the mechanisms that

control trafficking of NK cells, we still know too little about the requirements for

NK cell homing to and infiltration of tumors. It is known, however, that chemokines

are required to attract NK cells to tumor sites. NK cells express a wide array of

chemokine receptors on their cell surface. Different NK cell subsets can be identi-

fied on the basis of chemokine receptor expression and the pattern of expression is

likely highly dependent upon the activation status of the NK cells [8].

15 Conclusion

As outlined above, we envisage many ways in which NK cells can be stimulated,

manipulated, and used in settings of human cancer therapy. Strategies will not only

be straight forward, and therapeutic results will not always be observed. Yet, we see

a potential in the possibilities discussed. In particular, combination therapies

involving NK cells, either directly or indirectly, may pave the way for new

treatment strategies.
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