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I. Introduction

Von Pirquet (1906) coined the term “allergy” to describe the state of
altered reactivity that occurs after exposure of a human being or animal
to an antigenic stimulus. This altered reactivity can manifest itself as either
a hypersensitivity to antigen (whereby the allergic response leads to tissue
distruction) or a hyposensitivity such as specific tolerance (reviewed by
Habicht et al., 1973) or cell mediated suppression (reviewed by Gershon,
1974; Asherson and Zembala, 1975).

The initial interaction of antigen (allergen) and animal (host) causes the
induction of the allergic state: an allergic host possessing actively allergized
cells capable of recognizing the antigen and responding to it on subsequent,
eliciting exposures. As might be guessed, contact with antigen under the
usual clinical or experimental circumstances induces both hyper- and
hyposensitivity; the observed allergy represents a balance between these
two states (Karz et al., 1974).

Many factors affect the exact type of allergy induced after antigenic
contact. Delayed-onset skin hypersensitivities have been most extensively
studied in man, rabbit and guinea pig because of the ease with which these
hypersensitivities can be induced and elicited in these hosts (Turk, 1975).
It has proved much more difficult to demonstrate these skin hypersensitiv-
ities in rats and mice (Crowle, 1959, 1975; Flax and Waksman, 1962;
Asherson and Zembala, 1970) by the techniques used for man and guinea
pigs, but changes in methodology have permitted exploration of delayed-
onset sensitivities in these species as well.

The nature of the antigen also plays a role in the type of allergy
induced. For example, reactive small molecules such as many alkylating
agents can, after topical application, induce both contact and anaphylactic
hypersensitivity (Landsteiner and Chase, 1937; Askenase, 1977) or hypo-
sensititivity (Friedlaender and Baer, 1972). Protein antigens such as
bovine serum albumin which normally induce anaphylactic and other
types of antibodies and little delayed response when injected in saline can
be modified by conjugation with n-dodecanyl residues to induce marked
delayed hypersensitivities and little antibody response (Coon and Hunter,
1973).

Finally, circumstances surrounding the administration of antigen can
affect the type of allergy induced. Antigen administration in mycobacteria-
containing adjuvants in an appropriate dosage schedule favors the induc-
tion of delayed hypersensitivities to proteins while administration in alum
favors the production of antibodies (Chase, 1967, 1976). Immunization
with water-in-oil adjuvants induces both hypersensitization and hyposen-
sitization (Katz et al., 1974b), a situation that can be analyzed by immu-
nizing cyclophosphamide-treated animals. The drug treatment blocks



4 H.P. Godfrey and P.G.H. Gell

induction of hyposensitivity and permits investigation of the hypersensi-
tivity induced. Another circumstance affecting the type of allergy induced
is the route of administration of antigen. Inhaled pollen is associated with
anaphylactic allergy. Injected saline extracts of the same pollen are used
to induce a state of hyposensitivity. A further example is that of certain
reactive small molecules (such as dinitrochlorobenzene) where topical
exposure induces anaphylactic and delayed skin reactivity but intravenous
injection leads to hyposensitivity (deWeck and Frey, 1966).

The delayed-onset hypersensitivities are a group of allergic responses
which have in common the fact that skin tests do not reach their maxi-
mum until 12—24 or more hours after their elicitation by antigen. In using
the term “delayed-onset hypersensitivity” therefore, we describe a phe-
nomenon without indicating any hypothesis as to mechanism, since recent
observations have indicated that various etiologies can be associated with
immune reactions with delayed-onset kinetics. Despite the differences in
underlying mechanisms involved in the initiation of these allergies, the
occurrence of observed tissue injury may require the presence of cell-types
such as granulocytes, monocyte-macrophages and lymphocytes.as a final
common pathway. The assembly of these cells in suitable concentrations
in the tissues from the circulation takes time and is presumably the reason
for delayed-onset kinetics. Further discussion of the several delayed-onset
hypersensitivities will be facilitated by a classification according to their
mechanism of initiation.

II. Classification of Delayed-Onset Hypersensitivities
by Initiating Mechanisms

Coombs and Gell (1975) proposed the classification of hypersensitivities
into four reaction types depending on the underlying mechanisms of
initiation (see Table 1). We present a modification of this scheme so as to
accomodate recent observations of the initiating mechanisms of delayed-
onset hypersensitivities. The major change we propose is to divide Type I
reactions into two classes: 1) Type IA for anaphylactic responses caused
by the rapid release of pharmacologic mediators from passively sensitized
fixed tissue cells and 2) Type IB for delayed-onset responses mediated by
circulating cells passively sensitized with antibody.

As can be seen from the classification, hypersensitivities of Types I, II
or III can be passively transferred to non-immunized animals by serum
from hypersensitive animals, whereas Type IV can be passively transferred
only by living lymphocytes. While only Type IB reactions are initiated by
lymphocytes acting without free antibody, all four types are associated
with various cells in their ultimate development. For this reason, we prefer
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Table 1. Classification of hypersensitivities by mechanism

Type I Reaction

Initiated by ailergen or antigen reacting with circulating or fixed tissue celis passively
sensitized by antibody produced elsewhere, leading to the release of active substances.

A. Anaphylactic
B. Delayed-onset

1. Basophil-associated

2. Macrophage-associated

Type II Reaction (Cytotoxic or Cell-Stimulating)

Initiated by antibody reacting with either (a) an antigenic component of a cell or
tissue element or (b) an antigen or hapten which has become intimately associated
with these; damage may then occur in the presence of complement or of certain kinds
of mononuclear cells. Stimulation of secretory organs (e.g., thyroid) may also occur.

Type IIT Reaction (Damage by Antigen-Antibody Complexes)

Initiated when antigen reacts in the tissue spaces with potentially precipitating anti-
body, forming microprecipitates in and around the small vessels causing damage to
cells secondarily, or being precipitated in and interfering with the function of mem-
branes, or when antigen in excess reacts in the blood stream with potentially precipi-
tating antibody to form soluble circulating complexes which are deposited in the
blood-vessel walls or in the basement membrane and cause local inflammation or mas-
sive complement activation.

Type 1V Reaction (Delayed)

Initiated by actively sensitized thymus-derived lymphocytes, responding specifically to
allergen by the release of lymphokines and/or the development of specific cytotoxicity,
without the participation of free antibody. Locally it is manifested by the infiltration
of cells at the site where the antigen is injected.

(Modified from Coombs and Gell, 1975)

not to use the term “cell-mediated’ in describing Type IV reactions, but
reserve the term “‘delayed hypersensitivity” (DH) for them instead.

Antibody-dependent, cellular cytolysis (ADCC), a Type II delayed-
onset hypersensitivity, has been reviewed (Perlmann et al., 1972b; Hersey
et al., 1973) and will be only briefly discussed in this review. Target cells
coated by small amounts of specific antibody can be destroyed by mono-
nuclear cells having receptors for the F_ portion of immunoglobulin (Ig)
(Dennert and Lennox, 1972; Perlmann et al., 1972a), so-called K or killer
cells. These K cells are neither T cells (van Boxel et al., 1972), B cells with
surface Ig (Perlmann et al., 1972b) nor phagocytic, glass-adherent cells
(Greenberg et al., 1973a,b); the nature of the effector cell in ADCC
remains in doubt. It has also been shown (Evans and Alexander, 1970)
that macrophages can act as effector cells in killing antibody-coated
targets.
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The role of these reactions and of ADCC in vivo is problematic. How-
ever, the observation that cytotoxic monocyte-macrophages and cytotoxic
non-T lymphocytes specific for graft antigens can be isolated from allo-
grafts undergoing rejection in man and mouse may indicate that this group
of reactions is involved in the in vivo rejection process (Strom et al., 1975;
Roberts and Hayry, 1977).

Pure Arthus reactions (Type 111 reactions), characterized by hyper-
emia, edema, hemorrhage and necrosis (Cochrane and Janoff, 1974) are
usually fully established by 2—4 h after elicitation by antigen and are
therefore not to be considered as delayed-onset hypersensitivities. Under
conditions where the amount of antigen is in great excess relative to that
of antibody, the maximal response can be delayed until 18--24 h after
elicitation, although obvious reactions are present within a few hours. For
example, in rabbits with circulating antibody to ovalbumin, Arthus reac-
tions to 1 mg doses reached their maximum considerably later than those
to 10 ug doses (Butler and Lewis, 1976). Other workers have commented
on the protracted time course of intense Arthus reactions (Oliveira et al.,
1970) and of Arthus components of mixed hypersensitivities (Gell and
Benacerraf, 1961). A delay in the onset of the Arthus reaction might
occur if the animal’s antibody titer were rising rapidly at the time of anti-
gen injection (Coombs and Gell, 1975). Finally, since the development of
the Arthus depends on the presence of complement (Ward and Cochrane,
1965) and neutrophils (Stetson, 1951) as well as the initiating antigen-
antibody complexes, insufficient amounts of these factors could lead to a
delay in the course of the reaction.

These points having been mentioned, we now turn to a fuller discus-
sion of delayed-onset hypersensitivities of reaction Types IB and IV which
include both those initiated by antibody and those initiated by sensitized
thymus-derived lymphocytes (T cells).

III. Antibody-Dependent, Basophil-Associated Hypersensitivity
A. Experimental Manifestations

Guinea pigs are immunized with hapten-protein conjugates (100 ug) in
either complete Freund’s adjuvant (CFA, containing mycobacteria) or
incomplete Freund’s adjuvant (IFA, without mycobacteria) and 8 days
later skin-tested by applying a solution of the reactive molecule (e.g.,
2-phenyl-4-ethoxymethylene oxazolone and its conjugate with keyhole
limpet hemocyanin, KLH). The animals develop a delayed-onset ‘contact’
reaction, not present at 4—6 h after testing and maximal at 24 h (4skenase,
1973). These reactions are transferrable by serum from sensitized donors
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and are associated with high concentrations of basophils in the skin reac-
tion. Similar delayed-onset reactions to KLH after intradermal administra-
tion in saline are also transferrable by sera (Askenase et al., 1975b).

B. Specificity and Nature of Receptors

Benacerraf and Gell (1959a), Gell and Benacerraf (1961a) showed that
when guinea pigs were immunized with conjugates of hapten with a foreign
(immunogenic) carrier such as human serum albumin, the antibodies elic-
ited were hapten-specific (i.e., combined with hapten bound to another
carrier) while the delayed-onset responses were for the most part carrier-
specific (i.e., could only be elicited by the immunizing conjugate or were
directed at the unmodified protein). These workers did find that weak
delayed reactions could be elicited by contact testing with a reactive small
molecule related to the hapten or by intracutaneous testing with mg doses
of conjugates containing high concentrations of hapten on another carrier
and suggested that they might be anibody-associated (Benacerraf and Gell,
19590, Gell and Benacerraf, 1961b).

Askenase found that delayed-onset ear swelling skin tests one week
after immunization of guinea pigs with hapten-protein conjugates in CFA
were hapten-specific and could be regularly elicited by contact testing or
by hapten-conjugated proteins unrelated to the immunizing conjugate
(Askenase et al., 1976).

This observation and the ability to transfer the reaction by intravenous
injection of serum from sensitized animals pointed to an antibody-asso-
ciated mechanism for the reaction. It was possible to isolate a hapten-
specific 7S IgG; antibody from sensitized guinea pig serum which trans-
ferred delayed-onset hypersensitivity when injected intravenously; such
sera also systemically transferred passive cutaneous anaphylaxis. [When
transferred locally, however, these same sera transferred only a local pas-
sive cutaneous anaphylaxis reaction (4skenase et al., 1976).]

C. Histopathology

Basophils were found to localize to the upper apapillary dermis (Askenase,
1973) as reported for other reactions with a basophil component (Dvorak
et al,, 1970). They represented 25%-45% of the infiltrating cells in reac-
tions transferred with serum. They were seen emigrating from blood vessels
as early as 3—6 h after testing (Askenase, personal communication) at a
time when no reaction was detectable at the ear skin site. Their numbers
at the test site increased over the next 1—3 days, decreasing over the course
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of a week despite the waning of the macroscopically observed skin reac-
tion after 24—48 h (Askenase, personal communication; Dvorak, 1976).
Few basophils showed anaphylactic type degranulation (Dvorak et al.,
1970). Askenase et al. (1976) reported that eosinophils were regularly
present in antibody-mediated basophil-associated hypersensitivity, while
neutrophils occurred sporadically. Mononuclear cells, some resembling
lymphocytes, were present in all reactions, both active and passive.

These skin reactions have also been found to have considerable depos-
its of fibrin (4 skenase and Dvorak, personal communication).

D. Relationship to “Classic” Delayed Hypersensitivity

Since both this reaction and Type IV DH reactions in which basophols are
often prominent show similar kinetics and histopathology, it would be dif-
ficult to distinguish the two on these bases alone. Antibody-mediated
basophil-associated hypersensitivity may well account for some of the
reported hapten-specificity of delayed-onset reactions to hapten-protein
conjugates (discussed above) early after sensitization. Dvorak and co-wot-
kers (Dvorak et al., 1975) found that about a third of the basophils teased
from delayed-onset reactions occurring “late™ (6 weeks) after sensitization
with sheep erythrocytes in IFA could specifically bind antigen, presumably
by way of adsorbed antibody. The existence of Type IB delayed-onset
hypersensitivities may also account for previous reports for transfer of
delayed-onset hypersensitivity by serum (e.g., Pick and Feldman, 1968;
Dupuy et al., 1969).

One week after immunization with hapten-protein conjugates, animals
showed hapten-specific and carrier-specific delayed-onset skin reactions
(Askenase et al., 1976). While the hapten-specific responses were basophil-
rich whether the animals had been immunized with IFA or CFA, the
carrier-specific (presumably Type IV reactions) were basophil-rich only in
animals immunized with IFA. Askenase et al. (1976) speculate that a
basophil-rich carrier-specific response in CFA immunized guinea pigs
might be suppressed. (See Sect. V.B.6 for further discussion of the rela-
tion of antibody-mediated, basophil-associated hypersensitivity and
“classic” DH.)

Antibody-mediated, basophil-associated, delayed-onset hypersensitivity
resembles responses described by Kay (1970) and by Baer et al. (1976)
and may also be related to the “late cutaneous allergic responses” seen in
human subjects with TypeIA hypersensitivity to pollen and mould spores
(Solley etal., 1976; Umemoto et al., 1976).
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IV. Macrophage Cytophilic Antibody and Antibody-Dependent,
Macrophage-Associated Hypersensitivity

A. Experimental Manifestations

Mice sensitized by topical application of reactive chemicals can be shown
to develop delayed-onset cutaneous hypersensitivities to the sensitizer
within a week. Delayed-onset skin hypersensitivity can be transferred by
peritoneal macrophages or serum from sensitized mice (Asherson and
Zembala, 1970; Zembala and Asherson, 1970). Normal macrophages incu-
bated with immune serum will also transfer a delayed-onset reaction. In
contrast to hypersensitivity transferred by peritoneal lymphocytes, which
reaches its maximum at 24 h after testing, macrophage associated hyper-
sensitivity is maximal by 12 h.

B. Specificity and Nature of Receptors

Zembala and Asherson (1970) showed that macrophages incubated for
short periods at 37°C lost the ability to transfer delayed-onset hypersen-
sitivity while the culture fluid in which they were incubated would confer
this on normal macrophages. The transfer of macrophage-associated hyper-
sensitivity was blocked if the macrophages were incubated with rabbit
antimouse Ig prior to injection. These reactions were specific for the im-
munizing chemical; the roles of carrier and hapten specific sensitivity
could not be investigated since in contact sensitivity the exact (host) pro-
tein which serves as carrier is uncertain (Landsteiner, 1945). Under other
circumstances the specificity of cytophilic antibody elicited by immuniza-
tion with hapten-protein conjugates has been shown to be hapten-specific
(Cohen et al., 1973b,c), the kind of specificity generally observed for anti-
bodies to hapten-protein conjugates (Gell and Benacerraf, 1961a,b).

The concept of a circulating antibody cytophilic for macrophages was
first introduced by Boyden and Sorkin (1960). This antibody was postu-
lated to be involved in DH to sheep red cells since its presence correlated
with the presence of DH in immunized guinea pigs (Boyden, 1963, 1964).
It was then shown by Berken and Benacerraf (1966) that cytophilic anti-
body was present in guinea pigs lacking delayed-onset hypersensitivity,
that it was of the IgG, class and that it bound reversibly to the macro-
phages through the F_ piece. Subsequent experiments by Hulliger et al.
(1968) indicated that normal guinea pig macrophages, sensitized by serum
from guinea pigs immunized to sheep red cells in CFA could transfer a
local delayed-onset reaction if injected intracutaneously with sheep red
cell extract. The reaction was maximal at 24 h. Injection of this serum and
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sheep red cell antigen without macrophages produced delayed-onset reac-
tions which reached their maxima between 4 and 12 h, a later time than
the passive Arthus response seen if the sera came from donors immunized
with [FA.

Askenase and Hayden (1974) showed that macrophages from contact
sensitized mice had high levels of hapten-specific 7S IgG,, and/or 7S IgM
antibodies which were easily eluted by washing. High titers of these same
antibodies were present in serum and could be shown to bind to a trypsin-
sensitive receptor on macrophages from nonimmune mice. It was also
found that primary contact sensitization and boosting led uniquely to
high titers of these hapten-specific cytophilic antibodies. Despite the ease
of removal of the cytophilic antibodies from the macrophage, it was con-
cluded that they were associated with an aspect of delayed-onset hyper-
sensitivity in mice.

C. Histopathology

Asherson (personal communication) states the histopathology of macro-
phage-associated delayed-onset reactions is indistinguishable from that of
lymphocyte-mediated reactions with perivascular and dermal mononuclear
cells being present in large numbers in the reaction.

D. Relationship to “Classic”” Delayed Hypersensitivity

Antibody-mediated, macrophage-associated hypersensitivity may represent
a mechanism whereby specifically sensitized macrophages can be mobi-
lized to the tissue to deal with antigenic challenge more rapidly than can
macrophages associated with “classic” DH (Rabinovitch, 1970). This
hypothesis is consistent with the observation by Wilkinson (1976) that
guinea pig peritoneal exudate macrophages from animals immunized to
human serum albumin are specifically chemotactic for this antigen. It is
also consistent with the observation that passively transferred macrophage-
associated aspects of mouse contact sensitivity occur somewhat more
rapidly than the corresponding lymphocyte-mediated reactions. The exact
interaction between antibody-mediated, basophil-associated hypersensitiv-
ity, antibody-mediated, macrophage-associated hypersensitivity and “clas-
sic” DH in the clinically observed delayed-onset hypersensitivities is com-
plex, because the tissue damage in Type 1V DH is also associated with
macrophages and basophils.

The presence of cytophilic antibody immune complexes on macro-
phages has been shown to enhance their uptake of antigen (Steinman and
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Cohen, 1972). As will be discussed in Sect. V.B.5 the presentation of anti-
gens by macrophages is essential for T lymphocyte responses to occur
(Rosenthal and Shevach, 1976). It might be supposed that macrophages
coated with cytophilic antibody would have a definite advantage over un-
coated macrophages in presenting limiting concentrations of antigen to
sensitized T cells and in fact, Cohen et al. (1973b, c¢) were able to show
just such an effect. In addition to influencing the macrophage’s ability to
present antigen to other cells, cytophilic antibody has been shown to be
able to mediate certain macrophage responses to antigen such as the
macrophage disappearance reaction (Nelson, 1966) and the inhibition of
macrophage migration (Amos et al., 1967). These macrophage responses
can also be mediated by products of antigen-stimulated immune T cells
(David and David, 1972) and correlate well with Type IV DH in vivo.
Hence it may not always be possible to distinguish Type I and Type IV
responses, apart from the transferability of the former by serum and its
marked hapten-specificity, given a similarity in time course and histopa-
thology.

V. “Classic” Delayed Hypersensitivity
A. Experimental Manifestations

The induction of DH depends on multiple factors including the dose and
immunogenicity of the sensitizing antigen, the use of adjuvants and the
dose of mycobacteria if water-in-oil adjuvants are used, the degree of con-
jugation of hapten-protein conjugates, the route of immunization. In addi-
tion, the degree of DH elicited depends on the time permitted to elapse
between sensitization and testing and the dose of antigen used to elicit the
response (Gell and Benacerraf, 1961a).

The addition of strongly immunogenic antigens to CFA or the topical
application of highly reactive contact sensitizers usually induces a concur-
rent circulating antibody response, which made the study of DH reactions
and their differentiation from Arthus reactions difficult. Techniques have
been developed which permit the induction of a state of “pure” DH in
guinea pigs at times when antibodies are not readily demonstrable by sen-
sitive assays. The states of “pure” DH may be transient, lasting 2—10 days
and waning with the appearance of circulating antibodies (Salvin, 1958;
Raffel and Newel, 1958) or long-lasting, persisting for many weeks (Uhr
et al., 1957; Benacerraf and Gell, 1959a; Gell and Benacerraf, 1961a).

The transient types of DH have been called “Jones-Mote sensitivity”
in analogy to similar states seen during immunization of human beings
with foreign proteins (Jones and Mote, 1934). This type of DH is induced
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by intracutaneous injection of ug amounts of antigen-antibody complexes
in antibody excess in IFA and elicited by skin testing 5—7 days later with
large (0.5—1.0 mg) doses of antigen (Raffel and Newel, 1958). Alterna-
tively, it can be induced by intracutaneous or intravenous injections of
very small doses of antigen in saline (0.03—3 ug proteinor1 x 10° -2 x 10°
erythrocytes) and elicited by ug doses of protein antigen (or 1 x 107 —
10 x 107 erythrocytes) 4—8 days later (Salvin, 1958; Lagrange etal., 1974;
Crowle et al., 1977; Askenase et al., 1977).

Uhr et al. (1957) produced long-lasting states of “‘pure” DH in guinea
pigs by intracutaneous injection of 2.5 ug antigen as antigen-antibody
complexes (in antibody excess) in saline, IFA, or CFA. Delayed responses
were elicited 5—12 days later using 0.03—3 ug antigen. Circulating anti-
bodies were not detectable at this time. Long-lasting states of “pure” DH
were also produced by Benacerraf and Gell (1959a), with 0.1 —1 ug doses
of trinitrophenylated proteins in CFA. DH to the immunizing conjugate
or to unconjugated carrier protein alone was elicited by low doses of anti-
gen 5—12 days after sensitization. By immunizing guinea pigs with highly
conjugated carrier proteins of low immunogenicity it was possible to
induce high levels of “pure’ DH to the carrier protein which lasted for up
to 17 weeks (Benacerraf and Gell, 1959a,b; Gell and Benacerraf, 1961a,b).

The cutaneous reaction of guinea pigs sensitized with soluble protein
antigens was investigated extensively by Nelson and Boyden (1964). They
distinguished two types of DH: 1) a tuberculin-type, characterized by
delayed-onset induration and erythema (first appearance after 6 h) reaching
its maximum at 24—30 h and still marked after 48—72 h, and 2) a Jones-
Mote type, characterized by a delayed onset (after 6 h) of slight thickening
and extensive erythema, maximal at 24 h and all but gone by 48 h. Tubercu-
lin-type DH persisted after sensitization for 4 weeks or more, while Jones-
Mote DH was transient and could only be demonstrated for the first 5—
10 days after sensitization. The nature of Jones-Mote hypersensitivity has
been a matter of controversy for a number of years, but the recent demon-
stration that it can be mediated by Tlymphocytes (Stadecker and Leskowitz,
1976) suggests that it is, in some instances at least, a Type IV hypersen-
sitivity. Furthermore, it was observed that guinea pigs pretreated with
cyclophosphamide before immunizations of a nature usually leading to
Jones-Mote DH, developed tuberculin-type DH reactions (7urk and Parker,
1973). This suggested that Jones-Mote reactions differ from tuberculin-
type reactions as a result of modulation by a cyclophosphamide sensitive
process such as antibody production or suppressor T cells (4skenase et al.,
1975a). The distinction between Jones-Mote and tuberculin-type DH will
be discussed further below.

Contact sensitivity to chemical agents in both man and guinea pig can
be induced by the topical application of 1-20 mg cutaneous sensitizer;
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sensitization is assisted by local irritation of the skin (Turk, 1975; Chase,
1976). Contact sensitization can also be induced by intracutaneous injec-
tions of 20—1000 ug sensitizer in various solvents such as alscohol-saline,
corn oil, mineral oil, or in CFA. Contact reactions to topical application
of the sensitizing agent can be first elicited within 5—8 days and sensitivity
persists for many weeks.

DH to cell-associated histocompatibility (H) antigens can be induced
by injections of histoincompatible cells or by grafts of histoincompatible
tissues. Brent et al. (1958, 1962) showed that guinea pigs which had rejected
a skin graft developed DH reactions to living cells or cell extracts of lymph
node or spleen cells from the same donor. These DH reactions resembled
tuberculin reactions grossly and microscopically. Similar observations
were reported by Merrill et al. (1961).

B. Nature and Interactions of Cells Involved in Delayed Hypersensitivity

DH reactions in the tissues are associated with a complex mixture of cells
including monocyte-macrophages, lymphocytes and granulocytes. While
histologic studies of these reactions provided the initial understanding of
the cells involved (Gell and Hinde, 1951), such studies are hampered by
difficulties in distinguishing among the various mononuclear cell types on
purely morphologic grounds (McCluskey and Werdelin, 1971), as well as
by technical problems in preserving certain cells such as basophils in the
tissues (reviewed by Askenase, 1977). A strictly morphologic approach
has been supplemented by studies employing labeled cell populations in
order to trace cell distribution in DH reactions of actively and passively
sensitized animals (Turk, 1975), and by the use of animals of genetically
defined backgrounds (Paul and Benacerraf, 1977). The inherent limitation
of studies of histologic sections is that they provide a static picture of
what is basically a dynamic process.

Much recent progress in elucidating the nature of the cells involved in
DH and their interactions has come from the study of in vitro models of
DH (Bloom and Glade, 1971). These models permit both a systematic
manipulation of the various cells present and a biochemical analysis of the
products released under more controlled conditions than are possible in
the intact animal. These studies underlie the currently accepted mecha-
nisms of DH in vivo (Paul and Benacerraf, 1977): small numbers of specif-
ically sensitized thymus-derived (T) lymphocytes interact with antigen
associated with macrophages (Rosenthal and Shevach, 1976) and release
antigen-specific and nonspecific factors which activate or inactivate other
lymphoid cells, affect macrophage and granulocyte movement and lead to
the typical histologic picture of vascular-inflammatory DH. In addition,
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certain cell-associated antigens such as H antigens, viruses and contact sen-
sitizers induce the generation of cytolytic T lymphocytes (T-CL) which
specifically recognize and lyse cells bearing these antigens and which
mediate cytolytic DH.

1. Component Cells in Delayed Hypersensitivity Reactions

a) Monocytes-Macrophages. Mononuclear phagocytes are the major mono-
nuclear cells at sites of nonspecific inflammatory reactions as well as at
the sites of DH reactions at 24 h and beyond (Gell and Hinde, 1951;
Waksman, 1960). These cells are derived from radiosensitive rapidly divid-
ing precursor cells in the bone marrow (Volkman and Gowans, 1965a,b;
Lubaroff and Waksman, 1967) which, after a brief maturation in the bone
marrow are released into the circulation as monocytes (Cohn, 1968).
Blood monocytes constantly leave the circulation and emigrate into the
tissues at sites of inflammation where they differentiate into macrophages,
large mononuclear phagocytes (10—15 um) with numerous organelles in-
cluding lysosomes (Cohn, 1968).

Macrophages have surface antigens and receptors which are important
in their responses in DH (Unanue, 1972: Oppenheim and Seeger, 1976).
In addition to macrophage-specific antigens detected by anti-macrophage
sera, macrophages display antigens encoded by the major histocompatibil-
ity complex (MHC). These include classical H antigens and products of the
I region, the region associated with immune responsiveness (Shreffler and
David, 1975). Macrophages also carry receptors for the F_ region of IgG
(Rabinovitch, 1968), the precise subclass of the IgG varying with species;
for antibody-activated third component of complement (C3) (Lay and
Nussenzweig, 1968); for products of activated lymphocytes (David and
David, 1972; Fox et al,, 1974); and for T and B (bone marrow-derived)
lymphocyte antigens (Rosenthal and Shevach, 1973).

It is difficult ot distinghuish between macrophages and lymphocytes
in histologic sections of DH on morphologic grounds alone (Turk, 1975).
Macrophages have been identified in DH reactions on the basis of lyso-
somal enzyme activities (Diengdoh and Turk, 1965), ingested antigenic
material (Goldberg et al., 1962), or the presence of surface membrane
receptors for C3 (Edelson et al., 1973).

Macrophages can be isolated from mixtures of lymphoid cells because
they adhere tightly to glass and plastic surfaces (Mosier, 1967) while lym-
phocytes do not. These isolated adherent cells stain with neutral red and
are actively phagocytic (Pierce et al., 1974), have the morphologic charac-
teristics of monocytes and macrophages and contain characteristic macro-
phage enzymes (Gordon and Cohn, 1973; Li et al., 1973; Lipsky and
Rosenthal, 1975a). The function of these isolated macrophages in vitro is
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affected by treatments that block reticuloendothelial function in vivo
(Unanue, 1972) but is unaffected by ionizing radiation, suggesting that
cell division is not required (Osoba, 1970).

b) Lymphocytes. Lymphocytes form a variable proportion of the infiltrat-
ing mononuclear cells in DH reactions, They range from less than 20% in
tuberculin reactions in rats at 12—48 h (Wiener et al., 1965) to over 70%
in guinea pig DH reactions to human gamma globulin at 48 h (Turk et al.,
1966a) and in rat autoallergic adrenalitis reactions (Werdelin and McClus-
key, 1971). Lymphocytes are small (5—7 um), round, mononuclear cells
with a prominent nucleus and little cytoplasm. The cytoplasm typically
contains only scattered ribosomes and mitochondria, with few other orga-
nells (Gowans and MacGregor, 1965). It has become clear that morpholo-
gically defined lymphocytes represent a heterogeneous group of cells with
respect to ontogeny, lifespan, and function (Gowans and MacGregor,
1965; McCluskey and Werdelin, 1971).

a) Lymphocyte Populations. All lymphocytes ultimately derive from pre-
cursor cells in the bone marrow, but some immature marrow lymphocytes
migrate to the thymus where they develop into immunologically compe-
tent, thymus-dependent (T) lymphocytes while other immature marrow
lymphocytes develop into immunologically competent thymus-indepen-
dent (B) lymphocytes (Roitt et al., 1969). T lymphocytes released from
the thymus localize in the thymus-dependent areas of the lymph nodes
and spleen (Parrott et al., 1966) while B lymphocytes occur mainly in the
thymus-independent areas of these organs (Shevach et al., 1973). The
thymus-dependent areas of the lymph nodes are the paracortical regions:
the comparable region of the spleen in the periarteriolar zone of the white
pulp. T lymphocytes in the thymus-dependent areas of the lymph node
transform into lymphoblasts (large pyroninophilic cells with numerous
ribosomes but scanty or no endoplasmic reticular) under antigenic stimuli
which lead to contact sensitivity or transplantation immunity (Zurk,
1967). These cells have been shown to undergo further transformation
back to small lymphocytes (Gowans et al., 1962) to yield both long-lived,
recirculating and short-lived, nonrecirculating lymphocytes (7Tigelaar and
Asofsky, 1972). B lymphocytes transform into plasma cells under anti-
genic stimuli which lead to antibody production; plasma cells contain con-
spicuous and extensive endoplasmic reticulum, reflecting Ig synthesis for
export.

B) Antigenic and Other Markers of Lymphocyte Populations. Because
T and B lymphocytes are indistinguishable morphologically, lymphocyte
populations have been identified on the basis of various markers such as
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allo-antigens (differentiation antigens), heteroantigens, surface immuno-
globulin and surface receptors other thanreceptors for antigen (McConnell,
1975). Some lymphocyte allo- or heteroantigens (i.e., antigens detectable
by alloantisera or heteroantisera) are expressed on only T or B cells. Anti-
sera raised against these antigens and made specific by absorption, can be
assayed by cytotoxicity or immunofluorescence.

Thy-1,a surface glycoprotein present on mouse lymphocytes and brain
(Reif and Allan, 1963, 1964; Trowbridge and Mazaukas, 1976) is an arch-
typal T lymphocyte marker: normally present on about 90% of thymo-
cytes but only 50%—-70% of lymph node lymphocytes and 30%—50% of
splenic lymphocytes, with these percentages being reduced in thymecto-
mized mice (Raff, 1971). Ly-1, 2, and 3 (Boyse et al., 1968) are another
series of mouse alloantigens found on 90% of thymocytes but on only a
proportion of peripheral T cells (Cantor and Boyse, 1975a). Typically
about 50% of peripheral T lymphocytes in the mouse are Ly-1*2'3", 30%
are Ly-1" and 7% are Ly-2'3". T lymphocytes have also been distinguished
by suitably absorbed heteroantisera to brain or thymus cells (Golub, 1971)
or to peripheral T cells (Evans et al., 1977). The former heteroantisera
resemble anti-Thy-1 antisera, while the latter are similar to anti-Ly
antisera.

Although B lymphocytes have been shown to possess specific hetero-
antigens (Raff, 1971, McConnell, 1975), they are generally detected by
the presence of newly synthesized Ig on their surfaces using immunofluo-
rescent or radioautographic techniques. Resynthesis of membrane Ig fol-
lowing its enzymatic removal distinguishes endogenous Ig from passively
acquired Ig (Pernis et al., 1974). T cells are not thought to have endogen-
ously synthesized surface Ig (Vitetta and Uhr, 1975) although this point
remains controversal (Marchalonis, 1975).

T lymphocyte populations defined by the Thy-1 antigen, T lympho-
cyte subclasses as defined by Ly antigens and B lymphocytes defined by
endogenously synthesized surface Ig represent stable lines of cells: T cells
do not transform to B cells, nor do Ly-1* T cells become Ly-2"3" T cells.
These conclusions have been drawn from studies involving repopulation of
lethally irradiated mice with purified cell populations (Miller and Mitchell,
1968; Huber et al., 1976a).

Lymphocytes also possess surface receptors for a variety of molecules
in addition to surface receptors for antigens. Some of these receptors are
restricted to one of the subpopulations and can be demonstrated by roset-
ting techniques with erythrocytes or by immunofiuorescence techniques
(Shevach et al,, 1973). T cells of serveral species form nonimmune spon-
taneous rosettes with heterologous red blood cells (RBC); for example,
sheep RBC with human T cells (Coombs et al., 1970), rabbit RBC with
guinea pig T cells (Wilson and Coombs, 1973; Stadecker et al., 1973).
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Receptors for antibody-activated C3, are found on B lymphocytes, as well
as on polymorphs, macrophages, platelets, and human RBC (Bianco et al.,
1970; Shevach et al., 1973). A receptor that binds the F. part of Ig is
present on B cells (Basten et al., 1972) and on some T cells { Yoshida and
Anderson, 1972; Gydngydssy etal., 1975; Rubin et al., 1975, Basten et al.,
1975; Stout and Herzenberg, 1975; Moretta et al., 1977).

Antigens coded for by the major histocompatibility complex (MHC)
are found on both B and T lymphocytes, although the amounts of the
products of I region genes may be diminished on the T lymphocytes of
some species (Frelinger et al., 1974; Himmerling, 1976).

v) Isolation of Lymphocyte Populations. Several methods have been used
to isolate lymphocyte subpopulations. Cytotoxic antisera and complement
can be used to delete a specific subpopulation such as Thy-1 or Ly-1 bear-
ing cells (Raff, 1971; Golub, 1971; Cantor and Boyse, 1975a). Alterna-
tively, antibodies specific for a cell-surface marker can be insolubilized,
and the lymphocytes bearing this marker isolated by affinity chromoto-
graphy (Chess et al., 1974); this method has been used to separate B cells
bearing surface Ig from T cells. Lymphocyte-RBC rosettes can be isolated
from nonrosetted cells by gradient centrifugation techniques (Bdyum,
1968) as was done by Yoshida et al. (1973) to isolate T lymphocytes and
by Moretta et al. (1977) to isolate F; receptor bearing T lymphocytes.
A fluorescence-activated cell sorter has been developed which separates
individual lymphocytes on the basis of bound fluorescent antibodies spe-
cific for cell surface components (Bonner et al., 1972). Other methods of
isolation of lymphocyte populations have included density gradient separa-
tion (investigated by Haskill, 1967, and Raidt et al., 1968, among others),
filtration thorugh glass bead columns (Shortman, 1966), filtration through
rayon or nylon wool (Rosenstreich et al., 1971; Julius et al., 1973) and
binding to antibody coated plates (Barker et al., 1975; Nash, 1976). This
is by no means an exhaustive list and many techniques have been and are
evolving to effect better separations of lymphocyte subpopulations.

¢) Granulocytes. Neutrophilic granulocytes (polymorphonuclear leuko-
cytes) are prominent during the first hours of DH responses to intrader-
mally injected antigens in the guinea pig (Turk et al., 1966a), and rabbit
(Gell and Hinde, 1951) and are also present at sites of nonspecific inflam-
mation. In both cases, they become proportionally less prominent during
the evolution of the response. Polymorphonuclear leukocytes are relatively
scarce in contact DH reactions in guinea pigs unless secondary tissue
destruction occurs (Turk, 1975); they are also uncommon in human DH
reactions generally.
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Basophilic granulocytes are found in varying proportions in all types
of DH reactions of guinea pigs and man (Wolf-Jiirgensen, 1966; Turk,
1975; Dvorak, 1976; Askenase, 1977). At various times after sensitization,
they can form up to 90% of the subepidermal infiltrate in contact reac-
tions and even as many as 30% of the cellular infiltrate in tuberculin reac-
tions (Turk, 1975). Because the water-soluble granules of the basophil are
not preserved during the usual formalin fixation and staining procedures,
their presence in DH reactions was not noted until relatively recently.

Eosinophilic granulocytes are rarely prominent in DH reactions except
in certain circumstances. At the site of repeated skin tests in a guinea pig
with DH, the DH reaction evolves more rapidly than at sites tested for the
first time. The cellular infiltrate of this retest reaction is composed largely
of eosinophils (Arnason and Waksman, 1963).

Isolated neutrophils and their granules have been studied extensively
because of the ease of preparation of these cells from peripheral blood
(Cline, 1975), but comparable studies with basophils have been limited by
the paucity of these cells in the circulation (Dvorak et al., 1974b). How-
ever, a circulating basophilia occurs in guinea pigs following intensive im-
munization with heterologous erythrocytes and Dvorak et al. (1974b)
have developed a procedure to isolate basophils from blood. Basophils
have also been isolated directly by teasing them from basophil-containing
reactions in the tissues (Dvorak et al., 1975). Studies with isolated neutro-
phils and basophils in vitro have suggested that their entrance to the sites
of DH reactions in vivo is mediated by a variety of lymphocyte-dependent
and lymphocyte-independent mechanisms (Snydermanet al., 1970, 1971;
Ward et al., 1975). (See Sect. V.B.6 and Sect. V.D for further discussion
of granulocytes in DH reactions.)

2. Number of Antigen-Sensitive Cells Involved
in Delayed Hypersensitivity Reactions

a) Responses to Protein Antigens and Contact Allergens in vivo. Although
it might be supposed that the majority of the cells in an in vivo DH reac-
tion are specifically responsive to antigen, this is not the case. Specifically
sensitized cells form only a very small percentage, usually less than 1%,
of the infiltrating cells in the lesion. It is still controversial whether it is
possible to demonstrate the specific localization of sensitized cells in the
DH lesion. It was demonstrated by Najarian and Feldman (1963a,b; Feld-
man and Najarian, 1963), using labeled lymphnode cells from guinea pigs
with DH to contact sensitizers or to purified protein derivative (PPD). The
cells were labeled by repeatedly injecting the donor animals with tritiated
thymidine, a technique which labeled only those cells undergoing division.
These labeled cells from highly sensitive donors were transferred to non-
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sensitized recipients, the recipients skin tested, and the number of labeled
cells in specific and nonspecific adoptive reactions and in nonspecific in-
flammatory reactions determined by radioautography. While the initial
report of Najarian and Feldman (1963a) concluded that as many as 4% of
the infiltrating cells in the adoptive DH reactions were of donor origin
(and therefore sensitive to antigen), subsequent studies indicated that at
most 0.8% of the cells in the specific adoptive lesions were of donor origin
(Najarian and Feldman, 1963b). It was demonstrated that less than 0.3%
of transferred lymph node cells or 0.2% of transferred spleen cells (Feld-
man and Najarian, 1963) were sufficient to induce an adoptive response in
the recipient. These workers concluded that more than 80% of the cells in
the adoptive DH response were of recipient origin and therefore not anti-
gen-sensitive. The labeled cells of donor origin were chiefly lymphocytes.

Other workers, using similar techniques (Turk and Oort, 1963; McClus-
key et al.,, 1963) were unable to demonstrate specific localization of
labeled donor cells in sites of adoptive DH reactions. However, McCluskey
et al. did show that 90% or more of the infiltrating mononuclear cells in
adoptive DH reactions to protein antigens were of recipient origin, by
using recipient guinea pigs injected with [® H]-thymidine to label rapidly
dividing cells. Since radiolabeled cells were found only at reaction sites
and not in normal skin, they concluded that the cells in the tissue at DH
reaction sites came from the circulation and were not produced by pro-
liferation of precursors in the skin. Werdelin and McCluskey (1971) were
also unable to demonstrate specific localization of antigen-sensitive cells
in lesions of autoimmune adrenalitis, but were able to show that the
majority of mononuclear cells in the lesion were not specifically sensitive
to antigen.

b) Transplantation Reactions in vivo. Rejection of foreign tissue or organ
grafts is as much a form of DH as DH skin reactions to soluble antigens or
contact sensitizers (Turk, 1975). Animals can be passively sensitized for
accelerated rejection only by the transfer of living lymph node cells from
sensitized animals and not by sera from these animals (Mitchison 1953;
Billingham et al., 1954). In addition, animals or human beings sensitized
to foreign H or tumour-associated antigens develop vascular-inflammatory
DH reactions to these antigens if they are injected intracutaneously (Brent
et al., 1958; 1962; Merrill et al., 1961; Oettgen et al., 1968; Hoy and Nel-
son, 1969).

Therejection of foreign tissue or tumours is associated with the genera-
tion of specifically cytotoxic cells against cell-associated H antigens. Cyto-
toxic cells can also be associated with DH to virusesand contact sensitizers,
and it is therefore necessary to discuss transplantation reactions in some
detail.
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The antigens controlling acceptance or rejection of grafts and appear-
ing on the surface membrane of body cells are H antigens (Klein, 1975).
Differences of those H antigens specified by genes located in the MHC
are associated with rapid tissue rejection and strong immune responses.
The MHC spans a small segment of DNA [less than 0.5 recombination
units in the mouse and only twice this size in man (Munro and .Bright,
1976)] and consists of several regions defined mainly on the basis of
genetic recombinants. The low recombination frequency between the dif-
ferent MHC loci means that offspring usually inherit from each parent all
the alleles found on one of the parental chromosomes; such a set being
known as a haplotype.

It proved as difficult to demonstrate the specific localization of cells
sensitized to H antigens in allografts as it was to demonstrate specific
localization of cells sensitized to protein antigens in DH reactions in the
skin (Cerottini and Brunner, 1974). One of the few demonstrations of
specific localization of sensitized cells in allografts was that of Lance and
Cooper (1972). Spleen and draining Iymph-node cells were taken from
animals having histoincompatible grafts; they were labeled in vivo by inject-
ing the donor aminals with 1** I-labeled deoxyuridine or in vitro with 3' Cr.
After passive transfer into recipients bearing skin allografts with either the
same H antigens as the sensitized graft or with different H antigens, as
many as 0.9% of the cells labeled with '*°I localized in graft to which they
had been sensitized as compared with 0.3% in other control allografts.
Specific localization was not demonstrated with 3! Cr-labeled cells. This
small difference in localization was significant, and of the same order of
magnitude as that seen with cells sensitive to contact sensitizers (Najarian
and Feldman, 1963b). As in the case of DH protein antigens, few workers
were able to demonstrate any specific localization of cells sensitive to
histocompatibility antigens (reviewed by Cerottini and Brunner, 1974);
the conclusion was reached that specifically sensitized cells represented
only a minority of the infiltrating cells at sites of allograft rejection
(McCluskey and Werdelin, 1971).

c) Antigen Sensitive Cells in in vitro Responses.

«) Soluble Proteins and Contact Allergens. One of the first in vitro models
of in vivo DH was the migration inhibition assay (George and Vaughan,
1962). Capillary tubes containing peritoneal exudate cells were cultured
in the presence and absence of antigen and the outgrowth of migration
measured. The migration of peritoneal exudate cells from animals with
DH to a soluble antigen was specifically inhibited in the presence of that
antigen while the migration of cells from animals without DH but produc-
ing antibodies was not (David et al., 1964a). This in vitro reaction could not
be transferred to nonsensitive cells by sera containing specific antibodies,
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while the antigen specificity of the migration inhibition response for hap-
ten-protein conjugates showed a carrier specificity similar to that seen in
DH responses in vivo (antigen specificity of DH is further discussed in
Sect. V.C). This latter observation was a further confirmation of the
ability of this in vitro model to serve as a model for DH (David et al.,
1964b,c).

David et al. (1964b) found that as few as 2.5% sensitive cells in the
presence of antigen led to migration inhibition. The nature of the antigen-
sensitive cells in the system was discovered by Bloom and Bennett (1966)
who showed that the migration of purified macrophages (less than 0.5%
lymphocytes) prepared from peritoneal exudate cells of sensitized animals
was not inhibited in the presence of antigen. The addition of as few as
0.6% lymphocytes from a peritoneal exudate of a sensitized animal to
macrophages from either sensitized or unsensitized guinea pigs permitted
antigen-induced migration inhibition to occur. Furthermore, Bloom and
Bennett (1966) as well as David (1966) demonstrated that sensitized lym-
phocytes cultured with specific antigen released a “factor” into the cul-
ture medium which inhibited migration of unsensitized macrophages from
capillary tubes. Migration inhibition factor (MIF) was the first described
lymphokine (Dumonde et al., 1969) a generic term used to describe the
various non-antibody mediators generated by activated lymphocytes.
(Lymphokinesand their role in DH are further discussed in Sect. V.E.)
In addition to MIF, other lymphokine activities have been reported such
as mitogenic factor (Wolstencroft and Dumonde, 1970), macrophage acti-
vation factor (Nathan et al., 1971), macrophage agglutination factor
(Lolekha et al., 1970), lymphotoxin (Granger and Kolb, 1968), interferon
(Green et al., 1969) and various chemotactic factors (Ward et al., 1969).
The results of in vitro studies of DH model systems confirm those of in
vivo studies and indicate a mechanism whereby interaction of antigen with
very small numbers of sensitized lymphocytes can lead to DH reactions in
the tissues. Bloom et al. (1970) have further attempted to quantitative the
number of antigenresponsive cells in lymph node cells from animals with
DH to tuberculin. Antigen-activated lymphocytes were found to be
capable of supporting viral replication by several viruses and the number
of activated lymphocytes could then be determined by measuring the
number of virus-infected cells. Fewer than 0.01%—0.1% of unstimulated
lymph-node cells supported viral replication. Within 24 h after antigen
activation by tuberculin, 0.1% of lymph-node cells were activated. Longer
periods of exposure of sensitive lymph-node cells to antigen led to larger
numbers of activated cells being detected, the increase with time proving
to be linear, suggesting that the antigen-activated cells were not dividing.
This conclusion was supported by the observation that agents which inhib-
ited mitosis did not affect the observed numbers of activated cells at 48 h
or at 96 h (Bloom et al., 1970).
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The numbers of antigen-reactive cells in lymph nodes of guinea pigs
with contact sensitivity to reactive sensitizers has been estimated directly
by Godfrey and Gell (1976). Lymph-node cells from animals with contact
sensititivty to 2,4-dinitrophenyl (DNP) were isolated from the bulk of
lymph-node cells on DNP-substituted polyacrylamide beads. About 0.15%
of the sensitive lymph-node cells applied to the column were retained and
these could be specifically eluted with DNP glycine. Affinity chromato-
graphy removed those cells capable of producing MIF and macrophage
aggregation factor in response to reactive DNP sensitizers; the small num-
bers of DNP-=reactive cells recovered after specific elution were nearly as
reactive as the original lymph-node cells and represented a marked purifica-
tion. A small percentage of lymph-node cells from nonsensitized donors
were bound and specifically eluted from these affinity columns; these cells
did not respond to antigen exposure.

8) Cell-Associated Antigens. The study of cytotoxic lymphocytes (CL) has
been used as an in vitro model for the study of transplantation types of
DH in vivo. There is good correlation between the induction of CL and
graft rejection; lymphocytes from individuals immunized against normal
ortumour allografts are cytotoxic in vitro for target cells bearing H anti-
gens to which the donors were sensitized (Govaerts, 1960; Oettgen et al.,
1968; Hoy and Nelson, 1969; reviewed in detail by Perlman and Holm,
1969). Although various forms of cellular cytotoxicity can be mediated
by antibody (see Sect. I),,the type of cytotoxicity considered here does
not depend on serum antibody (Cerottini and Brunner, 1974). CL are also
generated in response to other types of cell-associated antigen, such as so-
called “weak” H antigens (H antigens not coded for by the MHC), e.g.,
the male antigen in the mouse (Bevan, 1975; Gordon et al., 1975), viruses
(Doherty and Zinkernagel, 1975; Zinkernagel and Doherty, 1975), or
reactive contact sensitizers (Shearer et al., 1975). (In addition to causing
the generation of CL effector cells, sensitization with cell-associated anti-
gens can also lead to the generation of sensitized lymphocytes which
release lymphokines on reexposure to antigen, see Sect. B.3.b.8.)

Indirect and direct estimates of the percentage of cytolytically active
effector cells in sensitized lymph-node cell populations vary from as few
as 0.05% to 2% (Wilson, 1965; Bonavida et al., 1976; Lindahl and Wilson,
1977a) with estimates of CL specific for haptenic groups less than 1% and
estimates of CL specific for antigens encoded for by the MHC in thel%—
2% range. While relative numbers of CL (which are effector cells) directed
against specific antigen may be somewhat larger than the percentage of
lymphokine producing lymphocytes (also effector cells), they still repre-
sent a small percentage of the total number of cells infiltrating a graft.
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d) Comment. The results discussed in these sections indicate that in all
types of DH, the overwhelming number of cells present are not specifically
sensitive to antigen and that it is difficult to demonstrate any preferential
accumulation of specifically sensitized cells at the site of a specific DH
reaction.

3. Functional Association of Delayed Hypersensitivity
with Specific Lymphocyte Populations

Lymphocytes have been subdivided into several subpopulations on the
basis of surface antigenic markers mentioned above. Much recent work has
shown that specific lymphocyte subpopulations, isolated on the basis of
these antigenic markers, are functionally specialized and are associated
with specific DH effector functions (Paul and Beneceraff, 1977).

a) Role of Thymus. Among the first indications of the thymus’ role in DH
came from the study of immune deficiency diseases in man (Cooper et al.,
1967). It was observed that patients with agammaglobulinemia had nor-
mal DH responses despite an extreme deficiency in all immunoglobulin
classes and that their thymus, circulating lymphocytes and thymus-depen-
dent areas in peripheral lymphoid tissues were normal. Conversely, chil-
dren with congenital thymic aplasia showed a consistent absence of DH
responses but appeared able to produce specific antibodies when immu-
nized.

The earliest experimental evidence for the involvement of T lympho-
cytes in DH reactions derived from studies employing neonatal thymec-
tomy in birds (Warner et al., 1962) and mammals (Miller, 1962; Waksman
et al., 1962; Cooper et al., 1967). Neonatal thymectomy was shown to
prevent the development of DH responses to protein antigens and to inhibit
graft rejection (reviewed by Miller and Osoba, 1967). In inbred thymec-
tomized rats, DH reactivity to tuberculin could subsequently be restored
by grafts of semiallogeneic thymus (Williams and Waksman, 1969); it was
possible to demonstrate that many of the donor thymus cells preferentially
entered the DH reaction in its early stages.

b) Role of Specific T Cell Populations. Further evidence for the role of
T lymphocytes in the initiation of DH reactions both to cell-associated
and to soluble antigens in mice was obtained by studies employing the
passive transfer of activated T cells (Sprent and Miller, 1971, 1972a,b).
Splenic and lymph node lymphocyte populations rich in T cells were ob-
tained by injecting thymocytes into lethally irradiated recipients bearing
suitable allografts (Sprent and Miller, 1971, 1972a,b), or injected with
soluble antigens (Cooper, 1972); populations rich in B lymphocytes were
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obtained by injecting bone-marrow cells into comparable recipients. These
workers showed that specific DH reactions, as evidenced by graft rejection
or foot-pad swelling, could be transferred by lymphoid cell populations
rich in T cells but not by populations rich in B celis or by serum from sen-
sitized animals.

o) Delayed Hypersensitivity to Soluble Proteins and Contact Allergens.
Another line of evidence for T cell involvement in the initiation of DH
reactions includes experiments dealing with the isolation or deletion of
specific lymphocyte subpopulations and observing the effects of these
manipulations on the subsequent passive transfer of the DH response in
question. T-lymphocyte-specific allo- or heteroantisera and complement
have been used to delete T lymphocytes and suitable anti-Ig antisera and
complement used to delete B lymphocytes (Raff, 1971; Golub, 1971).
Other workers have injected specific anti-T cell sera into actively sensitized
animals and have observed the effect of this procedure on DH responses
(Stadecker and Leskowitz, 1976). Since T-cell-specific antisera used in this
manner may cause nonspecific toxic reactions or may contain antibodies
in addition to those cytotoxic to T lymphocytes which interfere with the
reaction under study (e.g., antiplatelet antibodies) this latter method of
demonstrating T lymphocyte dependence of DH reactions is not com-
monly used.

Removal of T cells from mouse lymphocyte populations with specific
cytotoxic antisera and complement inhibits passive transfer of DH reac-
tions to soluble proteins, heterologous erythrocytes and contact sensitizers
(Cooper and Ada, 1972; Asherson et al., 1974; Miller et al., 1975a).
Removal of B cells from lymphocyte populations by treatment with anti-
Ig sera and complement (Cooper and Ada, 1972) did not affect the ability
of these populations to transfer DH to soluble proteins suggesting that
B cells were not required.

Similar results have been obtained in guinea pigs. Jaffer et al. (1973)
showed that removal of phagocytic macrophages and B lymphocytes from
lymph node cell populations did not affect passive transfer of local DH
reactions to PPD or hapten-protein conjugates. These experiments also
suggest that F. receptor bearing T or B cells are not required for DH ex-
pression. Using a specific rabbit anti-guinea pig T cell sera, Godfrey (1976)
demonstrated that the lymphocytes transferring DH reactions to contact
sensitizers were as sensitive to its effects as were the cells transferring reac-
tions to PPD. This was significant since it showed that basophil-associated
DH reactions to contact sensitizers and DH reactions to PPD had very
similar underlying mechanisms, a point confirmed by Askenase (1976).
Askenase isolated guinea pig T cells nonspecifically (using nylon wool to
remove adherent B cells) and showed that small numbers of these lympho-
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cytes were highly active in transferring both basophil-associated DH to
hapten-protein conjugates and DH to PPD. Askenase also demonstrated
that whether DH skin reactions in the donor animals were basophil-asso-
ciated (hapten-protein conjugates) or not (PPD), all passively transferred
responses were. This latter observation was a further indication that the
mechanisms behind basophil-associated and non-basophil-associated DH
were not as different from one another as originally postulated by Dvorak
and his co-workers (Dvorak et al., 1970; Richerson et al., 1970; Dvorak:
et al., 1971; reviewed by Dvorak, 1976). T lymphocyte dependence of
basophil-associated DH reactions in actively sensitized guinea pigs was
demonstrated by Stadecker and Leskowitz (1976), who demonstrated
that injections of specific rabbit anti-T-cell serum would suppress equally
both types of DH reaction.

The role of T lymphocytes in in vitro models of DH has been explored.
Isolated populations of T cells in several species have been known to
secrete lymphokines such as MIF, macrophage chemotactic factor, mito-
genic factor and interferon in response to stimulation with low concentra-
tion of soluble antigens (Yoshida et al., 1973; Rocklin et al., 1974;
Epstein et al., 1974). These populations were isolated on the basis of
various cell surface markers including surface Ig, C3 receptor, and the
ability to form non-immune rosettes with heterologous erythrocytes.
Deletion experiments using specific anti-T-cell sera have confirmed the
production of lymphokines by T cells (Clinton et al., 1974; Gorczynski,
1974; Bloom and Shevach, 1975; Godfrey, unpublished observations).

It has recently been demonstrated that the Ly alloantigens in mice,
present on thymus cells and a proportion of peripheral lymphocytes,
define functionally important T lymphocyte subpopulations which exist
prior to antigen stimulation (Cantor and Boyse, 1975a), and which repre-
sent independent differentiation pathways of T cells (Huber et al., 1976a).
T lymphocytes active in passively transferring DH to soluble proteins and
heterologous erythrocytes in mice have been shown to belong to the Ly-1*
subclass (Huber et al., 1976b; Vadas et al., 1976). This subclass also con-
tains T cells which serve as helper cell in antibody formation by B cells
(Cantor et al., 1976; Vadas et al., 1976) and T cells triggered by specific
antigen to secrete MIF and other lymphokines (Pickel et al., 1976; New-
man et al., 1978).

Human peripheral T lymphocytes have also been found to consist of
functionally and antigenically heterogeneous cells (Woody et al., 1975;
Brouet and Toben, 1976; Evans et al., 1977). Human T cell subpopula-
tions have been delineated using antisera specific for antigens present on
thymocytes and on restricted subpopulations of peripheral T cells. For
example, Evans et al. (1977) were able to show that peripheral T celis
proliferating in response to specific antigen (which represented 50% of



26 H.P. Godfrey and P.G H. Gell

peripheral blood T cells) were antigenically distinct from T celis elaborat-
ing the lymphokines mitogenic factor and MIF (R. Rocklin, personal com-
munication) in response to specific antigen. The occurrence of distinct
subpopulations of differentiated peripheral T cells precommitted in their
functional response prior to antigen exposure would therefore appear to
represent a general biologic phenomenon (Paul and Benacerraf, 1977).

8) Delayed Hypersensitivity to Cell-Associated Antigens. Freedman et al.
(1972) showed that the passive transfer of sensitivity to allogeneic tumour
cells in mice was inhibited by treating the cells to be transferred with spe-
cific anti-Tdymphocyte serum and complement, observations which con-
firmed the T cell dependence of allograft rejection. Allison (1972) and
Rouse etal. (1972) also demonstrated that the transfer of tumour immunity
to either virus-induced or to plasma cell tumours was inhibited by pretreat-
ment of sensitized lymphoid cells with anti-Thy-1 serum and complement.
Even before the effect of anti-Thy-1 serum and complement on the in vivo
transfer of DH to cell associated antigens had been demonstrated, evidence
had been obtained that cell-mediated cytotoxicity inimmune allogeneic
sensitization was caused by specifically sensitized T cells independent of
antibody, B cells, antibody-producing cells or macrophages (Cerottini
et al., 1970; Lonai et al., 1971; reviewed in Cerottini and Brunner, 1974).
Elimination of T lymphocytes from antibody-producing spleen cell popu-
lations with specific antisera and complement abrograted specific in vitro
cellular cytotoxicity without affecting antibody formation to the same
antigen. Treatment of the same immune spleen cells with antisera to B cells
or plasma cells had no effect on cytotoxicity but completely inhibited
antibody formation (Cerottini and Brunner, 1974).

Cytotoxic T lymphocytes specific for differences in H antigens recog-
nize H antigens coded for by the K, I, and D regions of the mouse MHC
(Bach et al., 1972a) and corresponding genetic regions of other species
(Bach et al., 1972b, 1976). In mice. these T cells beong to the Ly-2*3*
subpopulation (Cantor and Boyse, 1975a; Vadas et al., 1976; Beverley
et al., 1976; Woody et al., 1977). In some mouse strains and against cer-
tain antigens such as syngeneic tumour cells, T-CL may bear Ly-1 antigens
as well (Shiku et al., 1975). Recent reports indicate that T-CL also carry
Ly-5 and Ly-6 markers (Woody et al., 1977). The Ly-2'3* T cell subpopu-
lation also contains cells mediating suppressor functions (Huber et al.,
1976b; Vadas et al., 1976) as well as cells able to secrete lymphokinesin
response to specific stimulation with cell-associated antigens (Newman
et al., 1978).

v) Proliferative Responses to Histocompatibility Antigens in Unprimed
Animals. Two primary responses cognate to DH to cell-associated Hantigens
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are the graft vs. host response in vivo and the mixed lymphocyte response
(MLR) in vitro. These responses differ from DH in that unprimed lympho-
cytes confronted with allogeneic H antigens for the first time make a vig-
orous proliferative response (Sirmonsen, 1967; Sdgrensen, 1972). These
responses are T cell responses as evidenced by experiments with chromo-
some markers (Joinston and Wilson, 1970) and observation of immune
deficiency diseases in man (Cooper et al., 1967, Bach et al., 1968). Fur-
ther evidence for T cell dependency of these responses is that separated
T cells but no B cells are active as responders in MLR (Hédyry et al., 1972),
while the addition of bone marrow or B cells to thymocytes does not
enhance graft vs. host activity (Stutman and Good, 1969; Cantor, 1972).

T lymphocytes responding in MLR belong to a different subpopula-
tion of T lymphocytes from T-CL in DH to H antigens encoded by the
MHC; cytolytically active cells can be adsorbed by appropriate monolayers
without affecting subsequent activity of the remaining cells in MLR
(Zoschke and Bach, 1971). In mice, Cantor and Boyse (1975a) have
shown that T lymphocytes active in MLR belong to the Ly-1* subpopula-
tion, the same subpopulation to which cells active in DH to protein anti-
gens belong. In man, Evans et al. (1977) have found a somewhat similar
situation: the same T lymphocyte subpopulation contains cells which pro-
liferate in MLR and cells which secrete the lymphokines MIF and mitogenic
factor in response to stimulation wiht protein antigens.

8) Additional Surface Antigens Defining T Lymphocyte Subpopulations
Active in Delayed Hypersensitivity. Several other surface antigenic mar-
kers have been shown to be associated with functional subpopulations of
T cells. In mice, Ja antigens encoded by the I region of the MHC are repor-
ted to be found on T cells which regulate the magnitude of the immune
response, but not on those mediating DH to soluble proteins or heterolog-
ous erythrocytes or cellular cytotoxicity (Vadas et al., 1975; Woody et al.,
1977). In guinea pigs, however, Yamashita and Shevach (1977a) found
that T cells sensitized to protein antigens and active in antigen-induced
proliferation and production of MIF were Ia*, while primed helper T cells
and T cells proliferating in MLR wereIa™—. Several groups have found that
regulatory T cells in mice and man carry a receptor for the F, of activated
Ig of various classes (Stout et al., 1976; Rubin et al., 1976; Moretta et al.,
1977, Fridman et al., 1977). T-CL themselves also have been reported to
carry this receptor (Stout et al., 1976; Fridman et al., 1977).

Thy-1 and Ly markers are differentiation antigens which represent
lymphocyte sublines preprogrammed to respond functionally in a fixed
way after exposure to antigen: i.e., Thy-1* T cells do not differentiate into
Thy-1" B cells (Raff, 1971) nor do Ly-1* T cells differentiate to Ly-2*3*
T cells (Huber et al.,, 1976a). It is not known whether Ia antigens are
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differentiation antigens similar to Ly and Thy-1 or whether their appear-
ance follows antigen exposure as is the case with the F¢ receptor of mouse
T cells (Stout et al., 1976). In the latter case, it was found that while the
precursor cell for the cytotoxic T cells lacked the F receptor, such a
receptor was present on the effector cell.

c) Role of B Lymphocytes. While T lymphocytes mediate the bulk of lym-
phokine-associated DH reactions to soluble proteins and contact sensitizers,
recent evidence has indicated that B lymphocytes may also be associated
with DH reactions in a limited way. Treatment of sensitized lymphocytes
with specific anti-T-cell sera does not always inhibit antigen-induced lym-
phokine production (Bloom et al., 1975; Godfrey, unpublished observa-
tions). Isolated populations of guinea pig or human lymphocytes release
MIF and other lymphokines in response to stimulation with B cell mito-
gens (Yoshida et al., 1973; Rocklin et al., 1974; Wahl et al., 1974; Wilton
et al., 1975). Isolated B lymphocytes have also been shown to release lym-
phokines in response to specific antigenic stimulation with T dependent
antigens (Rocklin et al., 1974; Bloom and Shevach, 1975; Wahl and Rosen-
streich, 1976). B lymphocytes on their own appear able to release lympho-
kines after mitogenic stimulation (Wahl! et al., 1975), but it is not yet
settled whether they require T lymphocyte factors to release lymphokines
in response to T-dependent antigens. Rocklin et al. (1974) reported that
human B cells produced MIF in response to antigen while Bloom and
Shevach (1975) and Wahl and Rosenstreich (1976) observed that T cells
or a factor produced by T cells after specific antigenic stimulation were
needed for B lymphokine response. Although both B cells and T cells
could produce lymphokines affecting macrophage migration or monocyte
chemotaxis, only T cells released mitogenic factor and proliferated after
antigenic stimulation (Rocklin et al., 1974; Wahl et al., 1974; Littman
et al., 1976; Rosenstreich, Wahl and McMaster, unpublished observations).
Agents which trigger B cells to release lymphokines do not induce their
proliferation (Wahl et al., 1974; Littman et al., 1976; Rosenstreich, Wahl
and McMaster, personal communication). B cells have also been shown to
release MIF in vivo in response to specific antigen, but only if T cells are
present 10 days before challenge; however, once primed in the presence of
T cells, B cells could release MIF after antigenic challenge even in the pre-
sence of anti-Thy-1 serum (Salvin et al., 1977).

In many cases in vivo, B lymphocytes may not release lymphokines
after specific antigenic stimulation because of the simultaneous release of
inhibitory factors by T lymphocytes (Cohen and Yoshida, 1977). On the
other hand, some aspects of DH, especially hapten-specific DH or DH to
carbohydrates may be mediated by B lymphocytes. McMaster et al.
(1977b) have recently shown that the thymus-independent antigen
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e-DNP-lysine-cyanuric-Ficoll (DNP-Ficoll) elicits typical hapten-specific
DH reactions in guinea pigs immunized with DNP-Ficoll in CFA or with
large amounts of DNP-keyhole limped hemocyanin (DNP-KLH) in CFA.
These DH reactions were transferred by living cells, not by serum and
were characterized by mononuclear cell infiltrates with few basophils.
Earlier demonstrations of hapten-specific DH indicated that it could be
elicited by large doses of hapten-protein conjugates in guinea pigs immu-
nized with large quantities of hapten coupled to a different carrier protein
(Benacerraf and Gell, 1959a,b; Gell and Benaceraff, 1961a,b). Hapten-
specific DH to DNP is also demonstrable in vitro: DNP-Ficoll causes MIF
release from lymph-node cells of guinea pigs sensitized with DNP-KLH
(McMaster et al.,, 1977a). Further studies in this system by Rosenstreich,
Wahl and McMaster (personal communication) have shown that DNP-
Ficoll induces hapten-specific lymphokine release only in B lymphocytes
from lymph nodes draining sites of sensitization and not from lymph node
T cells or spleen cells. DNP-Ficoll does not induce hapten-specific prolifer-
ation in vitro of lymph-node cells or peritoneal exudate lymphocytes from
DNP-K LH-sensitized animals. Since it has been shown that DH to a poly-
saccharide (as measured by skin test reactivity and MIF production) can
be induced by injecting the polysaccharide into an unrelated DH reaction
(Brunda and Raffel, 1977; Crowle et al., 1977), and since DH reactions
in vitro to polysaccharides and certain other antigens are associated with
MIF release without proliferation (Godfrey et al., 1969; Chaparas et al.,
1970; Gerety et al., 1970; Spitler et al., 1970; Senyk et al., 1971), it is
tempting to speculate that this entire class of in vivo DH reactions is B cell
mediated although T cells are required for its induction. B-cell-mediated
DH may also be present in contact-sensitive guinea pigs immunized with
reactive chemicals in CFA. Using a specific anti-T-cell serum, Godfrey
(1976a) showed that passively transferred contact reactions and DH sen-
sitivity to PPD were mediated by T lymphocytes inhibited by a high dilu-
tion of this serum while delayed-onset sensitivity to a related hapten-pro-
tein conjugate was unaffected by this treatment. The delayed reactions to
this hapten-protein conjugate could represent a B lymphocyte mediated
aspect of contact sensitization. Antigen-specific lymphokine release from
lymph node cells of these animals showed a similar pattern of sensitivity
to specific anti-T cell serum and complement in vitro (Godfrey, unpub-
lished observations): responses to the reactive chemical or PPD were
readily inhibited by high dilutions of specific antisera while responses to
hapten-protein conjugates were not. A conclusive judgment on the role of

B lymphocytes in DH is not possible at this time because of the paucity
of direct evidence.
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4. Interaction of Lymphocyte Subpopulations in Delayed Hypersensitivity

It has become clear that the regulation of several types of DH reactions is
associated with interactions between T lymphocyte subpopulations
(Cantor and Weissman, 1976). Specific interactions between subpopula-
tions of T cells are important in the production of T-CL in vitro and pre-
sumably in vivo (Cantor and Boyse, 1975b); i.e., synergistic interactions
between T cell subpopulations serve to increase this response. Interactions
between T lymphocyte subpopulations may, on the other hand, serve to
suppress or decrease the observed DH response (4sherson and Zembala,
1975). The role of T-T lymphocyte interactions has been extensively
reviewed (Gershon, 1974; Asherson and Zembala, 1975, 1976; Cantor and
Weissman, 1976).

a) T Lymphocyte Synergy in the Generation of Cytotoxic Lymphocytes.
The generation of T-CL against allogeneic H antigens encoded in the K or
D regions of the mouse MHC has been shown to involve cooperative inter-
actions between T cells recognizing H-2 antigen differences and those
recognizing differences in Ia antigens (Alter and Bach, 1974; Cantor and
Boyse, 1971a,b; Stout et al., 1976). Lymphocyte mixtures of cells with
only I region differences at the MHC (different la antigens) undergo pro-
liferation (MLR) without generating T-CL, whereas cells differing only in
K or D regions neither proliferate nor produce T-CL (Alfer and Bach,
1974). Cantor and Boyse (1975a,b) showed that the generation of T-CL
against K or D H-2 antigens required the interaction of Ly-1* amplifier
T cells which recognized differences in Ia antigens by proliferating and
Ly-2*3* precursor cells which responded to differences in K or D H-2
antigens to generate T-CL effector cells. Stout et al. found that this syner-
gistic reaction required Ly-1* cells bearing an IgG F receptor and Ly-2"3*
T cells lacking this receptor. The differentiation of precursor cells to T-CL
effector cells was associated with the appearance of the F. receptor. It
might be speculated that the amplifier function of Ly-1* cells is mediated
by a mitogenic lymphokine (Geczy, 1977).

It is not unlikely that synergy between T cell subpopulations is a gen-
eral phenomenon in the generation of cytolytic DH to cell-associated anti-
gens: Pang et al. (1976) noted cooperation between Ly-1* and Ly-2*3* T
cells in the generation of T-CL specific for a mouse poxvirus.

b) Regulation of Delayed Hypersensitivity by T Lymphocytes. The experi-
ments of Gershon and his associates (reviewed by Gershon, 1974) indicate
that interactions between T lymphocyte subpopulations can suppress or
regulate DH responses. One mechanism of this suppression might be that
antigen stimulation of oneT cell subclass causes the production of substances
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(regulatory lymphokines) which, alone or in concert with antigen, reduce
the responsiveness of other T lymphocyte subclasses. For example, Asher-
son and Zembala (1975, 1976) showed that such a regulatory mechanism
is operative in the suppression of contact sensitivity in mice to trinitro-
chlobenzene by previous intraveneous injections of trinitrobenzene sul-
fonic acid. They isolated a regulatory lymphokine, which mediated sup-
pression, from antigenically stimulated suppressor T cells. This soluble fac-
tor was found to be a stable, antigen-specific molecule of 50,000 daltons
molecular weight containing la antigenic determinants (Zembala et al.,
1975, 1977, Greene et al., 1977b). Another antigen-specific soluble factor
derived from T cells which regulated an aspect of DH was described by
Greene et al. (1977a). This lymphokine, which suppressed resistance to
transplanted tumors, was also 50,000 daltons molecular weight and con-
tained antigenic determinants coded for by the MHC. (See Sect. V.E. for
further discussion of regulatory lymphokines.)

T cell regulation of T cell mediated functions in mice by short-lived,
rapidly proliferating cyclophosphamide-sensitive T cells has been shown to
occur in DH responses to sheep red cells, soluble proteins and cell-asso-
ciated antigens (Cantor and Simpson, 1975; Simpson and Cantor, 1975;
Askenase et al., 1975a, 1977; Mitsuoka et al., 1976; Zembala and Asher-
son, 1976;Morikawa et al., 1977; Réllinghoff et al., 1977). These suppressor
cells have been shown to bear receptors for the F. protein of IgG (Stout
and Herzenberg, 1975) and have a surface antigen phenotype Ly-2*3*Ia*
(Vadas et al., 1976; Pickel and Hoffman, 1977; Woody et al., 1977). In
man, suppressor T cells also have receptors for the F. portion of IgG
(Moretta et al., 1977). Regulatory cells may also possess receptors for
histamine since cell chromatography over histamine-containing substrates
removed a T cell population capable of regulating lymphokine release
(Rocklin and Melmon, personal communication).

¢) Regulation of Delayed Hypersensitivity by B Cells and Antibody.
Specific antibody can regulate the degree of DH induced by antigen (Uhr
and Mdéller, 1968). There is clear evidence (Parish and Liew, 1972; reviewed
by Parish, 1972a) that antibody production to modified flagellin in mice
bears a reciprocal relationship to the degree of DH induced by the antigen.
It might be speculated that this inhibition of DH responses by antibody
resulted from the interaction of the antibody with F, receptors found on
suppressor T cells.

In guinea pigs, DH reactions to soluble proteins or to contact sensi-
tizers appear to be regulated by suppressor B cells (Katz et al., 1974b;
Turk et al., 1976; Zembala et al., 1976). These regulatory B cells can be
depleted by high doses (300 mg/kg) of cyclophosphamide given before
sensitization. [This dose would also affect suppressor T cells as well, since
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they are inhibited by lower doses of drug than are B cells (Askenase et al.,
1975a; Zembala and Asherson, 1976; Mitsuoka et al., 1976; Rollinghoff
et al., 1977)]. The resulting DH to contact sensitizers or to protein anti-
gens in IFA is prolonged and increased to the level of reactions produced
after immunization with antigens in CFA (Turk and Parker, 1973). Ani-
mals treated with cyclophosphamide showed partial or complete inhibi-
tion of production of specific IgG antibodies. Transfer of splenic B cells
from animals immunized without cyclophosphamide treatment to cyclo-
phosphamide-treated, immunized recipients suppressed the delayed reac-
tions in the latter (Katz et al., 1974b, 1975; Turk et al., 1976). However
there is a possibility that the method of isolation of guinea pig B lympho-
cytes using rabbit anti-guinea pig Ig by Turk and co-workers might have
also isolated F.-receptor-bearing T cells. The presumptive B lymphocytes
were not treated with a cytotoxic, specific anti-T-cell serum before trans-
fer, nor were control columns with other specific rabbit antibodies used.
On the other hand, the regulatory B cells isolated by Zembala et al. (1976)
were shown to lack Thy-1 antigen and could not therefore be claimed to
represent a T cell subpopulation.

Neta and Salvin (1974, 1976) have also suggested the presence of sup-
pressor B cells in guinea pigs immunized to soluble proteins in CFA.
Transfer of isolated splenic B cells from immunized animals could sup-
press the expression of DH in already sensitized recipients (Neta and Sal-
vin, 1974). These workers subsequently found that antigen-induced pro-
liferation of draining lymph-node cells in vitro could be reduced by the
addition of isolated splenic B cells or by isolated lymph node B cells from
immunized donors (Neta and Salvin, 1976). The mechanism by which
suppressor B cells regulate DH is uncertain. Again, one might speculate
that Fc¢ receptors on T cells and specific antibody secretion were involved.

5. Macrophage Participation in Delayed Hypersensitivity

Macrophages have a dual role in DH. They are main effector cell in DH
reactions and are acted upon by various lymphokines released by T
(and B) lymphocytes after contact with specific antigen. In addition, their
presence has been shown to be necessary for the induction of DH in vivo
(Oppenheim and Seeger, 1976) as well as for the triggering of T lympho-
cyte proliferation and mediator production in vitro (Rosenthal and She-
vach, 1976).

a) Role of Macrophages in the Induction of Delayed Hypersensitivity in
vivo. Indirect evidence for the importance of macrophages in the induc-
tion of immune responses in vivo is that agents which interfere with
macrophage function such as colloidal carbon, carageenan, or heterologous
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antimacrophage serum, reduce antigen uptake by macrophages and reduce
the immune response (Schwartz and Leskowitz, 1969; Unanue, 1972).
Direct evidence for the importance of macrophage-associated antigen in
the induction of immune responses has been obtained by passive transfer
experiments in which peritoneal exudate macrophages have been exposed
to antigen in vitro, washed to remove free antigen and injected into nor-
mal syngeneic recipients (Mitchison, 1969; Unanue and Askonas, 1968;
Unanue and Feldman, 1971 ; reviewed by Unanue, 1972). These recipients
develop normal antibody and DH responses to the macrophage-associated
antigens which are considerably more immunogenic than the same doses
of free antigen.

In guinea pigs, low doses of macrophage-associated antigen induce DH
but no antibody response at 3 weeks; comparable doses of soluble antigen
induce only antibody response (Seeger and Oppenheim, 1972a). The dura-
tion of exposure of antigen to macrophages also has an important effect
on the immunogenicity of macrophage-associated antigen. The injection
of sheep red cells exposed to macrophages for 1 h into guinea pigs led
only to the production of antibodies while animals injected with sheep red
cells incubated with macrophages for 24 h developed DH (Pearson and
Raffel, 1971). Macrophage-associated antigen was found to be more im-
munogenic for sensitization for DH than antigen associated with lympho-
cytes, thymocytes or hepatoma cells when equal doses of cell-associated
antigen were injected into syngeneic guinea pigs (Seeger and Oppenheim,
1972b). The induction of DH by macrophage-associated antigen required
living macrophages (Pearson and Raffel, 1971; Seeger and Oppenheim,
1972a), suggesting that the enhancement of immunogenicity by macro-
phages requires some metabolid processing of the antigen.

b) Role of Macrophages in Activation of Lymphocytes in vitro. Macro-
phages are required for the in vitro activation of antigen-induced T and
B lymphocyte proliferation (Oppernheim et al., 1968; Waldron et al., 1973;
Rosenstreich and Rosenthal, 1973; Thomas et al., 1977a) and for lympho-
kine production (Ben-Sasson et al., 1974; Nelson and Leu, 1975; Wahl
et al,, 1975). Macrophages have been also shown to be required for stimu-
lation of T lymphocytes by mitogens (Oppenheim et al., 1968; Lohrmann
et al., 1974; Rosenstreich et al., 1976), by alloantigens in some species
(Oppenheim et al., 1968; Rode and Gordon, 1974; Greineder and Rosen-
thal, 1975b), and by oxidizing chemicals (Greineder and Rosenthal, 1975a).
On the other hand, the activation of B lymphocytes by thymus-indepen-
dent antigens and B cell mitogens requires far fewer macrophages than do
other types of lymphocyte activation and may be macrophage-independent
(Rosenstreich etal., 1971; Yoshinaga et al., 1972; Rosenstreich et al., 1976).
This point remains unsettled. Studies showing a macrophage requirement
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for lymphocyte activation have generally demonstrated that depletion of
a radioresistant, adherent, phagocytic cell with morphologic features of
the mononuclear phagocyte or macrophage inhibits the in vitro assay
under study and that readdition of macrophages but not other cell types
such as fibroblasts, restores the activity in question.

Macrophages have several functions in lymphocyte culture systems.
They are needed to maintain lymphocyte viability in culture (Mosier and
Pierce, 1972; Chen and Hirsch, 1972; Bevan et al., 1974), a function
which can be replaced by reducing agents such as 2-mercaptoethanol.
A second function of the macrophage in vitro is to secrete soluble activat-
ing factors which stimulate T cells which have bound mitogen, been chemi-
cally oxidized, or which have been exposed to allogeneic H antigens in
MLR (Novogrodsky and Gery, 1972; Rode and Gordon, 1974; Calderon
and Unanue, 1975; Rosenstreich et al., 1976). This activating function of
macrophages can also be carried out by isolated macromolecular factors
secreted by nonstimulated macrophages. A third function of macrophages
in vitro systems lies in antigen presentation to lymphocytes.

The initial antigen binding cell in lymphoid cell populations in guinea
pigs is a macrophage (Waldron et al., 1973; Rosenstreich and Rosenthal,
1974). Brief exposure of macrophages from sensitized or normal animals
to soluble protein antigens, followed by washing to remove loosely asso-
ciated antigen, produces macrophage-associated antigens which can stimu-
late sensitized T lymphocytes to proliferate or to secrete lymphokines.
Lymphocyte stimulation occurs in response to doses of antigen too low to
stimulate a response if present continuously in the culture (Rosenstreich
and Rosenthal, 1973). Lymphocyte cultures lacking macrophages do not
proliferate after pulse exposure to antigen. Subsequent addition of macro-
phages to these cultures after removal of antigen is not associated with
lymphocyte stimulation and suggests that the macrophages are not func-
tioning in this case by secreting nonspecific factors required for lympho-
cyte viability or activation. These nonresponding, antigen-pulsed lympho-
cytes have not been rendered tolerant by their brief antigen exposure
since they can be triggered by a subsequent exposure to antigen-pulsed
macrophages (Rosenstreich and Rosenthal, 1974). The macrophage is also
important in presenting and/or processing contact sensitizers to suitably
sensitized T lymphocytes (Thomas et al., 1977a,b). T lymphocytes from
guinea pigs with contact sensitivity to 2,4,6-trinitrophenyl (TNP) can be
stimulated in vitro with TNP-conjugated macrophages, but not with con-
jugated thymocytes, lymph-node lymphocytes or erythrocytes. It should
also be mentioned that macrophages function as stimulator cells in the
guinea pig MLR, presenting allogeneic H antigens to T lymphocytes;
macrophages are 10—80 times more stimulatory to T cell proliferation
than purified lymphocytes (Rode and Gordon, 1974; Greineder and
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Rosenthal, 1975b). The role of H antigens in the presentation of antigen
to T cells by macrophages and in macrophage-lymphocyte interactions
generally will be discussed as an aspect of the antigen-specificity of T lym-
phocytes (see Sect. V.C.4).

Studies on the ability of macrophage-associated antigens such as 2,4-
dinitrophenyl(DNP)-guinea pig albumin (Ellner and Rosenthal, 1975) to
trigger T lymphocyte proliferation have shown that preliminary culture of
antigen-pulsed macrophages results in a linear decrease in the ability of the
macrophages to stimulate T cells which reflects neither the rapid catabolic
phase of antigen handling nor the ensuing period of antigen stability. In
this system trypsin treatment of the macrophages removes surface-asso-
ciated antigen but does not affect the subsequent immune response. This
observation suggests that the stable surface pool of antigen is not the
critical site of antigen retention. After treatment of macrophages with
trypsin there is no restoration of surface antigen (Unanue et al., 1969;
Ellner and Rosenthal, 1975) and the manner in which intracellular antigen
causes T lymphocyte stimulation is unclear.

c¢) Physical Interaction Between Macrophages and Lymphocytes in vitro.
Clustering of lymphocytes around blast-like cells and macrophages has
been observed during lymphoid cell culture of many species (McFarland
et al., 1966; Mosier, 1969; Salvin et al., 1971; Sulitzeanu et al., 1971;
Werdelin et al., 1974). In guinea pigs, lymphocytes and macrophages bind
to each other in the absence of antigen (Lipsky and Rosenthal, 1973,
1975b). This binding requires active macrophage metabolism and viable
macrophages, the role of the lymphocyte being passive. It is abolished
by treatment of the macrophages with trypsin; treatment of the lympho-
cytes with trypsin is without effect. It is temperature dependent, being
most active at 37°C, dependent on divalent cations, is not selective to
T or B lymphocytes, nor does it distinguish between syngeneic or allo-
geneic lymphocytes. The binding of lymphocytes by macrophages is not
inhibited by excess Ig and is a dynamic reversible process. It is likely
therefore, that the antigen-independent binding of lymphocytes is medi-
ated by a distinct receptor mechanism. Similar effects may occur in cul-
tures of human monocytes and lymphocytes (Braendstrup, personal com-
munication).

The formation of clusters of immune lymphocytes and macrophages
in the presence of antigen has been studied by Lipsky and Rosenthal
(1975a) and by Werdelin and co-workers (Werdelin et al., 1974; Nielsen
et al., 1974; Braendstrup et al., 1976, 1977, Petri et al., 1978). Lipsky and
Rosenthal found that the degree of macrophage-lymphocyte interaction
after 1 h was independent of the presence of antigen. In the absence of
antigen there was a steady decline in clusters while in the presence of
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antigen cluster formation increased beginning at 8 h and was maximal at
20 h. Using somewhat different techniques to measure lymphocyte-macro-
phage interaction, Werdelin’s group found little interaction after 2 h of
culture in the presence or absence of antigen but lymphocyte-macrophage
clusters after 8 h; the number of these clusters with more than seven lym-
phocytes per macrophage did not increase during the ensuing 12 h. Cluster
formation in culture was independent of DNA synthesis but required
active RNA and/or protein synthesis as well as intact microtubule and
microfilament systems. Once formed, clusters required continuous protein
synthesis for their maintenance, but intact microtubule and microfilament
systems were not necessary (Braendstrup et al., 1977). These newer obser-
vations confirm and extend those of Rosenthal et al. (1975) and Ben-
Sasson and Rosenthal (1975).

The formation of clusters was shown to be specific for the sensitizing
antigen (Werdelin et al., 1974). Cells from animals sensitized with hapten-
protein conjugates formed clusters only in the presence of the sensitizing
conjugate and not in the presence of other conjugates containing the same
hapten (Rosenthal et al., 1976). This type of antigen specificity is charac-
teristic of T cells and T-cell-mediated reactions (Paul and Benacerraf,
1977). Since the number of clusters increased when T lymphocytes rather
than lymph-node lymphocytes were used, Werdelin and his associates con-
cluded that the lymphocytes in the cluster were T cells. Direct staining of
the clusters for membrane Ig showed that B cells were to a large extent
excluded from the clusters (Petri et al., 1978). Both Rosenthal’s and Wer-
delin’s groups found that cluster formation occurred when antigen-pulsed
macrophages were used and no free antigen was present in the culture.
Antigen-dependent cluster formation between sensitized lymphocytes and
macrophages occurred only between histocompatible cells; the formation
of clusters by histoincompatible cells was unaffected by the presence of
antigen (Rosenthal et al., 1976). The observed histocompatibility con-
straints are likely to derive from conditions associated with the initial sen-
sitization of antigen-responsive lymphocytes (Paul and Benacerraf, 1977).

Antigen-specific clusters have been found to consist of a central, larger
T lymphocyte (presumably antigen-committed) attached to the macro-
phage with smaller peripheral lymphocytes (90% T, 10% B) attached to
the central lymphocyte (Nielsen et al., 1974; Petri et al., 1978). Examina-
tion of clusters during the first 20 h of culture revealed that the central
lymphocyte appeared to be undergoing early blast transformation (larger
nucleus, presence of one or two nucleoli, size, increase in polyribosomes,
large Golgi apparatus), and could be shown to be the only DNA-synthesiz-
ing lymphocyte in the cluster (Nielsen et al., 1974; Braendstrup et al.,
1976). At later time periods, other cells in the cluster entered DNA syn-
thesis. These studies taken as a whole suggest that physical interaction
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between macrophages and lymphocytes is important in antigen-induced
T lymphocyte proliferation and that such interaction may proceed from
antigen-independent reversible binding to antigen-stabilized specific inter-
actions.

6. Role of Basophils

The role of the basophil in delayed-onset hypersensitivities is the subject
of an extensive recent review (Askenase, 1977). Basophils are prominent
in those flat, evanescent DH reactions occurring after immunization with
soluble proteins in saline or in IFA (Jones-Mote reactions) as well as in
long-lasting sensitivities to contact allergens or tissue grafts in both guinea
pigs and man (Richerson et al., 1970; Dvorak et al., 1970, 1971; Dvorak
et al.,, 1971, 1976).

These basophil-rich reactions were originally described by Richerson
et al. (1970) as examples of cutaneous basophil hypersensitivity (CBH) to
distinguish them from basophil-poor DH reactions to tuberculin. Askenase
(1973) subsequently demonstrated that some basophil-associated, delayed-
onset reactions in the guinea pig were actually mediated by 7S IgG; anti-
body (Askenase et al., 1976). Additional experiments have indicated that
the presence or absence of basophils in a DH reaction is a locally deter-
mined phenomenon: animals immunized with a contact allergen in CFA
have basophil-associated DH (CBH) to the contact allergen and DH to PPD
(Dvorak et al., 1971; Godfrey and Askenase, unpublished observations).
Finally, DH reactions to PPD in man contain few basophils (Dvorak et al.,
1974a; Askenase and Atwood, 1976) making the original distinction be-
tween CBH and DH so unclear that the term CBH probably should be
replaced by basophil-associated DH reaction (or in the case of serum-
mediated reactions, basophil-associated serum-mediated hypersensitivity).

Since over 90% of the basophils teased from basophil-associated DH
reactions 6—7 days after sensitization and two-thirds of the basophils
from combined cutaneous reactions 6 weeks after sensitization showed no
specificity for antigen (Dvorak et al., 1975), the basophil in DH reactions
is, like the macrophage, not a primary antigen-specific cell. (Basophil anti-
genic specificity derives from adsorbed Ig; see Sect. IIL.B for futher discus-
sion.) The presence of basophils in DH reactions is under the control of
several factors including a specific lymphocyte-produced chemotactic fac-
tor (Ward et al., 1975), regulatory B cells (Katz et al., 1974b, 1975b) and
T cells (Askenase, 1976). Active regulation of basophil infiltrates in DH
reactions has been inferred from the observation that DH reactions to tuber-
culin passively transferred by isolated T lymphocytes showed heavy baso-
phil infiltrates, although the DH reactions in the actively sensitized donors
contained fewer than 1% basophils in the cellular infiltrate (Askenase,
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1976). In other words, guinea pigs actively sensitized to PPD had T cells
capable of mediating basophil-associated DH to this antigen whose activity
was evident only when transferred to nonimmune recipients lacking anti-
gen-induced regulatory or suppressor functions present in actively sensi-
tized donors.

Several roles for the basophil in DH have been proposed. Basophils
have plasminogen activator on their surfaces and in their granules (Oren-
stein and Dvorak, personal communication) and may be involved in
removing fibrin deposits from sites of DH reactions (Colvirn et al., 1973;
Colvin and Dvorak, 1975).

Once basophils arrive at DH sites, further local administration of anti-
gen causes immediate release of vasoactive mediators from basophil gran-
ules, a process that could be involved in reactions to metazoan parasites
(Askenase, 1977). Further hypotheses on the role basophils play in DH
reactions (reviewed by Askernase, 1977) are based on the known effects of
histamine on various T cell regulator and effector subpopulations, and on
vascular permeability to fluids and to cells.

C. Nature and Specificity of Antigen Receptors

Evidence from a wide variety of experiments supports the hypothesis that
the antigen receptor of the B lymphocyte is aurface-bound Ig (Ada, 1970;
Paul, 1970; Vitetta and Uhr, 1975). B cells have been shown to bear Ig of
a single specificity which is identical to that of the antibody they produce
upon activation (Raff et al., 1973; Wigzell, 1973). The chemical nature
and precise specificity of T cell receptors are not known mainly because
the specific antigen receptors are cell bound and not secreted as antibodies
are. For these reasons, studies of the “elusive” T cell receptor (Crone et al.,
1972) have had to rely on indirect approaches. These indirect approaches
have included the use of various specific antisera to block the function of
T cells active in DH, studies of the detailed antigen specificity of T cell
responses, and comparison of these T cell responses with the antigen
specificity of the B cell receptor (often studies of serum antibodies rather
than of B lymphocytes as such).

1. Criteria for T Lymphocyte Antigen Receptors

The concept of cellular receptors, cell-bound materials whose combination
with ligands leads to changes in cellular metabolism, is a general one in
physiology and biochemistry. The explanation of T cell responses as a
result of the combination of antigen and specific cell-bound receptors is
not very different from the explanation of other types of cellular response
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to drugs or hormones. In dealing with antigen receptors, however, a dis-
tinction should be made between primary ones, synthesized by the T cell
itself, and secondary receptors, synthesized by other cells and passively
adsorbed to the T cell. Regulatory lymphokines (4sherson and Zembala,
1976) and Ig are examples of antigen-specific substances which may act as
secondary T lymphocyte antigen receptors. Any substance proposed as a
primary T cell antigen receptor would have to meet certain criteria based
on the known properties and antigen specificity of T-lymphocyte-mediated
reactions before it would be generally accepted as such. Such criteria
would include the following (Wigzell, 1973; Marchalonis, 1975):

a) It should be synthesized by the cells themselves and not be passively
adsorbed from plasma or other tissue fluids.

b) It should be detectable on the (external) plasma membrane of spe-
cifically reactive T lymphocytes.

¢) It should possess specific binding capacity for antigens which repro-
duces the functional specificity of in vivo and in vitro T lymphocyte
responses.

d) The combination of antigen with surface T cell antigen receptor
should initiate specific processes of immune response.

e) Antibodies to the T cell antigen receptor should block T lympho-
cyte response by a mechanism which does not involve their direct com-
bination with antigen.

With these points in mind, we can continue the discussion of the
nature of T cell antigen receptors.

2. Role of Surface Immunoglobulin

Surface Ig is readily demonstrable on B cells (reviewed by Marchalonis,
1975); the majority of workers have had difficulty demonstrating it on
T cells (Crone et al., 1972; Wigzell, 1973). In vitro, after removal of sur-
face Ig on B cells by complexing with antigen, it is regenerated during cul-
ture (Pernis, et al., 1971). When comparable experiments were performed
using activated thoracic-duct lymphocytes from irradiated mice (consist-
ing almost exclusively of T lymphocytes), surface Ig was removed but not
regenerated during an 18 h culture period in vitro (Pernis et al., 1974).
This observation suggested that T cells were able to bind Ig passively by
its F piece to a cell-surface receptor. Similar conclusions were reached by
Jensenius (1976) who showed that the amount of antigen-specific surface
Ig was markedly reduced on T lymphocytes from bursectomized chickens
in comparison with that present on T lymphocytes of normal chickens.
Several groups have reported that subpopulations of T cells can passively
bind IgG or IgM to their cell surface by means of F, receptors (Stout
et al.,, 1976; Rubin et al., 1976; Moretta et al., 1977). It is on the basis of
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this evidence that many workers in this field believe that most T cell Ig is
passively adsorbed rather than actively synthesized (Vitetta and Uhr,
1975).

A second means of establishing the presence of Ig on lymphocytes is
by determining whether antisera to Ig will block antigen binding or other
T lymphocyte functions. The fact that antiserum to a particular cell mem-
brane component will inhibit lymphocyte functions does not necessarily
show that the molecule in question is the antigen receptor; Bluestein
(1974) was able to show that Fab monomers of anti-H antibodies com-
bined with T lymphocytes but did not block antigen-induced blast trans-
formation. On the other hand, F(ab), fragments or complete Ig did block
proliferation, in accord with the observations of Shevach and Rosenthal
(1973). This resuit suggested that the process of inhibition was associated
with aggregation of specific surface molecules rather than with inhibition
of antigen binding. Bluestein also found that F(ab), dimers inhibited this
T cell dependent response even when added to the cultures up to 3 h after
antigen, again suggesting that the observed inhibition did not reflect inter-
ference with T cell antigen receptors. Most reports of inhibitory effects of
anti-Ig on T cell antigen-binding or function have not been investigated to
the degree reported by Bluestein and the exact mechanism of the observed
inhibition is open to doubt. Not all anti-Ig sera are effective in inhibiting
reactions even in the hands of workers who have demonstrated inhibition
(Hogg and Greaves, 1972). Despite numerous reports of inhibition of
T-cell-mediated reactions by anti-Ig (mostly anti« light chain sera) (cited
by Marchalonis, 1975), these observations remain controversial, especially
in view of the observations that a) some delayed-onset reactions are me-
diated by antibodies (see Sections III and IV) and b) certain aspects of
in vitro models of non-antibody-mediated delayed-onset hypersensitivities
may be associated with B cells (see Sect. V.5.3.c). Many workers have
been unable to demonstrate any effect of anti-Ig sera on T cell functions
(e.g., Crone et al., 1972; Sprent and Miller, 1972a; Vitetta and Uhr, 1975;
Godfrey, 1976a) and clearly, rigid criteria for the specificity of the Ig sera
need to be applied, since the antigens used to raise these sera may contain
cell products not known about, not tested for, and not absorbed against
(Wettstein et al., 1976).

3. Antigen Specificity of T Lymphocyte Responses

One of the reasons for doubt of the role of Ig as a primary T lymphocyte
receptor stems from the markedly different specificities for antigen of
B cell receptors (i.e., serum antibodies) and T cell receptors, as manifested
in various T cell responses in vivo and in vitro. Guinea pigs, following im-
munization with hapten-protein conjugates in CFA, develop antibodies
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capable of recognizing haptens conjugated to other proteins (hapten-
specific antibodies) and DH specific for the immunizing conjugate and for
the unmodified carrier protein (carrier specific DH) (Gell and Benacerraf,
1961a). The animals also develop hapten-specific, antibody-mediated
delayed-onset hypersensitivity (Askenase, 1973). Gell and Benacerraf’s
results were consistent with the hypothesis that the receptors of cells
mediating DH recognized larger determinants than did those of B cells,
though they also suggested that recognition might depend on the succes-
sive responses of two or more kinds of cell.

Schlossman and his associates (reviewed by Schlossman, 1972) investi-
gated the ability of a related series of DNP-polylysines to induce and elicit
B and T cell mediated responses. They found that e-DNP-trilysine and lon-
ger DNP-polylysines could combine with e-DNP-lysine specific antibodies
to mediate passive cutaneous anaphylaxis but could not induce produc-
tion of these antibodies; i.e., these small molecules were not immunogenic.
The shortest material that elicited specific antibodies was the heptamer,
¢-DNP (lys), . This material was also active in the T-cell-mediated reactions
of antigen-induced blast transformation and elicited the production of the
lymphokine, MIF. Schlossman concluded that DNP-specific antibodies
recognized smaller portions of the eliciting antigen than did T lymphocyte
antigen receptors. He also calculated that the difference in the energy of
binding between antibody and DNP-hexalysine or DNP-heptalysine was
only 9% greater for the latter than the former, and that factors other than
binding energy must account fot the marked difference in biologic activity
of the two materials. Further evidence of the difference in specificity of
serum antibodies and T cell-mediated reactions was found when it was
shown that immunization with a-DNP<(lys); and e-DNP«(lys), led to the
production of DNP-specific antibodies in both cases which were completely
cross-reactive, while the DH reactions in vivo and in vitro showed speci-
ficity for the immunizing antigen and could distinguish between a-DNP
and e-DNP. These results again indicate that the T cell antigen receptor of
DH must recognize part of the carrier as well as the hapten. Further evi-
dence that the T lymphocyte receptor recognizes a portion of the carrier
molecule as well as the hapten was obtained by Janeway and Paul (1973).
They immunized guinea pigs with hapten-conjugated mycobacteria, a
method developed by Benacerraf and Gell (1959a,b) to study DH which
could be elicited by hapten on various carrier proteins. Janeway and co-
workers showed this type of DH to be not truly hapten-specific since it
could only be elicited by haptens on certain carriers. This DH was not
elicited by dinitrophenylated mixed polymers of glutamic acid and lysine
nor was it elicited by protein conjugates containing DNP-ala-(gly), . Both of
these conjugates combined readily with anti-DNP antibodies and inhibited
the binding of e-DNP-lysine to them competitively in low concentrations
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(Janeway, 1976). Guinea pigs immunized with DNP-mycobacteria did
have T cells which recognized e-DNP-lysyl and DNP-O-tyrosyl since DNP
conjugates of mixed polymers of L-glutamic acid, L-alanine and L-lysine
or L-glutamic acid, Lalanine and L-tyrosine elicited DH in these animals
and the response to the tyrosine-containing antigen was reversibly lost
after treatment which selectively removed DNP from tyrosine (Janeway
et al., 1975, 1976a). Unconjugated mixed polymers did not elicit DH, an
indication that the T cell receptor recognized the hapten as well as the
carrier. The ability of hapten-conjugates other than the one used for sen-
sitization to elicit T-cell-mediated reactions may not therefore be sufficient
to call a response hapten-specific, since conjugation may generate anti-
genic determinants (epitopes) larger than the hapten itself (Rubin and
Aasted, 1973; Rubin, 1974). It is important to distinguish true specificity
to the carrier (i.e., to an epitope present on the carrier as a native mole-
cule) from this type of carrier-involved specificity.

Janeway and Paul (1976) found that cells recognizing e-DNP-lysyl and
DNP-O-tyrosyl groupings were independent, distinct lymphocyte sub-
populations. Peritoneal lymphocytes from inbred guinea pigs sensitized
with DNP-mycobacteria were cultured with or without antigen for 3 days,
5-bromodeoxyuridine added on day 2 and the cultures exposed to light
24 h later. This procedure prevents further DNA synthesis by cells actively
synthesizing DNA (Zoschke and Bach, 1970). The cells were then washed
and recultured with or without antigen. It was possible to show by this
method that the cells responding to PPD were different from those re-
sponding to DNP conjugates, and those recognizing e-DNP-lysyl-conjugates
were different from those recognizing DNP-O-tyrosyl.

An additional difference in the specificity of B and T cell receptors is
their differential response to dinitrophenylated mixed polypeptides of
D-glutamic acid and D-lysine (DNP-D-GL). Davie et al. (1972) showed
that repeated injections of this material led to long-lasting central suppres-
sion of antibody response. Coken et al. (1973a) then demonstrated that
DH to DNP-GPA was not affected by previous injections of DNP-D-GL
which suppressed the DNP-specific antibody response. Benacerraf and
Katz (1974) similarly showed that DNPD-GL had no effect on the devel-
opment or elicitation of contact sensitivity to dinitrochlorobenzene and
Janeway (1976) confirmed that DNP-D-GL inhibits antibody response to
DNP conjugates without affecting T-lymphocyte-mediated responses.
These results may again suggest that the T lymphocyte receptor does not
recognize only the hapten of hapten-conjugates. However, since conjugates
of D-GL and haptens are generally tolerogenic only for B cells, these
results may imply that tolerance induction in T and B cells occurs by two
different mechanisms (Bullock et al., 1975).
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The question of the existence of hapten-specific T cells is not com-
pletely resolved. Rubin and Wigzell (1973) were able to deplete helper
T cells using cell chromatography over a hapten-protein conjugate different
from the one used for immunization. Doughty and Klinman (1973) also
found low numbers of hapten-specific T cells in mice immunized with
hapten-protein conjugates. Studies using p-azobenzenearsonate-N-acetyl-
L-tyrosine (ABA-tyr) suggested that hapten-specific T cells were generated
in response to immunization with this chemical (Leskowitz et al., 1967;
Alkan et al., 1972; Hanna and Leskowitz, 1973). However, the DH gener-
ated was not to p-azobenzenearsonyl (ABA) alone as primed cells respon-
ded to ABA only on certain carriers (Collotti and Leskowitz, 1970). After
immunization of guinea pigs with a reactive DNP sensitizer in CFA, under
conditions where little DNP antibody was induced, Godfrey (1976b, and
unplublished observations) showed that hapten-dependent T cells mediat-
ing lymphokine release were generated. Lymphokine release by these cells
in response to DNP-containing materials was blocked by DNP-glycine.
Godfrey and Gell (1976) were subseqeuntly able to isolate these hapten-
dependent cells on DNP-polyacrylamide beads and elute them with DNP
glycine; TNP-polyacrylamide beads did not bind lymphokine-releasing
cells but did bind DNP-rosette-forming cells. These observations were con-
sistent with the conclusion that these hapten-dependent T cells were
hapten-specific. On the other hand, DNP-rosette formation could be
inhibited by an anti-guinea pig x chain antiserum (Gell and Godfrey, 1974;
Godfrey, 1976a) as well as by DNP glycine. It was concluded that the
hapten-specific receptors of these DNP-rosette-forming cells were similar
to serum antibodies. Many workers have been able to bind T cells to small
haptenic molecules (Rutishauser and Edelman, 1972; Mdller, 1974; Roe-
lants and Ryden, 1974, Roelants et al., 1974) but no functional studies
have been carried out on these cells. Recently Burakoff et al. (1976) have
described hapten-specific T-cell-mediated cytolytic activity in mouse cells
sensitized to TNP-conjugated cells of one H-2 type in vitro and tested with
TNP-conjugated, histoincompatible cells. However, using a similar cyto-
lytic system, Rehn et al. (1976) found the specificity of receptors to be
against larger antigenic determinants than the haptenic molecule alone.
In general, it has been difficult to document the existence of T cells recog-
nizing only the hapten and no part of the carrier of hapten-carrier conju-
gates (Janeway et al., 1976a).

T cell responses to related haptens such as TNP and DNP can often be
more specific than serum antibodies to these compounds (Benacerraf and
Gell, 1959a,b; Little and Eisen, 1969; Fleischman and Eisen, 1975; God-
frey, 1976a,b). In clear-cut T-lymphocyte-mediated responses such as con-
tact sensitivity (Asherson and Zembala, 1974, Godfrey, 1976a,b; Claman,
1976) or cell-mediated cytolysis (Forman, 1977; Wagner, personal com-
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munication), TNP- and DNP-dependent DH reactions show strict speci-
ficity and few crossreactions between these two haptenic groupings are
found. These reports indicate that T cell antigen receptors are as able as
B cell antigen receptors to distinguish subtle differences between antigens.

Certain observations interpreted as indicating that antigen recognition
by T cells is less specific than antigen recognition by B cells may be open
to other interpretations. For example, Janeway and Paul (1976) found that
s~msitization of guinea pigs with DNP-mycobacteria induced sensitized
cells that were equally stimulated by DNP- and TNP-containing conjugates
but it is not clear that the same populations of cells recognized both hap-
tens. A somewhat similar situation occurs when guinea pigs are immunized
with reactive DNP compounds in CFA (Godfrey and Baer, 1971) or with
DNP conjugates (Gell and Benacerraf, 1961b; Fleischman and Eisen, 1975).
These animals develop delayed-onset hypersensitivities to both DNP and
TNP conjugates. In this case, responses to TNP conjugates may represent
a non-T-cell response to antigen, mediated either by cytophilic antibodies
(Askenase, 1973) or by B cells with Ig antigen receptors (McMaster et al.,
1977b) since the antigen specificity of the response resembles that of
serum antibodies raised against DNP which show considerable cross reactiv-
ity for TNP (Little and Eisen, 1969). A third type of experiment- purport-
ing to show the lesser specificity of T cell antigen recognition as compared to
B cell specificity has involved studies on the immune response to mammalian
erythrocytes (Hoffman and Kappler, 1972; Falkoff and Kettman, 1972,
Parish, 1972b) or Salmonella flagellins (Parish, 1972a; Parish and Liew,
1972). Rather than indicating that antigen recognition by T cells is less spe-
cific than that of B cells, the observed differences in T and B cell specificity
to thesecomplex antigens may be due to Tand B cells recognizing completely
different epitopes on the molecule (Langman, 1972).

As an example of the last point, Senyk et al. (1971) have analyzed the
immune response to a simple natural antigen, bovine glucagon. Immuniza-
tion of guinea pigs with bovine glucagon and synthetic and tryptic pep-
tides related to it showed that most of the antibody raised against this
29 amino acid peptide was directed against the amino-terminal part of the
molecule, while most of the DH was directed against the carboxy-terminal
part of the antigen. This difference in recognition of epitopes between B
and T cells may be due to factors such as mode of presentation or route of
administration, and not solely to differences in the determinant B and
T cells are able to recognize. For example, in the case of bovine glucagon
injected in CFA, small amounts of antibodies were found with specificity
for the carboxy-terminal portion of the molecule and a small amount of
DH was directed against its amino-terminal end. If the molecule was con-
jugated to a carrier and injected in CFA, antibodies to both determinants
were elicited but no DH was found (Senyk et al., 1972).
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Studies of guinea pigs immunized with simple chemicals such as ABA-
tyr and L-tyrosine-p-azophenyl-trimethylammonium chloride have shown
that immunization causes clonal expansion of both B and T cells specific
for a given determinant but that the mode of administration of the deter-
minant activates preferentially one or the other class (Prange et al., 1977a).
These conclusions are similar to those derived from the analysis of the im-
mune response to glucagon. Injection of the simple chemicals themselves
in CFA induced DH, no serum antibody, but caused increases in the num-
bers of B and T cells which reacted with them. Injection of conjugates of
the simple chemicals with proteins induced serum antibodies as well as
DH; expansion of specific clones of B and T cells was only two-fold larger
than that observed after immunization with the simple chemicals alone.
It is clear that while B cell and T cell receptors can recognize the antigen
itself, expression of this recognition depends on other conditions associated
with induction of the immune response.

Further evidence for similarities of antigen recognition sites between
B and T cells was obtained by Rajewsky and co-workers (Rajewsky and
Pohlit, 1971; Rajewsky and Mohr, 1974) after studying the cross-induc-
tion and cross-tolerance of various albumins at the cellular level. They
concluded that both B and T cells could recognize the same epitopes with
the same refined specificity, a conclusion also reached by others (Wein-
baum et al., 1974).

To summarize, T cells and B cells appear to recognize antigens some-
what differently. The data indicate that the antigen receptors of T lym-
phocytes are able to discriminate between closely related epitopes as well
as can those of B lymphocytes. Furthermore, T cells and B cells can recog-
nize the same determinants, i.e., they have similar “dictionaries” of anti-
gens to which they are able to respond (Roelants et al., 1974). T cells may
recognize larger antigenic groupings than do B cells and this ability is
reflected in the specificity of their antigen receptors. Alternatively, T and
B cells may recognize large epitopes equally well, but B cells can also
recognize smaller ones.

4. Role of the Major Histocompatibility Complex in Antigen Recognition
by T Lymphocytes Involved in Delayed Hypersensitivity

a) Regulation of Immune Responses by Genes Located in the Major Histo-
compatibility Complex. Studies of the induction of DH in genetically
defined animal strains to structurally simple antigens such as synthetic
polypeptides have shown that certain strains fail to respond to a specific
antigen. For example, guinea pigs of the Sewell-Wright strain 2 respond to
random copolymers of glutamic acid and alanine (GA) but not to copoly-
mers of glutamic acid and tyrosine (GT) while strain 13 guinea pigs respond
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to GT and not to GA (Bluestein et al., 1971 ; reviewed by Beracerraf and
McDevitt, 1972). Similar deficiencies in immune response are seen in mice
(Benacerraf, 1973) and have been observed in response to more than
40 antigens. The ability to respond to a specific antigen is genetically
dominant to the inability to respond and is ascribed to the presence of
specific immune response (Ir) genes in responding strains; the Ir genes map
in the | region of the MHC (Benacerraf, 1973). Recent studies in mice
have indicated that in addition to Ir genes, I regions contain other genes
which regulate specific suppressive responses (e.g., Debre et al., 1975).
Ir genes have been found in all the higher vertebrates where they have
been sought and their presence is inferred in man (Munro and Bright, 1976).
The H antigen encoded in the I region are termed fa antigens. In guinea
pigs and mice, it has beenshown that an intimate association exists between
Ir gene product function and Ia antigens, asresponse to antigens controlled
by Ir genes is specifically blocked by alloantisera to Ia antigens (Shevach
et al.,, 1972; Schwartz et al.,, 1976). These studies have been recently
extended to show that associations exist between specific Ir genes and
individual Ia specificities in the guinea pig (Shevach et al., 1977).

b) Recognition of Major Histocompatibility Antigens by T Lymphocyte
Subpopulations. T cells which proliferate in MLR in mice respond to dif-
ferences in Ia antigens; a comparable situation exists in man (Bach et al.,
1972a,b; Schwartz et al., 1976). In mice, these T lymphocytes belong to
the Ly-1* subpopulation, a T cell subpopulation containing cells active in
DH to proteins or heterologous erythrocytes, cells able to secrete lympho-
kines in response to antigenic stimulation, and helper or amplifier regula-
tory cells (Cantor and Boyse, 1975a; Jandinski et al., 1976; Newman et al.,
1978). There is evidence that some of these functions may be represented
by distinct Ly-1* subgroups (Vadas et al., 1976). MLR in man has similarly
been associated with a specific T cell population (Evans et al., 1977).
Cytotoxic T lymphocytes recognize different H antigenic determinants
from those recognized by Ly-1* lymphocytes, since adsorption of lym-
phoid cells on HLA-bearing monolayers abolishes subsequent cytotoxic
activity without affecting subsequent MLR activity (Zoschke and Bach,
1971). Cytotoxic T lymphocytes respond to differences in H antigens en-
coded in the K and D regionsof the MHC. These T cells belong to the Ly-2*3*
subpopulation, a subpopulation which also contains suppressor regulatory
cells and cellsable to secrete lymphokines in response to antigenic stimula-
tion (Cantor and Boyse, 1975a; Huber etal., 1976b; Newman et al., 1978).

c) Participation of Major Histocompatibility in T Lymphocyte Antigen
Recognition. Several lines of evidence indicate that as many as 4%—12%
of unprimed lymphocytes are specifically reactive to allogeneic antigens
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encoded by the MHC (Simonsen, 1967; Wilson et al., 1968; Atkins and
Ford, 1975; Ford et al., 1975). The frequency of T lymphocytes responding
to cell-surface alloantigens encoded by the MHC is 100—1000 times greater
than the frequency of T cells responding to other antigens. For example,
only 0.003%—0.12% of the cells in an unstimulated mouse lymph-node
cell population were precursors to CL recognizing TNP-conjugated target
cells (Lindahl and Wilson, 1977b), a number similar to that obtained for
cells from unstimulated animals able to bind radioactive TNP (Roelants
and Ryden, 1974; Roelants et al., 1974). The same authors estimated that
0.4%—1% of unprimed lymph-node cells were precursor cells to CL with
specificity for an H antigen encoded by the MHC; this fraction represented
a substantial proportion of the precursor cells present, given the diversity
of allogeneic H antigens. Solely on the basis of the available numbers of
T lymphocytes, it has been suggested that the same clones of T cells that
recognize MHC alloantigens also recognized conventional antigens (Simon-
sen, 1967; Heber-Katz and Wilson, 1976; Wilson et al., 1977).

Recent experimental evidence has confirmed that T cell recognition of
“conventional” (non-MHC) antigens is linked to MHC gene products.
‘Mouse T-CL derived by conventional in vivo primary procedures and nom-
inally specific for target cells either modified by virus infection (Doherty
and Zinkernagel, 1975; Zinkernagel and Doherty, 1975; Koszinowski and
Thomssen, 1975), reactive chemicals (Shearer et al., 1975; reviewed by
Shearer et al.,, 1976) or differing in minor histocompatibility antigens
(Bevan, 1975; Gordon et al., 1976) expressed their lytic activity only
when effector and target cells had the same H2K or H2D MHC antigens.
Similarly, cytolysis of tumor cells by syngeneic T-CL required recognition
of MHC antigens as well as tumor-specific antigens (Germain et al., 1975;
Schrader and Edelman, 1975). This association between recognition of
antigen and MHC-encoded antigens might derive from the necessity for
antigens recognized in the secondary, eliciting phase of the immune re-
sponse to be the same as those recognized in the primary, inducing phase.
Evidence for this hypothesis was obtained by in vitro sensitization of
T lymphocytes from irradiated F, mice reconstituted with bone marrow
from one of the parental strains (Pfizenmaier et al., 1976; Zinkernagel,
1976; von Boehmer and Hass, 1976). As a result of development in the F,
environment, the parental cells were tolerant of the H antigens of the
other parent and could be sensitized to virally infected or chemically
modified cells of the tolerated allogeneic antigens. T-CL generated after
such sensitization preferentially lysed suitably modified allogeneic rather
than syngeneic cells. The cell whose MHC encoded antigens are chemically
modified may be a macrophage since conjugated peritoneal macrophages
but no peritoneal lymphocytes could elicit in vitro responses to contact
sensitizers (Thomas et al., 1977a).
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A similar association between that recognition of conventional anti-
gens and MHC encoded antigens was found by Miller et al. (1975b, 1976,
1977) in their studies on the transfer of DH between different strains of
mice. DH to protein or polypeptide antigens could be transferred only
between mouse strains syngeneic for the I region of the MHC while the
transfer of DH to contact sensitizers required identity at either I, K, or
D regions. These MHC constraints presumably arose from the MHC con-
text of primary sensitization of T cells: if F; thymocytes were sensitized
in nude mice of one parental strain, they could passively transfer DH only
to recipient mice of that parental strain and not to recipient mice of the
other strain. Control experiments made it unlikely the inability to transfer
DH was due to rejection of the transferred cells, loss into areas such as the
spleen or recruitment into MLR (Vadas et al., 1977). The MHC constraints
are likely to function at the level of interaction between antigen-present-
ing macrophages of the recipient at the test site and antigen-sensitive
donor T lymphocytes. This interpretation is consistent with the observa-
tion that F; mice heterozygous for a given Ir gene could transfer DH only
to recipients with the responder parental genotype (Vadas et al., 1977)
and not to recipients of nonresponder parental genotype. If the Ir gene
functioned at the T cell antigen receptor level, one would expect that F,
animals would have receptors capable of recognizing antigens in associa-
tion with nonresponder MHC antigens. Similar conclusions were reached
by Shevach (1976) using an in vitro assay of T cell activation.

There is further evidence that MHC restriction in secondary DH re-
sponses arises from the requirement of antigen presentation to T lympho-
cytes by macrophages. Paul et al. (1977) have found that there are inde-
pendent populations of antigen-reactive T lymphocytes that can be acti-
vated to undergo proliferation in response to antigen-pulsed parental
macrophages. Since MHC antigens of both parental types occur on F,
macrophages, these results suggest that each T lymphocyte population was
primed by macrophage-presented antigen associated with MHC coded
antigens of one or the other parental type. Secondary response of such
T cells occurs only with macrophage-presented antigen associated with the
same parental histocompatibility type as was seen in the primary response.
Additional support for this concept comes from the work of Thomas and
Shevach (1977) who showed that T lymphocytes of inbred guinea pigs
could be primed in vitro by allogeneic TNP-macrophages, if T lymphocytes
reactive to MHC differences were deleted; these primed cells subsequently
responded only to TNP-allogeneic macrophages with the same MHC type
used for priming and not to TNP-conjugated syngeneic macrophages.

Using this same experimental protocol, Thomas et al. (1977b) found
that antisera directed against macrophage la antigens eliminated the re-
sponse of the primed T cells to TNP-allogeneic macrophages, while antisera
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directed against responder T cell Ia antigens were without effect. These
findings suggested that macrophage Ia antigens were more important for
efficient T cell-macrophage interaction than T cell Ia antigens. In fact,
inactivation of Ia* T cells with the appropriate antisera and complement
either before or after priming had no effect on the ability of the remaining
T lymphocytes to be primed or restimulated with TNP-conjugated macro-
phages. Yamashita and Shevach (1977b) subsequently reported that a sub-
population of peritoneal exudate macrophages which displayed Ia antigens
were of critical importance in presenting antigens to T lymphocytes: after
removal of this subpopulation with anti-la sera and complement, the re-
maining macrophages, though actively phagocytic, were markedly deficient
in their ability to present antigen to sensitized T lymphocytes and to func-
tion as stimulator cells in MLR. This observation again emphasized the
critical importance of macrophage Ia antigens in the activation of T cells
to protein and cell-associated antigens.

T lymphocyte antigen recognition therefore seems to involve both
recognition of antigenic determinants and the MHC antigens in which con-
text these other antigens are originally presented to the T lymphocyte by
the macrophage.

5. Chemical Nature of T Lymphocyte Antigen Receptor

Since T lymphocytes recognize conventional antigens in the context of
MHC gene products, it might be supposed that the T lymphocyte antigen
receptor consists of two genetically separate receptor molecules rather
than a single one (Wilson et al., 1977; Janeway et al., 1976b). Evidence as
to the number of antigen-recognition structures on the T lymphocyte sur-
face is incomplete and the question remains unresolved at present. How-
ever, some studies with T-CL recognizing TNP-modified cells suggest a
single receptor may be sufficient for cellular cytolysis to occur (Zinker-
nagel, 1976; Pfizenmaier et al., 1976).

It is now generally accepted that the antigen receptor of T lympho-
cytes is not an Ig molecule with identifiable x or A light chains and that
T lymphocytes do not bear endogenously secreted surface Ig (Binz and
Wigzell, 1976). On the other hand, several laboratories have demonstrated
that serum antibodies and T lymphocyte receptors directed against the
same antigen are coded for by at least one of the same variable gene sub-
sets (Binz and Wigzell, 1975a,b,c; Binz et al., 1975, 1976; Eichmann and
Rajewsky, 1975; Black et al., 1976; Himmerling et al., 1976; Binz and
Wigzell, 1976; A.F. Geczy et al., 1976; Krawinkel et al., 1977a,b; Prange
et al, 1977b). These experiments have usually utilized anti-idiotype anti-
bodies directed against the unique determinants of a particular V region
of an antibody molecule, presumably those at or near the antigen binding
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site (Hopper and Nisonoff, 1971), but antibodies against other V region
antigens have also been used successfully.

Binz and Wigzell (1975a) showed that rat IgG anti-idiotype antibodies
raised against rat antibodies specific for a rat alloantigen, bound to T lym-
phocytes, and blocked GVH reactions in vivo and MLR in vitro. These
results suggested the presence on T lymphocytes of receptor molecules
with V regions similar to those on Ig of the same specificity. A.F. Geczy
et al. (1976) reached similar conclusions using strain-specific, guinea pig
anti-idiotype antibodies raised against antibodies to hapten-protein con-
jugates; such anti-idiotype antibodies were absorbed by T lymphocytes
from hapten-sensitized guinea pigs and blocked antigen-induced prolifera-
tion by T lymphocytes. The results of Eichmann and Rajewsky (1975)
also showed similarity of V regions between mouse serum antibodies and
T cell antigen receptors but in this case guinea pig IgG,; anti-idiotype anti-
bodies were found to induce sensitivity to a streptococcal antigen rather
than suppress it. Binz and Wigzell (1976) have found that cultured normal
T cells shed molecules which bind to immunoabsorbants made with the
same anti-idiotypic antibodies against rat alloantigen antibodies which
inhibited MLR; these T-lymphocyte-derived molecules also bind specifi-
cally to rat alloantigens. This antigen binding material was found to con-
tain three molecular species on gel electrophoresis, of molecular weights
150,000, 70,000 and 30,000—40,000. The largest species consisted of disul-
fide-bonded dimers of the 70,000 dalton species, while the smallest material
appeared to represent degradation products of the 70,000 dalton species.
The only detectable antigenic markers on the 150,000 dalton molecules
were variable-region Ig (anti-idiotypic); immunoabsorbants with antibodies
to conventional polyvalent Ig antigens, or «, A, or Ia antigens did not bind
these molecules. Rajewsky and co-workers (Krawinkel et al., 1977a,b) also
found that isolated shed antigen receptors from T lymphocytes did not
show antigenic markers for conventional Ig, light chains or H antigens.

6. Comment

We can summarize this section by stating that the T lymphocytes of DH are
able to recognize a wide variety of protein antigens and H antigens with
similar subtlety of discrimination as B lymphocytes. The primary antigenre-
ceptor of these T cells is not Ig but is coded for by the same variable region
genesused by Bcells for Ig. T lymphocytes initially recognize “‘conventional”
antigens in association with H antigens; on subsequent antigen exposure
T cells will respond to these antigens only if they are presented in the same
context of H antigens as initially. This linkage of recognition of Hantigens
and “conventional” antigens by T cells is in contrast to antigen recognition
by B cellswhich does not depend on any associated recognition of Hantigens.
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D. Histopathology of Delayed Hypersensitivity Reactions

The histopathology of DH reactions is somewhat variable, both from spe-
cies to species and from tissue to tissue within a given species, according
to the techniques used. Typical cutaneous lesions of DH in guinea pigs and
man 24 h after testing are composed predominantly of perivascular infil-
trates of mononuclear cells in the deep dermis, often with more macro-
phages than lymphocytes (Gell, 1959; Turk, 1975; Cohen, 1977). In mice,
however, the cellular infiltrate of DH contains many polymorphonuclear
leucocytes (Crowle, 1975). Lymphocytes are the predominant infiltrating
cell in DH reactions associated with experimental autoimmune throiditis
or adrenalitis (Werdelin and McCluskey, 1971). Basophils, though promi-
nent in cutaneous DH reactions to contact sensitizers in guinea pigs and
man (Dvorak et al., 1971; Dvorak et al., 1974a), are found to a much
smaller extent in other organs (Dvorak et al., 1977).

Common to all DH reactions, however, is the local interaction of a
small number of sensitized lymphocytes with specific antigen which leads
to the generation of an inflammatory response at the reaction site. In the
following sections we will touch on some of the more prominent histo-
pathologic characteristics of cutaneous DH reactions in guinea pigs and man.

1. Cellular Infiltrates in the Dermis

Cutaneous DH reactions in guinea pig or man, whether elicited by contact
allergens or intracutaneously injected antigens have been described as
beginning with perivascular infiltrates of polymorphs and mononuclear
cells 4—8 h after testing (Gell and Hinde, 1951; Waksman, 1960; Boughton
and Spector, 1963; Turk et al., 1966a; Dvorak et al., 1974a), leading over
the next few hours to mononuclear predominance, presumably owing to
the retention of mononuclear cells. The distribution of these initial infil-
trates depends on antigen distribution (Waksman, 1960; A.M. Dvorak et al.
1976). In man, intracutaneously injected antigens are associated with
more intense reactions in the deep dermis while contact allergens are asso-
ciated with an initial perivenular and perivenous cuffing of mononuclear
cells in the superficial dermis (Dvorak et al., 1974a). The vessels of the
superficial dermis which are involved in DH reactions belong to the super-
ficial venular plexus, a vascular system oriented parallel to the skin surface
and located at the juncture of the (upper) capillary dermis and (lower)
reticular dermis (4.M. Dvorak et al., 1976). Perivascular infiltrates increase
progressively in intensity and extent, reaching their maxima at 12—-24 h
in the guinea pig and at 2 days for intradermal antigens or 3—6 days for
contact allergens in man (Dvorak et al., 1974a; Turk, 1975). In both
guinea pig and man, macrophages are prominent in the mononuclear cell
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infiltrate in response to intracutaneous antigen while small and medium
lymphocytes predominate after contact allergen exposure. In guinea pig
contact reactions, the infiltrating mononuclear cells tend to form a diffuse
band in the upper dermis immediately under the epidermis, rather than
remaining localized to the perivenular areas as in man. Although it is dif-
ficult to separate mononuclear cells into lymphocytes and macrophages in
skin sections on purely morphologic grounds in light microscopy, such dif-
ferentiation is possible if special histochemical techniques or electron
microscopy are used. With these techniques, it was found that perivascular
mononuclear cell infiltrates in guinea pig DH reactions contained many
more macrophages than did comparable infiltrates in man (Goldberg et al.,
1962; Turk et al., 1966a,b; Dvorak et al., 1974a).

The localization of intervascular mononuclear infiltrates depends on
antigen localization, intracutaneous antigen being associated with infil-
trates extending into the deep dermis and subcutis while contact allergens
are associated with heavy infiltrates in the superficial dermis and epider-
mis (Dvorak et al., 1974a; A.M. Dvorak et al., 1976; HF. Dvorak et al.,
1976).

In man and guinea pig, basophilic leukocytes are also often present in
the dermal cellular infiltrate of DH reactions as early as 8 h, initially local-
ized to the perivascular cuff. They are commonly present at 24 h and
reach a maximum at 72 h (Richerson et al., 1970; Dvorak et al., 1970,
1971, 1974a; Dvorak and Mihm, 1972; Askenase, 1977). In the guinea pig,
basophils are commonly seen in DH reactions occurring after immuniza-
tions with low doses of antigen in saline or in IFA, in contact sensitivity
and in rejection of tumors and tissue grafts, while they are less common in
DH reactions elicited by microbial antigens such as PPD. Basophilic infil-
trates in guinea pig DH reactions are localized to the upper dermis where
they may account for 90% of the infiltrating cells (Askenase, 1977). These
infiltrates do not correspond exactly to the distribution of antigen in the
skin (Stadecker and Leskowitz, 1973). In man, in contrast to the guinea
pig, no more than 15% of the infiltrating cells of contact reactions are
basophils, basophils are frequently present in DH reactions to microbial
antigens and are randomly distributed in the intervascular dermis (Dvorak
et al., 1974a; Askenase and Atwood, 1976). Clearly, the significant differ-
ences in the frequency and localization of basophils in the cellular infil-
trates of DH both in man and guinea pigs suggests that classifications of DH
based on tissue basophilia may be of limited usefulness (see also Sect. V.B.6
for further discussion of basophils in DH reactions). Limited electron
microscopic observations suggest a slow degranulation of basophils in
human contact dermatitis; 40% of basophils were found fully granulated
in 24 h reactions and less than 10% degranulated while these frequencies
had more than reversed in 72 h reactions (H.F. Dvorak et al., 1976).
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2. Cellular Infiltrates in the Epidermis and Epidermal Cell Alterations

In DH reactions to intracutaneously injected antigens, there are fewer in-
filtrating cells in the epidermis than in the dermis. Dienes and Mallory
(1932) found evidence of cell death in the basal layer between 7and 12 h
after testing sensitized guinea pigs and by 24 h small numbers of mono-
nuclear celsl had infiltrated the epidermis. Polymorphonuclear leukocyte
infiltration was most intense near areas of degenerating basal cells. Turk
(1975) mentions a marked thickening of the epidermis at the site of
strong DH reactions to tuberculin. In man, Dvorak et al. (1974a) found
relatively mild epidermal changes during DH reactions to injected antigens
in comparison to events in the dermis: patchy zones of intercellular edema
were common as were small mononuclear cell infiltrates, while focal zones
of vesiculation and granulocyte infiltrates were not; 30%—50% of the reac-
tions, showed epidermal thickening at the site of the reaction. Epidermal
thickening has been thought to result from epidermal and dermal damage
(Turk, 1975).

During DH reactions to contact sensitizers there are striking altera-
tions in the epidermis. There are focal zones of intercellular edema 6—8 h
after contact testing in both guinea pig and human reactions involving
primarily the Malphigian layer and to a lesser extent the basal layer of the
epidermis; in man changes in hair follicle epithelium and sweat ducts
occur earlier and are more severe than in other parts of the epidermis
(Dvorak et al., 1974a; Turk, 1975). At about this time (6—8 h), mono-
nuclear cells appear in the epidermis of guinea pig and man; in both spe-
cies, the mononuclear cell infiltrates are composed primarily of lympho-
cytes. Mononuclear cell infiltration of the epidermis is maximal at about
24 h in the guinea pig and at 72 h in man (Dvorak et al., 1974a; Turk,
1975). Basophils are sometimes present in the epidermal infiltrate and can
comprise up to 20% of the infiltrating cells but polymorphs are rare in the
absence of significant epidermal necrosis. Human contact reactions usually
show grossly visible vesicle formation, guinea pig reactions microscopic
vesicle formation (Fisher and Cooke, 1958; H.F. Dvorak et al., 1976). The
epidermis is probably a main site of hapten attachment and is certainly
severely damaged as a result of the immune reaction (Godfrey, unpub-
lished observations). By 48 h in the guinea pig (Flax and Caulfield, 1963)
and by 72 h in man (Dvorak et al., 1974a), increased cell division in the
basal layer is noted with the production of epidermal hyperplasia and
hyperkeratosis.

3. Microvascular Changes

Voisin and Toulet (1960,1963) showed that increases in capillary permeabil-
ity to serum proteins occur at the site of DH reactions. These observations
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have been repeatedly confirmed (Willms-Kretschmer et al., 1967; Wiener
et al., 1967; Morely et al., 1972; Colvin and Dvorak, 1975). Vascular leak-
age attributable to specific immunologic reactivities is first detected 6—12 h
after skin test in the guinea pig, becomes maximal at 18—24 h and remains
increased even at 48 h. The vascular permeability changes are not affected
by conventional antihistamines which block H-1 histamine receptors
(Askenase, 1977). In DH reactions of man, 4. M. Dvorak et al. (1976) have
demonstrated the formation of gaps between the endothelial cells of the
superficial capillary-venules (vessel loops in the upper dermis which con-
nect arteriolar and venular branches of the superficial vascular plexus) as
a likely cause of the increased vascular permeability. This increased perme-
ability is likely to account for the edema seen in the upper dermis (Black
et al., 1963; Dvorak et al., 1974a), as well as the extreme vascular compac-
tion and erythrocyte extravasation noted mainly in superficial capillary-
venules but also in the superficial venular plexus. Another result of the
increased vascular permeabiltiy in DH is the leakage of fibrinogen into
sites of DH reactions (Colvin and Dvorak, 1975). Dvorak and co-workers
(Dvorak and Mihm, 1972; Colvin et al., 1973, Dvorak et al., 1974a; Colvin
and Dvorak, 1975) established that fibrin deposition in the intervascular
portion of the dermis was a regular feature of DH reactions in man and
guinea pig. Fibrin was not observed in the perivascular zones of the super-
ficial venous plexus which contained the highest density of infiltrating
cells nor was it present in blood vessel walls. Its distribution was therefore
quite different from the intraluminal thrombi and vessel wall fibrin depos-
its that have been described in antibody-mediated hypersensitivities
(Peters, 1975). Extravascular fibrin was detectable as early as 4—8 h after
testing using fluorescent antibody techniques in both guinea pig and
human DH reactions and was regularly detectable at 24 h using improved
light microscopic techniques. No deposition of Ig or complement compo-
nents was seen in DH reactions. Fibrin deposition is likely to play an im-
portant role in DH reactions since anticoagulants are known to inhibit the
expression of these reactions in animals (Coken et al., 1967; Schwartz and
Leskowitz, 1969). The local induration seen in DH reactions may be a re-
sult of the insertion of a meshwork of hydrophilic immobile molecules in
the dermal ground substance between the collagen bundles (Colvin and
Dvorak, 1975). Since DH reactions containing many basophils are grossly
less indurated than other DH reactions and contain less fibrinogen (Colvin
and Dvorak, 1975), it might be hypothesized that basophils contain plas-
minogen activators capable of activating tissue fibrinolysis; such basophil-
associated plasminogen activators have been recently observed by Oren-
stein and Dvorak (personal communication). The mechanism by which
clotting is initiated in the tissues is unknown.
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During DH reactions in the skin, the endothelial cells of the vessels
which are the site of perivascular cuffing by lymphocytes, become swollen
and increase in height and show increase in organelles, especially ribosomes
(Gell, 1959; Willms-Kretschmer et al., 1967; Wiener et al., 1967; Dvorak
et al.,, 1976). The enlarged endothelial cells buige into the vessel lumen,
sometimes compromising it. Necrosis of endothelial cells sometimes occurs
(Waksman, 1963). Autoradiographic study of endothelial proliferation in
DH reactions in guinea pigs has documented activation of venule endothe-
lium and synthesis of DNA within 12 h of skin testing (Polverini et al.,
1977).

4. Comment

The histopathology of DH reactions indicates that they are more than
simple infiltrations of lymphocytes and macrophages, and that basophils,
the microvasculature, and the clotting system all have roles in producing
the gross lesion. The local induration of DH in particular is likely to be
a result of the presence of extravascular fibrin rather than of cellular
infiltration.

E. Lymphokines

Lymphokines are nonimmunoglobulin effector molecules generated by
activated lymphocytes (Dumonde et al., 1969). They are generated as a
result of lymphocyte activation by mitogens, soluble protein antigens, or
various cell-associated antigens (such as H antigens, tumor-specific anti-
gens, contact sensitizers, viruses) (David et al., 1964a; Ruddle and Waks-
man, 1968; Granger and Kolb, 1968; Kronman et al., 1969; Malmgren
et al., 1969; Geczy and Baumgarten, 1970; David and David, 1972; Evans
and Alexander, 1972, Godfrey, 1976b). Recent studies have indicated
that synthesis and secretion of effector molecules may be a general prop-
erty of activated cells and the terms monokines (for products of activated
monocytes-macrophages) and cytokines (for products of activated non-
lymphoid cells) have been proposed (Waksman and Namba, 1976).

As a result of the definition of various mediator substances on the
basis of their cell type of origin or on the basis of biologic activity, it is
not yet certain how many chemically distinct lymphokines there may be
for each activity and rigid classification is premature. However, several of
these mediators have been purified, some to the degree that antibodies
have been raised against them so that their role in DH in vivo is beginning
to be clarified. A very general classification of lymphokines on the basis of
biologic activities is, however, helpful in discussing them. On such classifi-
cation and some examples of each class might be:
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1) Inflammatory, including factors active in vivo (skin reactive factor)
or acting on inflammatory cells in vitro (MIF, macrophage agglutination
factor, macrophage activation factor, various chemotactic factors).

2) Cytotoxic (lymphotoxin).

3) Mitogenic (mitogenic factor).

4) Regulatory (various factors enhancing or suppressing antibody and
DH responses).

This is not an exhaustive classification; e.g., interferon, an anti-viral
factor reieased by lymphocytes after antigenic or mitogenic stimulation,
has been omitted (Epstein et al., 1974). There is, however, some evidence
that it may function as a regulatory lymphokine (Johnson et al., 1975).

1. Characterization of Lymphokines

Lymphokines are proteins, synthesized de novo after lymphocyte activa-
tion and lymphokine activities are destroyed by proteolytic enzymes
(Bloom and Glade, 1971). If guinea pig lymphocytes are treated with
actinomycin D (an inhibitor of DNA-dependent RNA synthesis) or puro-
mycin (an inhibitor or protein synthesis) before antigen or mitogen stimu-
lation, they do not then produce MIF. Sorg and Geczy (1976) have shown
that a specific anti-guinea pig lymphokine antibody combined only with
newly synthesized proteins present in stimulated lymphocyte culture fluids.

Lymphokines with the same biologic activity often differ chemically
and physically from species to species. For example, guinea pig and mouse
MIF are glycoproteins as judged by isopycnic centrifugation while human
MIF is not (Remold et al., 1970; Rocklin et al., 1972; Kiihner and David,
1976). Furthermore, guinea pig and mouse MIF activity is localized to
molecules of 65,000 daltons and/or of 45,000 daltons (Sorg and Geczy,
1976; Kiikner and David, 1976; Remold and Mednis, 1977) while human
MIF is associated with a single molecular species of 25,000 daltons (Rock-
lin et al.,, 1972). The activity of lymphotoxin, a cytotoxic lymphokine,
is associated with a protein of about 43,000 daltons in mouse and guinea
pig preparations (Goguel and Nauciel, 1974; Gately and Mayer, 1974;
Trivers et al., 1976); in human material, such activity is associated with
molecules of 80,000—-90,000, 50,000 and 10,000—15,000 daltons (Hise-
rodt et al., 1976). A similar diversity in estimated molecular weights has
been found in molecules having activity as macrophage chemotactic fac-
tors (discussed in Leonard and Meltzer, 1976); in this case activity in
murine preparations is associated with molecules of about 40,000 daltons,
while activity in human and guinea pig preparations is associated with
molecules of 13,000 daltons.

Despite this variation in the chemical and molecular properties of lym-
phokines from species to species, within a given species a given activity
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usually has the same molecular attributes independent of the inducing
stimulus. Human monocyte chemotactic factor had similar physicochemi-
cal characteristics whether it was derived from B cells or T cells (Altman
et al., 1975). Antisera prepared against antigen-induced guinea pig MIF
adsorbed mitogen-induced guinea pig MIF (Geczy et al., 1975). C L. Gately
et al. (1975) have also observed that antigen-induced and mitogen-induced
lymphotoxin were physically as well as antigenically identical. On the
other hand, C L. Geczy (1977) found that antigen-induced mitogenic fac-
tor in guinea pigs was physically and antigenically distinct from mitogenic
factor generated during MLR.

2. Antigens Expressed on Lymphokines

Lymphokines from different species with similar biologic activities are
usually antigenically different. Sorg and Geczy (1976) found that rabbit
anti-guinea pig lymphokine antibody did not cross-react with products of
activated human or murine lymphocytes. M.K. Gately et al. (1975)
showed that antibody to guinea pig lymphotoxin did not neutralize mouse
lymphotoxin. In contrast to the species specificity of rodent lymphokines,
human MIF can be assayed using guinea pig macrophages (Thor et al.,
1968), monkey MIF released by virus infected cells has been reported to
cross-react with guinea pig MIF (Yoshida et al., 1975) and human lympho-
toxin affects cells of human and rodent origin (Granger and Jeffes, 1976).
As a result of improved isolation techniques and the availability of specific
antisera, the various lymphokine activities of lymphocyte culture super-
natants have been separated from each other. Guinea pig macrophage
chemotactic factor, MLR-mitogenic factor, antigen-induced mitogenic fac-
tor, lymphotoxin, MIF and macrophage agglutination factor are antigenic-
ally distinct molecules with molecular weights ranging from 13,000 to
over 100,000 (Gately and Mayer, 1974; C L. Gately et al., 1975, 1976;
M.K. Gately et al., 1975; G.L. Geczy etal., 1975, 1976a,b; Postlethwaite
and Kang, 1976; Kurasuji et al., 1976; Geczy, 1977; Godfrey and Geczy,
unpublished observations). In other species, however, isolation procedures
have indicated that multiple lymphokine activities may be associated with
the same molecule. This, human basophil and monocyte chemotactic fac-
for activity are not separable on gel filtration or ion exchange chromato-
graphy (Lett-Brown et al., 1976) and are thought to be activities of the
same molecule. Studies of human and rat lymphotoxin (Jeffes and Gran-
ger, 1976; Namba and Waksman, 1976) have suggested that lymphotoxin,
cloning inhibitory factor and proliferation inhibitory factor are function-
ally similar and associated with the same molecules. In the mouse, it has
not been possible to separate MIF activity from a soluble factor which
suppresses the immune response in vitro (Tadakuma et al., 1976), while
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in the guinea pig Nathan et al. (1973) were unable to separate MIF activity
from macrophage activation activity.

Regulatory lymphokines in mice (soluble factors associated with the
regulation of various immune responses) have been shown to bear histo-
compatibility determinants coded for by the I region of the MHC. They
can be adsorbed to immunoabsorbants containing the appropriate anti-la
antibodies. Such lymphokines include a specific T cell factor which sup-
presses contact sensitivity (Zembala et al., 1977; Greene et al., 1977b),
several specific T cell factors which suppress IgE or IgG antibody forma-
tion (CQkumura and Tada, 1974; Takenori and Tada, 1975; Taniguchi
et al., 1976; Kapp et al.,, 1976, Théze et al., 1977), a T-cell-replacing fac-
tor for antibody production (Taussig et al., 1975) and a factor which sup-
presses resistance to tumors (Greene et al., 1977a). Antigens coded for by
the MHC have not been noted to be present on any of the more purified
preparations of lymphokines associated with cytolysis or the inflammatory
response. None of the various types of lymphokines have been found to
display antigenic determinants found on Ig.

3. Antigenic Specificity of Lymphokines

The majority of inflammatory lymphokines as well as the cytotoxic lym-
phokine, lymphotoxin, show no specificity for antigen (Turk, 1975).
However, several workers have reported that MIF activity is potentiated
by specific antigen {(Bennett and Bloom, 1967, §vejcar et al., 1968) or
requires the presence of specific antigen (Amos and Lachmann, 1970;
Lowe and Lachmann, 1974) suggesting the existence of antigen-dependent
MIF. Antigen-dependent MIF has been reported to be associated with
molecules of 50,000 daltons molecular weight, much smaller than IgG
(Lowe and Lachmann, 1974). Evans and Alexander (1972) have described
an antigen-specific factor produced by lymphocytes which arms macro-
phages for specific cytolysis of tumor cells. Studies by Torisu et al. (1973)
have indicated that the lymphokine eosinophil chemotactic factor is asso-
ciated with specific antigen when secreted in a reactive precursor form but
that specific antigen is lost during the process of activation.

In contrast to cytolytic or inflammatory lymphokines, lymphokines
associated with suppression of DH or regulation of antibody response are
regularly antigen specific and have been isolated using insolubilized anti-
gens (Okumura and Tada, 1974; Zembala et al., 1975, 1977; Taussig et al.,
1975, 1976; Takenori and Tada, 1976; Kapp et al., 1976; Theze et al.,
1977; Greene et al., 1977a). These regulatory lymphokines, 30,000—
50,000 daltons molecular weight, differ from the majority of inflammatory
lymphokines in two ways: they are specific for antigen and possess anti-
gens coded for by the MHC (see also Sect. V.B.4). It is yet not known if
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antigen specific lymphokines have idiotypic determinants similar to serum
antibodies of the same specificity (Taussig et al., 1976).

4. Role of Lymphokines in vivo

Direct evidence for the contention that lymphokines mediate DH reac-
tions in vivo has been difficult to obtain. Intradermal injection of antigen-
stimulated lymphocyte culture supernates into normal recipients results
in an inflammatory reaction whose histopathology resembles that of DH
{(Bennett and Bloom, 1968; Pick et al., 1969); this reaction was ascribed
to an inflammatory lymphokine, skin-reactive factor.

Several lymphokines have been found to be produced in vivo after
antigenic stimulation. For example, 24 h after PPD injection of sheep sen-
sitized to BCG, a bovine mycobacterium, Hay et al. (1973) found strong
MIF and mitogenic factor activity in the lymph draining the skin test site.
Similarly, Postlethwaite and co-workers (Postlethwaite and Synderman,
1975; Postlethwaite et al., 1976) were able to demonstrate the presence of
macrophage chemotactic factor and MIF in peritoneal fluids of guinea pigs
with DH to horseradish peroxidase which had been challenged intraperi-
toneally; these lymphokines were similar in molecular weight, susceptibility
to proteases and heat stability to lymphocyte-derived macrophage chemo-
tactic factors generated in vitro. Macrophage and lymphocyte chemotactic
factors have also been obtained by extraction of sites of DH to various
protein antigens or to contact allergens (Cohen et al., 1973; Baba et al.,
1977; Kambara et al., 1977). These extracts were active in vitro and
caused macrophage accumulation when injected into normal guinea pigs.
Surprisingly, MIF activity has not been detected in extracts of DH reac-
tion sites, perhaps because the small amount of material produced and
released in the in vivo reaction is rapidly adsorbed onto cells or tissue
components or inactivated. Any of these possibilities would account for
the inability to demonstrate MIF using the currently available extraction
procedures.

Anti-lymphokine antisera have proved to be useful tools in exploring
the relation of lymphokine activity to observed in vivo responses. For
example. antisera against a guinea pig lymphokine fraction with MIF,
mitogenic factor, and skin reactive factor activity neutralized MIF in vitro
and inhibited DH to PPD or contact sensitizers when injected intracutane-
ously, intravenously or intraperitoneally (C.L. Geczy et al., 1975, 1976a).
This anti-lymphokine antiserum caused a reduction in mononuclear cell
infiltrates at the specific DH reaction site, but did not affect nonspecific
inflammation evoked by intracutaneously injected turpentine. The mecha-
nism of antilymphokine sera in inhibiting DH was not the same.as that
of a crude antilymphocyte serum which caused marked changes in the
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T dependent areas of the lymph nodes. Similarly, an anti-guinea pig lym-
phokine serum which neutralized MIF, macrophage chemotactic factor
and skin reactive factor was found to inhibit DH reactions when injected
in vivo (Yoshida et al., 1974, 1975b; Kurasuji et al., 1976). These obser-
vations strongly implicate lymphokine involvement in the expression of
DH in vivo.

Despite the implication of lymphokines in the mediation of DH reac-
tions, it is still unknown what regulates the release of a given factor and
how this release is controlled. Cohen (1977) has suggested that different
kinds of DH reactions may result from different patterns of lymphokine
activity in each. He has also pointed out that if regulatory mechanisms for
lymphokine release did not exist, an initial triggering mitogenic event
could cause an endless cycle of production, release and stimulation of
lymphokines, since mitogenic activation can trigger lymphokine produc-
tion (C.L. Gately et al., 1976). The study of these problems has just begun
and investigation of the regulatory factors of T cells and B cells involved
in DH constitutes an important area of study at present (Asherson and
Zembala, 1976; Cohen and Yoshida, 1977).

F. Cytotoxic T Lymphocytes

T-CL generated as a result of sensitization with cell-associated antigens
mediate cytolytic DH associated with allograft destruction and play an
important role in immunity to tumors (see reviews by Perlmann and Holm,
1969; Hiyry et al., 1972; Henney, 1973; Cerottini and Brunner, 1974)
and viruses (Koszinowski and Thomssen, 1975; Zinkernagel and Doherty,
1975; Zinkernagel, 1976; Perrin et al., 1977). They presumably also under-
lie the epidermal injury seen in contact sensitivity reactions (Shearer et al.,
1976). Specific T-CL are rapidly generated after antigenic exposure: cyto-
toxic activity can be isolated from allografts 1 -2 days after transplanta-
tion (Roberts, 1977), is detectable in the draining lymph node within
2—4 days after allografting (Roberts, 1975) and is found in peripheral
blood lymphocytes 2—4 days after infection with vaccinia virus (Koszi-
nowski and Thomssen, 1975; Perrin et al., 1977).

The exact mechanism by which T-CL cause target cell death is not
known (Cerottini and Brunner, 1974). It has been shown that target cell
lysis requires direct contact between living, metabolically active T-CL and
target cells and that T-CL activity can be reversibly inhibited by cyto-
chalasin B (Brunner et al., 1968; Perimann and Holm, 1969, Cerottini and
Brunner, 1974). Cellular cytolytic activity is temperature dependent and
does not occur at 4°C, nor does it depend on radiation-sensitive processes
such as cell division (Henney, 1973). It has also been shown that T-CL
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activity does not require complement (Henney, 1973) and is not associated
with the release of the cytolytic lymphokine, lymphotoxin (M. K. Gately
et al., 1975). Mayer (1977) has suggested that the mechanism of action of
T-CL in causing irreversible changes in the permeability of the target cell
plasma membrane (Perlmann and Holm, 1969) may bear a formal similar-
ity to the mechanism of cell lysis mediated by antibody and complement.
For example, both lytic activities are one-hit processes (i.e., interaction of
a single sensitized T-CL with a target cell is sufficient to kill that cell)
(Wilson, 1965; Cerottini and Brunner, 1974) and both lytic processes
require the presence of divalent cations (Henney, 1973). It may prove pos-
sible to extend the analogy between these two lytic processes in the future
as our knowledge of the mechanism of cell lysis by T-CL expands.

VI. Transfer Factor
A. Definition and Characterization

Transfer factor (TF) is a dialysable extract of sensitized human leucocytes
which specifically transfers skin test reactivity (DH) from a positive donor
to a previously negative recipient (Lawrence, 1955; Lawrence et al., 1963;
Lawrence, 1969, 1974). It is still an unsettled point, whether material
similar to TF is found in cell-free extracts of lymphoid cells of laboratory
animals such as the guinea pig or rat (Bloom and Chase, 1967 ; Burger and
Jeter, 1971; Liburd et al., 1972; Dunnick and Bach, 1975, 1977). On the
other hand, several laboratories have found that TF-like material can be
prepared from lymphocytes of nonhuman primates (Maddison et al., 1972;
Zanelli and Adler, 1975). TF activity of human leucocyte extracts can be
determined in vivo using as recipients either nonhuman primates or man
(Zanelli and Adler, 1975; Steele et al., 1976). Various in vitro assays for
TF have been proposed whereby TF activity has been measured by its
ability to induce naive lymphocytes to respond to specific antigen by
undergoing blast transformation (Ascher et al., 1974) or producing MIF
(Dunnick and Bach, 1975; Rytel et al., 1975). Gallin and Kirkpatrick
(1974) noted that activity of leucocyte lysates correlated with chemo-
tactic activity of the lysates. It has subsequently been shown that TF is
not capable of activating naive lymphocytes to undergo transformation in
response to antigen, but, in fact, TF only augments precommited cells to
respond to antigen (Cohen et al., 1976; Burger et al., 1976a). However,
Burger et al. (1976b) found that dermal reactivity of TF in vivo was well
correlated with augmentation activity in blast transformation assays in
vitro and were able to use this assay in their fractionation of leucocyte
lysates. Human TF contains many biologic activities besides the ability to
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transfer DH. It has been used to reconstitute immunodificient patients
(Wybran et al., 1973; Valdimarsson et al., 1974). TF also contains sub-
stances which suppress lymphocyte responses to antigens and mitogens in
vitro (Burger et al., 1976c). The diversity of biologic activities in TF may
reflect a corresponding number of distinct components or a smaller num-
ber of components with multiple activities. It may be that the activity of
antigen-specific components of TF is only evident in in vivo assays using
primates or human beings with essentially normal thymus function. Under
other in vivo assay conditionsor invitro, the activity of antigen non-specific
components present in TF preparations may predominate.

Fractionation of dialyzable TF has shown that donor-specific transfer
activity is associated with molecules of less than 5000 daltons molecular
weight whose activity is eliminated by pronase but not diminished by pan-
creatic DNAase, RNAase or typsin (4rala-Chaves et al., 1967; Lawrence,
1969, 1974; Gottlieb et al., 1973; Burger et al., 1976b; see also Ascher
et al., 1976, for extensive discussions on fractionation of transfer factor).
The highest transfer activity resides in the fraction with the highest
254 nm/280 nm ultraviolet absorption; dermal transfer activity is thought
to be associated with nucleotide and peptide-containing material (Gottlieb
et al., 1973; Burger et al., 1976b). Vandenbark et al. (1977) have found
dermal transfer activity associated with 254 nm-absorbing material with
an isoelectric point of 1.6, and able to enter Sephadex G-25; these proper-
ties are consitent with those of smalil polynucleotides. Dunnick and Bach
(1977) found a guinea pig analog of TF to be a small molecule susceptible
to pronase and phosphodiesterase containing amino acids and phosphate.
It was not possible to state definitely if this material contained ribose or
was destroyed by ribonuclease.

B. Therapeutic Use

Dialyzable TF has been used clinically to treat a variety of diseases charac-
terized by reduced T lymphocyte reactivity. These deficits can be relatively
specific, as was seen in about a third of a group of patients with chronic
mucocutaneous candidiasis (Kirkpatrick and Smith, 1974) or more gener-
alized, as seen in patients with Wiscott-Aldrich syndrome, ataxia telangiec-
tasia or dysgammaglobulinemia (Lawrence, 1974). Since TF transfers only
DH and does not transfer antibody induction, it has been used in the
treatment of malignancies, where T cell function is often depressed
(Fudenberg, 1976) and where induced antitumor antibodies might en-
hance tumor growth and thereby have an adverse effect on the patient.
The therapeutic use of TF hasbeen most effective when it has been used
as an adjunct to other forms of therapy. In patients with mucocutaneous
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candidiasis who had experienced relapses after protracted antibiotic ther-
apy, Kirkpatrick and Smith (1974) found that TF alone was not an effica-
cious therapeutic agent. When TF derived from donors with strong DH to
Candida antigens was combined with antibiotic therapy, however, long
term remissions were induced. TF has been also used as adjuvant therapy
to surgery in the treatment of osteogenic sarcoma (Jvins et al., 1976;
Fudenberg, 1976; Byers et al., 1976). Levin et al. (1973) reported clinical
improvement only when patients received TF derived from donors shown
by in vitro tests to have cytotoxic cells against osteogenic sarcoma cell
lines. TF has also been used with clinical benefit in adjunctive therapy of
malignant melanoma (Spitler et al., 1976). Because of these encouraging
therapeutic results, double blind studies would appear warranted.

Dialyzable TF also been used to treat a wide range of illnesses of
infectious or possible infectious etiology with some clinical improvement
(Lawrence, 1974). These diseases include juvenile rheumatoid arthritis,
Behget’s disease, miliary tuberculosis, lepromatous lerosy and multiple
sclerosis. These studies have been limited to a few patients without
double-blind design; it is not clear whether TF would be generally useful
in the treatment of these diseases.

C. Comment

Dialyzable TF contains several biologically active materials which influence
DH in vivo and in vitro by various antigen-specific and nonspecific mecha-
nisms. The therapeutic efficacy of this material is only roughly correlated
with its ability to transfer DH to antigens associated with a given disease
process (Kirkpatrick and Smith, 1974; Spitler, 1976); it is unclear which
of the many biologically active materials present in the leucocyte lysate is
actually effective. The mechanism by which a small, 2000 dalton nucleo-
tide-containing peptide can transfer specific DH is equally unclear.

VII. Conclusions and Summary

Delayed-onset hypersensitivities represent a heterogeneous group of vascu-
lar-inflammatory and cytolytic responses with various mechanisms of ini-
tiation. These reactions are associated with the same cell types — granulo-
cytes, macrophages, lymphocytes, mast cells — whether the initiating
mechanism is the interaction of antigen and (cell-bound) antibody or the
interaction of antigen and small numbers of sensitized T lymphocytes as
seen in “classic” Type IV DH. The initiating event is followed by the
assembly of cells from the circulation in the tissues, which presumably
accounts for the delayed-onset kinetics.
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Some of the vascular changes seen in delayed-onset hypersensitivities
may be associated with the release of vasoactive amines which affect phar-
macologic receptors different from those active in anaphylactic “imme-
diate-type” hypersensitivities (4skenase, 1977). Since the accumulation of
fluid and serum proteins at the site of Type IV DH reactions in guinea pigs
and man is not consistently inhibited by pharmacologic agents which
interfere with the actions of vasoactive amines, there must be additional
mechanisms in operation which remain to be elucidated.

Fibrin, derived from extravasated fibrinogen, is found in alil types of
delayed-onset hypersensitivity reactions to some extent. It is present in
the largest amounts, however, in classic DH reactions. The hydrophilic
fibrin in the tissues is able to bind and localize extravasated fluid and is
thought to be the underlying cause of the typical localized induration seen
in these reactions. The mechanisms controlling the conversion of fibrino-
gen to fibrin in the tissues and the extent of extravascular fibrin formed
remain unclear.

Since Type IV DH ractions are inflammatory states, they are therefore
unique to the intact organism. In vitro models of DH have permitted some
analysis of the complex interactions between the various cell types present
in vivo and have led to the discovery and partial characterization of
various humoral factors associated with the in vivo reaction. The macro-
phage has a dual role in DH: it processes and presents antigen to T lym-
phocytes and is in turn affected by various lymphokines, nonantibody
mediators generated by activated lymphocytes. Both T and B lympho-
cytes can release lymphokines in response to antigenic stimulation, and
the release of lymphokines by both cell types is controlied by regulatory
T and B cells. Functionally and antigenically distinct T cell subpopulations
have been shown to exist in several species; e.g., T cells mediating vascular-
inflammatory DH to proteins and specific cellular cytolysis in mice belong
to different T cell subpopulations. However, the subpopulation of T cells
which releases inflammatory lymphokines in response to protein antigens
is likely to be the same subpopulation which releases a nonspecifically
cytotoxic lymphokine, while the subpopulation of T cells to which T-CL
belong can release inflammatory lymphokines in response to stimulation
with cell-associated antigens (Newman et al.,, 1978). It is not yet clear
whether lymphokines with the same activity released by different T cell
subpopulations in a given species differ in molecular size or antigenicity.
It is certain that lymphokines have a definite role in DH reactions in vivo:
specific antibodies to some of them inhibit the expression of DH in sen-
sitized animals and they can be isolated and purified from in vivo DH reac-
tions. The precise regulation of lymphokine release is a biologic necessity
in order to control the amounts of these highly active and potentially
damaging materials in the tissues. Since the release of lymphokines can be
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associated with a positive feedback loop, the mechanisms regulating the
release of a given lymphokine at a given time and place in the organism as
well as the number of lymphokines which a given cell can release are
important questions which require further study.

There are still many unanswered questions as to the exact mechanism
by which T cells involved in DH reactions recognize antigens. Recognition
of epitopes by T cells is genetically controlled and is associated with recog-
nition of histocompatibility antigens encoded .in the genes of the major
histocompatibility complex. The T cell antigen receptor is not immuno-
globulin, but uses the same variable region genes for a given antigen as do
antibodies against that antigen. Although B cells may be able to recognize
smaller epitopes than can T cells and although T lymphocytes and B lym-
phocyte-produced antibodies can differ in their specificity for a given
antigen, both populations are able to respond to the same antigens with
similar degrees of specificity. Any observed differences in the ability of T
and B lymphocytes to respond to antigen may reflect differences in pre-
sentation of antigen or not yet understood regulatory aspects of the
immune responses of these cells.

The role of dialyzable transfer factor in human DH reactions and the
mechanism whereby a small molecule (which by reason of its low mole-
cular weight must contain limited genetic information) can transfer DH to
complex antigens remains a mystery. Recent successes in the fractionation
and characterization of this material should dispell some of these ques-
tions as well as rationalize its use in the treatment of human disease.

Despite the vast increase in our understanding of the delayed-onset
hypersensitivities in recent years, many questions about the induction,
manifestation and regulation of these inflammatory states remain. “When
all questions are fully answered, the subject loses all scientific interest.
Delayed hypersensitivity is still a very intersting subject” (Gell, 1967).
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