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General introduction






1. Multiple Sclerosis

1.1 General features

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of
the central nervous system (CNS) with presumed autoimmune pathogenesis.
First described in detail in 1866 by Charcot and Vulpian as "sclerose en
plaques disséminées”, MS is the most common neurological disease of young
adults in the Western world, with a prevalence of 1 in every 1,000 individuals.
MS is, next to trauma, the main neurological disorder causing disability in
humans of young age (Compston. 1958).

The majority of MS patients are diagnosed between the age of 20 and 40
years. The first clinical symptoms can include headache, sensory loss, vision
abnormalities (including double vision, disturbed nystagmus reflex and optic
neuritis), limb weakness, impairment of bladder and bowel function, spasms
(Thompson. 1999 Wingerchuk, 2000). Recent advances in magnetic resonance
imaging (MRI) techniques have improved the diagnosis of "clinically definite
MS" since lesions can be directly "visualized" and to some extent
characterized (Miller. 1998; Filippi. 1998; Fazekas, 1999: Rovaris. 1999; Poser, 2001;
Bitsch, 2001; Brex, 2002).

MS 1is a heterogeneous disease in which three main clinical subgroups can be
distinguished. The majority of MS patients (£70%) develop a relapsing-
remitting disease course in which intervals of clinical exacerbations (relapse)
alternated by complete or partial recovery (remission). After a variable period
of time approximately half of these patients subsequently develop progressive
worsening of the disease, so-called secondary progressive MS. Another subset

of patients (15-20%) develop primary progressive MS in which clinical
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neurological deficit accumulates from the onset in the absence of relapses or
clear remissions. In a small subset of progressive relapsing MS (£5%) the
neurological deficit is progressive from onset with the occurrence of
superimposed exacerbations (Lublin. 1996; Thompson. 2000; Poser. 2001: Barkhof,

2001).

1.2 Histopathological features

The lesion, the pathological hallmark of MS, is predominantly located in the
white matter of the CNS, in both the brain and spinal cord. The lesion is
characterized by a focal area of infiltrated mononuclear cells with a variable
degree of demyelination, axonal damage, oligo-dendrocyte loss and gliosis.
The target of the autoimmune attack in MS is thought to be the myelin sheath,
a multilamellar insulating layer wrapping around the axons that is produced
by oligodendrocvtes (Bologa, 1983; Keirstead, 1999). Immune celis are believed to
enter the CNS through the blood-brain-barrier (BBB) which in MS has lost its
impermeability for cells and molecules (Hickey, 1991 Cserr. 1992: Hohlfeld. 1997)
and/or via the choroid plexus (Engelhard:, 2001).

Although the pathological picture in MS is highly heterogeneous, at least 4
fundamentally different patterns of demyelination can be discerned. In two
patterns the autoreactive T-cells (type I) or T-cells with antibodies (type II)
are thought to play a central role in the disease process, while the pathological
characteristics of the patterns I and IV are suggestive of virus- or toxin-
induced oligodendrocyte death (Lucchineri. 1996, 2006). It remains to be
established whether the different pathological patterns are formed by distinct
immunopathogenic processes, or are associated with a specific clinical course

and/or progression of disease, or indeed may benefit from different treatment



strategies. In this thesis the main focus will be on chronic MS as this type of
disease is particularly modeled by experimental autoimmune encephalo-
myelitis (EAE) in the common marmoset.

The perivascular cuff is considered to be the earliest clearly identifiable
histological alteration in the CNS of MS patients. Based on the histological
characteristics of the macrophages four different lesional stages have been
distinguished. 1: Early active lesions are characterized by the presence of
myelin oligodendrocyte glycoprotein (MOG) within MRP 14" macrophages
(M¢) together with massive leukocyte infiltration. 2: In late active lesions Mo
stain positive for proteolipid protein (PLP) and myelin basic protein (MBP),
but not for MOG. Furthermore, these M¢ are 27E10%, but MRP14". 3: Very
few lymphocytes are present within inactive lesions. The M¢ are PLP™ but still
express the late M¢ antigen detected by 25F9. 4: Remyelinating lesions are
characterized by thin myelin layers and oligodendrocytes containing PLP
mRNA (Lucchinetti, 2000).

The myelin sheath of the CNS white matter has long been regarded as the
main target of the destructive process. However, lesions have also been found
in the cerebral cortex (Perersen, 2001}, hypothalamus (Huitinga, 2007), optic nerve
and optic tract (Evangelox, 2001), and brain stem (Bjartmar, 200/2). Remyelination
with relative preservation of axons is commonly observed in MS lesions
(Keirstead. 1999). Until recently it was generally thought that the clinical signs
in MS were the result of demyelination, although there is no clear correlation
between the extent of demyelination and the severity of clinical signs.
However, in the last years attention has returned to axonal injury (Fergusen.
1997; Trapp, 1998; Bisch, 2000) and axonal loss (Barnes. 1991; Trapp, 1998: Bjartmar,

2001b) that represent major pathological features in more advanced stages of



chronic MS. While the initiating factors of MS are still elusive and the exact
target of the immune response is unknown, the pathological processes
uitimately result in an impairment of the electrical impulse, which is the likely

cause of the neurological dysfunction as observed in MS cases (Matthews, 1998;
De Stefano, 1998; Bjartmar, 2000; 2001b De Stefano, 2001; Kalkers, 2001 Brex, 2002).

1.3 Therapies

No definite cure of MS is presently available and the outcome of recent MS
therapeutic trials is debated (Bryant, 2001; Pryse-Phitlips, 2001). Of all the new
therapies evalnated in MS, interferon (IFIN)-B has exerted the best clinical
effects until now. Treatment with different formulations of IFN-B has reduced
the clinical relapse rate in relapsing-remitting and secondary progressive
forms of MS as well as the development of new active lesions which can be
visualized by contrast-enhancement on MRJ using Gadolinium diethylene-
triamine-pentaacetic acid (Gd-DTPA) (PRIMS, 1998; Kappos, 1998: Jacobs. 2600;
Brex, 2001). Copolymer-1 (Copaxone) has been reported to exert comparable
effects as IFN-B (Joknson, 1995, 1998: Miller. 1998: Gran, 2006). More recently, the
immune-modulating synthetic drug mitoxantrone (Novantrone) has been
approved for treatment of secomdary progressive and progressive relapsing
MS (Miller, 2000; Weinstock-Guitman. 2000: Rudick, 2001).

In recent years a number of new therapies have been developed based on data
in animal models. While highly effective in the autoimmune model of MS,
EAE, intervention strategies mediated by IFN-y (Panitch. 1987), altered peptide
ligand (Bielekova, 2000 Kappos, 2000), anti-CD4 (Van Oesten, 1997) and antibodies
to tumor necrosis factor (TNF)-o (Van Qosten. 1996; Lenersept study group, 1999:

Selmaj. 2000y were shown to be inactive and in some cases even detrimental
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when applied in MS patients. Recent trials with oral feeding of myelin (Martin,
2001), administration of Linomide (Noseworthy, 2000b; Schwid, 2000; Hedlund, 2001)
or transforming growth factor (TGF)-§ (Calabresi, 1998) were discontinued
because of high toxicity or limited therapeutic success. Some MS patients
seem to benefit from plasma exchange (Keegan. 2002) or intravenous injection
of immmunoglobulins (4ehiren, 2000y, While still controversial, symptomatic
treatment with cannabis (marihuana) can relieve many clinical symptoms like
pain, sleeping disorders or spasticity, but it has no proven effect yet on the
progression of disease (Williamson, 2000: Buker, 2000; 2001).

Several phase I clinical trials with new therapeutic strategies are currently
underway or will be initiated in the near future. Such therapies target
immunological effector pathways that are thought to be involved in MS
pathogenesis. These include co-stimulation pathways, immune deviation
based strategies (including gene therapy and vitamin D3 analogues),
inhibitors of matrix-metalloproteinases, induction of peripheral tolerance,
stem cell and bone marrow transplantation (reviewed in Noseworthy, 1998: 1999;

2000a; Wiendl. 2000).
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2. Etiology of multiple sicerosis

The current concept on the initiation of MS holds that in genetically
susceptible individuals a bacterial or viral infection leads to activation of a
pre-existing autoreactive repertoire of T- and B-cells. The combined cellular
and humoral autoimmune attack to components of the CNS leads to myelin
damage and neurological deficit. The initiation of MS involves the interplay
of genetic factors and infectious pathogens, but other factors such as diet and
stress, are also thought to be involved in the regulation of the course of the

disecase.

2.1 Genetic factors

Epidemiological and demographic studies point at a significant influence of
genetic factors in the initiation and/or perpetuation of MS (Weinskecker, 1994;
Kurizke, 1995: Ebers. 1993; Sadovnick. 1997; Chataway, 2001). The absolute risk of a
first-degree relative of an MS patient to develop the disease is 20 to 40 times
higher than in the gencral population. Moreover, in approximately 5% of
dizygotic twins, and in over 25% of monozygotic twins, both individuals are
affected. The fact that in approximately 75% of identical twins only one
sibling develops climical MS points to an additional role of environmental
factors (Ebers. 1986: Sadovnick, 1993a: 1993b; Mumford, 1994).

Among the candidate genes that have been identified, certain haplotypes of
human leukocyte antigen (HLA) class II genes reveal the strongest
agsociation, this being the HLA-DR2/Dw2-DQ6 haplotype for people in
Northern Europe of Caucasoid origin (Hillerz, 1994). No association of HLA-

DR and -DQ polymorphisms with the clinical course has been found thus far
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(Liblau, 2000: MSGC, 2001). HLA-DP gene polymorphisms possibly exert a
regulatory influence on the perpetuation of the disease (¥u, 1998). Despite the
generally assumed role of viral antigens in MS, HLA class I genes are only
weakly associated with disease (Fogdell-Hahn 2000). To date no clear
association of MS susceptibility with polymorphisms in non-major
histocompatibility complex (MHC) genes has been found (Ebers, 1996; Bell,
1996: Haines, 1996; Sawcer. 1996; MSGC. 2001). However, genes encoding for
cytokines and their Teceptors (Schrijver, 1999, Owens, 2001), Fc receptors (Myhr,
1999) and chemokines and their receptors (Huang, 2000; Arimilli, 2000} likely

contribute to disease expression as well as progression.

é%«v’*\‘?‘”@

Figure 1: Summary of epidemiological patterns in multiple slcerosis. Numbers are
estimates for prevalence per 100,000 individuals. Solid lines with arrows represent migration
vectors of northern Europeans. Open lines with arrows represent migration routes of Africans
to the Caribbean and Mississippi delta and to the United Kingdom. In South Africa the number
refer to English-speaking whites migrating as adults (6}, English-speaking whites migrating as
children {15), Afrikaners (10) and Cape Coloureds (<3), as estimated in the mid 1980s (Figure
kindly provided by Prof. Dr. A. Compston, University of Cambridge, Cambridge, United
Kingdom).
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2.2 Envircnmental factors

Since MS remains absent in a high proportion of genetically identical
individuals, it is generally assumed that other factors significantly contribute
to disease susceptibility as well as resistance. The prevalence of MS varies
with latitude and is 1 in 1,000 in the northern countries of Europe, the United
States of America, Canada and southern Australia. The disease is relatively
rare in Asian countries like China and Japan, and is only incidentally
diagnosed among native black Africans (Figure 1) (Weinshencker, 1994; Kurtche
1995; Wingerchuk, 2000). Although the reason for this variation is not understood,
the geographical differences may be explained in part by differences in
genetic make-up, while demographic studies indicate that epigenetic factors
are involved as well (diter, 1966; Dean, 1967: Elian, 1990).

Exposure to (an) infectious agent(s) during adolescence is regarded as an
important predetermining risk factor for disease initiation (Kurtzke 1993).
During the last decades, many viruses have been put forward as possible
cause of MS (Rasmussen, 1993; Monteye, 1998: Cermelli, 2000; Atkins, 2000; Ascherio,
2001). Although thus far none of the viruses have stood the test of time, it 1s
intriguing that all of the demyelinating diseases in humans and animals in
which the ethiological agent is known, that agent is a virus. Members of the
herpesvirus family are one class of possible candidates of relevance for MS.
Most of these are neurotropic, have a life long persistence and are periodically
reactivated (see for reviews: Lampert, 1978: Major, 1992; Bilzer. 1996; Cohen, 2001;
Stoklman. 2000). It has been postulated, however, that the absence rather than
the presence of a primary viral infection early in life may play a major role
(Haahr, 1994; 1995). The observation that a history of a delayed Epstein-Barr

virus (EBV) infection, resulting in infectious mononucleosis, is associated
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with increased risk of developing MS later in life supports this hypothesis
(Munch. 1997: Ascherio, 2007}. The strongest argument for the involvement of an
infectious agent thus far reported is the recent introduction of MS on the
Faroe islands. While no cases of MS were reported before 1940, three
epidemics occurred after the invasion by the British army during World War
I and the outbreak of MS was specifically localized to those towns occupied
by the British. The identity of this mysterious agent has remained elusive

(Kurtzke, 2001).

2.3 Myelin proteins

The myelin sheath of the CNS is a highly complex structure that likely
harbors the potential autoantigens to which the autoimmune responses in MS
are directed (Voskuhl, 1§98; Schmidi, 1999). Already in 1966 it became clear that
serum components derived from EAE affected animals were able to induce
alterations of cultured CNS tissues (Ross. 1966). Although there was already
experimental evidence that clinical disease can be transferred with
autoreactive lymph node cells (Parerson, 1960y, direct evidence that these
mediate demyelination in vitro as well was published only decades later
(Lyman. 1986). Thus far, no evidence has been found in humans that a genetic
variation of CNS-proteins is a risk factor for MS (Rose. 1993; Roth, 1995;
Rodriguez, 1997 Seboun, 1999).

Roughly two fractions can be identified in CNS myelin: the lipid fraction
(753%) and the protein fraction (25%). Notably, only a few myelin proteins
have been identified and purified thus far (Figure 2). It goes beyond the scope
of this introduction to give an overview on the myelin proteins studied in
EAE and thelr relevance in MS. However, several excellent reviews

describing the current views on MBP, PLP, galactocerebroside C and other
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proteins, including their role in MS and EAE, have been published (Mariin,
1992: Martin, 1995; Stuerzebecher. 2000; Kerlero de Rosbo, 2000; Iglesias, 2001; O'Connor;
2007). As the work described in this thesis is mainly focussed on the role of
MOG, the characteristics of this CNS-specific protein are described in more
detail.

MBP MAGs PLPs
‘ CNPase MOG ”

P

0.20

aB-crystaliin

!

Absorbance at 278 am

F

¢.00 L . L L I 1 L :
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Figure 2: RP-HPLC fractionation of the complete collection of CNS myelin proteins
derived from human white matter. As shown, many myelin proteins elute as sharp single
protein peaks, like MBP {fractions 5/6) and MOG (fraction 22). Others such as PLP or myelin-
associated glycoprotein (MAG) exist as differentially modified species with varying
hydrophobicities and elute over a series of adjacent fractions. In this way MAG is recovered in

fractions 10-15 and PLP in fractions 22-32 (Figure kindly provided by Dr. J.M. van Noort,
TNO-PG, Leiden, The Netherlands).

2.4 Myelin oligodendrocyte glycoprotein
MOG was first described as myelin glycoprotein M2 which is exclusively
expressed in the CNS where it is produced by oligodendrocytes (Lebar, 1981;

Lebar 1986). After purification of the protein (4bo, 1993), the cloning (Pham-Dinh,
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1994; Hilron, 1995) and sequencing of the gene (Rotkh, 1995), MOG was further
characterized in detail (Figure 3). Being a member of the immunoglobulin
superfamily, 1t is encoded within the MHC region and is strongly conserved
throughout evolution (Pham-Dink, 1993; Burger, 1993; Pham-Dinh, 1995b; Lambracht.
1993).

Figure 3a: Myelin oligodendrocyte glyceprotein. This figure shows a schematic
representation of the extracellular region of murine MOG shaded according to structure
prediction confidence levels. Regions of high prediction confidence are light gray, and regions
with lower confidence are black. The B-strand and the complementarity-determining regions
(CDRI1, CDR2, and CDR3) are labeled, as is the fourth loop that joins B-strands D-E. The D-E
loop is analogous to the HV4 loop in T-cell receptors. The conserved Trp39 residue and Cys™-
Cys™ disulfide bridge common to the IgSF motif are shown in the hydrophobic core of the
protein. The putative N-glycosylation site, Asn’', is shown in CDR1I. The figure was produced
using the program Molscript and kindly provided by Dr. P. Hjelmstrém, Yale University school
of medicine, New Haven, CT).



MOG becomes expressed late in myelinogenesis and is a quantitatively minor
constituent of CNS myelin. MOG knockout mice have a structurally and
functionally normal myelin sheath (Pham-Dink. personai communication). Three
possible functions of MOG have been proposed: MOG might function as a
cellular adhesion molecule, a regulator of oligodendrocyte stability and/or a
mediator of interactions between myelin and the immune system (Hjelmstrom,
1998; Johns. 1999). MOG was first shown to be encephalitogenic in mice (4mor,
1994). Although autoimmunity to MOG is most likely not the exclusive trigger
of disease for all chronic MS cases, MOG has unique antigenic properties and
has emerged as one of the most interesting candidates for being a primary
target of the autoimmune reactions in MS. By its exposure on the surface of
the oligodendrocyte plasma membrane and the outermost surface of mature
myelin, MOG is directly accessible to infiltrating T-cells and antibodies
(Pham-Dinh, 1995a: Della Gaspera, 1998).

Although there are conflicting data on the relevance of T-cell reactivity
towards MOG in MS (Kerlero de Rosbo 1997; 1998: Wallstrom. 1998; Diaz-Villoslada,
1999; Hellings, 2001) an important role of anti-MOG antibodies (Ab) is generally
accepted. The number of anti-MOG Ab producing cells as well as the anti-
MOG Ab levels are increased in the CSF of MS patients (Sun. 1991: Xiao, 1991).
Moreover, several groups have reported an increased incidence and more
persistent anti-MOG Ab reactivity in sera of MS patients than in patients with
other inflammatory neurological diseases or healthy controls (Linder:, 1999;
Reindl. 1999). Similar patterns of Ab localization were found in MS patients and
marmosets in areas where pathological changes of white matter occurred as
well as in demyelinated lesions (Genain, 1999; Raine. 1999).

All mammalian species tested thus far are susceptible to MOG-induced EAE.

In most species autoimmune reactions towards MOG give rise to similar
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clinical and neuropathological features as found in MS (Srorch. 1998 Iglesias,
2001 Abdul-Majid. 2000: Von Biidingen, 2001b; Genain, 2001; Brok, 2001b). Direct
injection of immune serum from EAE-affected rats into the CSF of healthy
animals resulted in demyelination (Lassmann, 1983). The demyelinating
properties of anti-MOG Ab have been documented in vitro using brain cell
cultures (Kerlero de Rosbo, 1990) and anti-MOG Ab were shown to facilitate
myelin uptake by macrophages in vitro (Van der Goes, 1999). Numerous in vivo
studies have demonstrated the contribution of anti-MOG Ab to EAR in mice
(Schluesener, 1989, Piddlesden. 1993; Litzenburger, 1998: Tsunoda, 2000; Morris-Downes,
2002), rats (Linington. 1987, 1988; Lassmann, 1987; 1988) and marmosets (Genain,
1993a: 1995b; 1996a; 1996b). Recent studies have stressed the importance of the
Ig subclass (Ichikawa, 1999) and epitope specificity of MOG Ab for disease
pathogenesis (Breim, 71999). Further experimental evidence on the importance
of MOG is provided by the findings that T- and B-cells specific for mimicry
motifs shared by viral antigens and MOG can cause demyelinating disease in

mice (Mokhiarian, 1999: Miiller, 2001a: 20015) and thesus monkeys ('t Hart. submined).

2.5 Other medulating factors

Females are approximately twice as much affected as males, a feature that has
been described in other autoimmune diseases as well (Vyse, 1996; Whitacre, 2001).
Gender-dependent differences in the functioning of the hypothalamus-
pituitary-adrenal (HPA) axis may contribute to this phenomenon (Dowdell,
1999; Morale. 2001; Voskuhl, 2001). The relapse rate of MS is significantly reduced
during pregnancy while shortly after delivery an exacerbation occurs in a
significant proportion of MS patients (Confavreux, 1999). Cne of the mmportant
factors next to estrogen and progesterone {(lro. 200I) seems to be early

pregnancy factor (Zhang, 2000). There is also experimental evidence that stress
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factors have an impact on the disease course (Mason. 1991 Morale. 2001;
Heneka, 2001). Of all studied heat shock proteins, aB-crystallin seems to fulfil
most criteria for having a relevant role in MS (Van Noort, 1993 Van Sechel, 1999:
Bajramovic, 2000).

Thus far evidence is lacking that major differences exist between MS patients
and normal individuals with regard to their immunological potential.
However, it has been postulated that there is a disturbed immune regulation
after clinical manifestation of the disease (Wilkin, 1989). Although several
factors have been characterized that may play a role in the initiation and/or
perpetuation of the disease it will remain difficult to prove retrospectively
whether these abnormalities are a cause or a result of the disease. Taken
together, the literature data discussed thus far warrant the conclusion that our
understanding of the disease mechanisms in MS is still limited and that
adequate therapies for the disease are lacking. It can be envisaged that
recently developed techniques such as single nucleotide polymorphism
technolcgy and ¢cDNA microarray as well as the present knowledge of the
human genome will accelerate the identification of (potentially) interesting
factors (Encrinas, 2001; Ibrahim, 2001; Whitney. 2001; Martin, 2001; The human genome,
2001). In addition, by the development of new and more valid animal models
for the disecase we hope to improve our insights into the mechanisms of M3

and thus develop more effective therapies for the disease.

24



MS paticnts
1-z22

Rhesus monkey

MS potients
34-56

Rhesus monley
34-56

Rhesus monkey

Cytoplasmic

Figure 3b: Location of the encephalitogenic epitopes of rodents and of epitopes recognized
by PBLs from MS patients and rhesus monkeys. The medel represents the mouse MOG
sequence and the epitopes recognized by MS patients and rhesus monkeys were demonstrated
using synthetic peptides according to the human sequence, which differs from mouse MOG by
about 10%. Figure was kindly provided by Dr. Kerlero de Rosbo, The Weizmann Institute of
Science, Rehovot, Isragl.



3. Experimental models of multiple sclerosis

3.1 Rodent models

The attractive aspect of EAE models in inbred strains of rats and mice is the
high reproducibility, the relative genetic simplicity, the high number of
identical offspring and the low costs. In some models the disease s acute
while others display an MS-like relapsing remitting disease in which, after
several disease episodes, irreversible neurological deficit is observed. Of
significant importance are the numercus knock-out and knock-in strains in
which the contribution of single factors to the disease process can be
investigated (Wong, 1999; Goverman, 1999; Eynon, 1999; Fazekas, 2000: Iglesias, 2001;
Owens. 2001). Although toxin-induced demyelination and cryo-induced lesions
most likely do not reflect the pathological processes in the majority of chronic
MS patients, these models are useful in studying processes like remyelination
and regeneration of various cell types (Phillips, 1997; Jeffery. 1999a; 1999b:
Blakemore, 2000). The two most prevailing rodent models are autoimmune-

based or caused by viral infections.

3.1.1 Virus models

The presence in MS patients of immune reactivity to CNS proteins does not
necessarily imply that this response is the primary cause of the disease.
Autoreactive T-cells and Ab may also be formed as a reaction to the (massive)
myelin release caused by viral infection of the CNS or oligodendrocvte
dystrophy. Many viruses have been implicated in the ethiology of MS
although this has not been formally proven. Also in animals many viruses are

known to induce demyelination in the CNS and are used to investigate the



possible mechanisms of CNS damage as observed in MS. These include
Visna virus of sheep (Clemenss, 1996), caprine virus of goats (Norman, 1983) and
canine distemper of dogs (Summers, 1994).

The best investigated virus-based murine models of MS are mouse hepatitis
virus, Theiler’s murine encephalomyelitis virus (TMEV) and Semliki Forest
viras (SFV) mfection models. Virus-induced models of inflammatory

demyelination are complex in terms of the immuno-pathogenesis (reviewed by
Kielian, 1990; Atkins, 1994; Garoff, 1994; Fuazekerley, 1993; Monteyne, 1997: Kim, 2000;
Allsopp. 2000).

Viral infection may cause direct damage to the oligodendrecyte or the myelin-
sheath as is for instance observed after infection with mouse hepatitis virus,
leading to oligodendrocyte damage and the subsequent release of myelin
antigens (Weiner, 1973; Houtman, 1996). As a general reaction to tissue damage,
including cytolytic viral infection, myelin may be phagocytosed and
processed by local APC (Katz-Levy, 1999; 2000) or transported to the cervical
lymph nodes (cLN), which drain the cerebrospinal and interstitial fluids of the
brain, where myelin-reactive T- and B-cells may be activated de novo (Weller,
1996: Phillips, 1997). Another mechanism by which virus infection may induce
tissue damage is by the phenomenon of molecular mimicry. This was first
described by Fujinami (1985) in which a viral peptide with an identical
sequence to an encephalitogenic region of MBP induced inflammation in the
CNS of rabbits. More recent studies have examined the cross reactivity of
viral and myelin proteins in more detail (Wucherpfenning, 1995; Grann, 1999:
Mokhtarian, 1999: Liblau, 2006; Olson, 2001: Miller. 2001a; 2001b). Yet a further
mechanism by which viruses may induce CNS damage is by the incorporation
of host cell antigens such as myelin proteins or glycolipids into the viral

envelope of budding viruses, thereby allowing the peripheral immune
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recognition of CNS restricted antigens (Webb, 1984, Dalgliesh, 1987; Pathak. 1990).
The role of CD8" cells in MS and EAE has been long ignored, but recent
reports on MS show a regained interest in this cell type (Koh, 1992; Jiang, 1992;
Tsuchida, 1994: Vizler. 1999: Babbe, 2000; Husebv. 2001: Steinman, 2001). The
encephalitogenic capacity of CD8" T-cells was recently confirmed by Jiang
and colleagues who showed that CD8" T-cells control the Th-phenotype of
myelin-reactive CD4" T-cells in EAE-affected mice (Jiang, 2001). Furthermore,
CD8" cells are able to transfer severe EAE in mice (Sun. 2000). F inally, viral
antigen specific T-cells can induce (Ufret-Fincenty, 1998), or alternatively, trigger
CNS disease (Theil, 2001). Importantly, unraveling the mechanisms and target
cells in these models will possibly prove its value in the near future when

used as expression vectors for MS therapy (Smerdow, 1999; Schiesinger, 2001).

3.1.2 Autoimmune models

After the demonstration that post-vaccinal encephalomyelitis develops in
monkeys by the injection of CNS homeogenate (Rivers, [933), the
immunopathogenesis of EAE using inbred rodent strains have been widely
studied. The disease patterns that can be obtained depend on the
Immunization pI‘O‘EOCOI (Tsunoda, 1998: Storch. 1998; Rabchevsky, 1999; Maatta, 2000;
Heeger. 2000), animal species (Burgess, 1978), gender (Voskuhl, 1996; Bebo, 1996;
Ding, 1997; Bebo, 1998: Butterfield. 1999) and the genetic background (4bdul-Majid,
2000; Tsunoda, 2000; Sobel, 2000: Constantinescu. 2001: Kjellen, 2001). In addition, the
age of the animals (Endok, 1990; Smith, 1999), the number of injected T-cells
(Lassmann, 1988) and the source of myelin or protein preparation that is used for
disease induction (Sun. 1995; Storch, 1998; Tsunoda, 1999; 2000) were shown to

influence the course of the disease as well. Following immunization with



myelin proteins in adjuvant, neurological disease is initiated by CNS
inflammation due to migration of myelin-reactive proinflammatory CD4™ Th;
cells across the BBB. Alternatively, EAE may be induced by transfer of
autoreactive myelin-specific CD4™ T-cells into naive recipients. The
interaction of these T-cells with local APC, presenting the myelin antigen to
which the infiltrating T-cells were originally sensitized in the periphery,
induces a sequence of events that leads to inflammation and damage of
myelin and axonal structures. Based on the data obtained in viral and
autoimmune MS meodels in rodents a general concept has been put forward for
the immunological pathways that are thought to play a significant role in MS
(see for review: Noseworthy, 1999; 2000a). Therapeutic strategies for MS were thus
far mainly based on proven efficacy in rodent EAE models. These studies,
however, have not lead to an absolute therapy or cure for MS thus far. In our
search for effective drugs in MS, monkey models may be of help as an

important intermediate between rodents and humans (Bonrrop, 200.).

3.2 Nor-humanr primate models

Rodent models have been of undisputed significance to our present view on
the immunopathogenesis of MS. However, in order to be able to model the
disease in all its aspects, a lab animal model is needed of comparable genetic
complexity as humans. Such models can also be useful for the safety and
efficacy testing of potential therapeutics, like engineered or humanized [g
molecules as well as functionally intact human Ab produced by transgenic
mice. As a result of the species specificity, rodent models are invalid and non-
human primate models are the only ethical alternative left. Regulatory

authorities such as the American Food and Drug Administration (FDA) have



a clear standpoint on the importance of preclinical research in non-human
primates (FDA guidance S6: Preclinical safety evaluation of biotechnology-

derived pharmaceuticals; http://www.fda.gov/cber/ publications.htmy).

3.2.1 EAE in Old World monkeys

Spontaneous cases of MS-like disease have rarely been documented in captive
colonies of non-human primates (Marrazi, 2000), although natural infection and
resultant encephalomyelitis are widely described (Kaiter, 7997). Rivers and
colleagues published the first report on EAE in non-human primates. Rhesus
monkeys (Macaca mulatta) were found to develop disease after injection with
healthy CNS tissue or when inoculated with a rabies strain that was cultured
on brain cells (Rivers, 1933 1935). Later, an MS-like syndrome was evoked in
chimpanzees (Pan troglodvtes) by inoculation of MS-brain material (Zief, 1976:
Rorke. 1979: Wroblewska, 1979). However, this research has not received any
follow-up, probably due to the high costs and the obvious ethical constraints.

In the past decades, three macaque species have been used for investigating
the immunological mechanisms in MS-like disease. EAE was induced using
whole brain homogenate, myelin, or MBP emulsified in complete Freund’s
adjuvant (CFA). The rhesus monkey appeared to be more susceptible to
MBP-induced disease than the cynomolgus monkey (Macaca fascicularis)
while the African green monkey (Chlorocebus aethiops) was relatively
resistant to the disease (Stewarr, 1991 Gallo, 1991; Massacesi, 1992; Rose, 1987: 1994).
An important issue for the use of rhesus monkeys is that this species is
susceptible to natural infections similar to those observed in man.
Importantly, infections follow a similar course as in humans, such as in the

case of Herpes Simplex virus type 1, EBV and cytomegalovirus (CMV) (Hun,



1093: Kalter, 1997; Lockridge, 1999: Cohen, 2000). The rhesus monkey likely
represents an excellent outbred amimal model to unravel how viruses are
mvolved in the induction of inflammatory demyelination of the CNS leading
to demyelination such as is observed in MS patients (manuscript in preparation).

The genetic make-up of the MHC class II region in rhesus monkeys 1s at least
as complex as in humans. Both species share not only Mhc-DP, -DR and -DQ
loci, but also allelic lineages (Bontrop 1999: Doxiadis. 2001). Moreover, the
diversity of the T-cell receptor (TCR) in rhesus monkeys is comparable with
humans and antigens processed by rhesus monkey APC are presented in the
correct conformation to human specific T cell clones (Bontrop, 1995 Meinl, 1993;
Geluk, 1999). Interestingly, epitope selection from MBP or MOG is highly
comparable with humans (dfvord, 1984; Meinl, 1995; Kerlero de Rosho, 2000).
Although some animals seem to be resistant to the disease evoked by
immunization with MBP, 100 % of the animals are highly susceptible to EAE
induced with myelin or whole brain homogenate. The lesions, which are
exclusively located in the brain, are characterized by strong inflammation and
necrosis, thus resembling pattern I of MS lesions (Zucchineri. 2000). Several
observations indeed point at a central role of CD4" T-cells. Disease
susceptibility to MBP was found to be linked to the MHC class II allele
Mamu-DPBI*01 (Slierendregr, 1995) although other Mamu class Il loci may be
involved as well. Furthermore, Ab therapies directed to CD4 or MEC class II
have a protective effect on myelin-induced EAE in Old World monkeys (Van
Lambalgen, 1987: Rose, 1988). Finally, autologous transfer of an MBP-specific
Thl-like cell line was found to induce a mild form of encephalomyelitis

(Meinl, 1997).



Recent studies using MOG revealed that rhesus and cynomolgus macaques
are equally susceptible to MOG-induced disease (Kerlero de Rosbo. 2000; 't Hart,
unpublished observation). Also in this case EAE is characterized by destructive
Iesions in the brain. Thus, the disease in rhesus monkeys usually follows an
acute course, irrespective of the antigen used for immunization. However,
studies from our laboratory have recently shown that a form of EAE more
closely resembling MS can be induced in rhesus monkeys by immunization
with a synthetic peptide representing amino acids 34-56 (phMOGs.s) of the
extracellular domain of Escherichia coli derived recombinant human MOG
(thMOG™%). It was found that in a randomly selected group of 16 animals a
variable disease patterns develops, ranging from a hyperacute to a chronic
relapsing/remitting course. While intermolecular epitope spreading was
present in animals with chronic disease, cellular as well as humoral responses
remained confined to the disease-inducing peptide in acute responders.
Although the number of monkeys in this study is still too smali to draw firm
conclusions, inclusion of more animals might reveal an association of certain
MHC haplotypes and/or environmental factors with particular disease patterns

(manuscript in preparation).

3.2.2 EAE in New World monkeys

The first EAE models making use of New World monkeys were described in
the early 1970°’s. The EAE models in the owl monkey and the squirrel
monkey seem to resemble the early macaque models in many aspects (Murray,
1992, However, at the time the work described in this thesis was started, the
first publications appeared on a challenging new EAE model, namely in the

common marmoset (Callithrix jacchus jacchus). For a better understanding of



this model, the basic characteristics of this animal species are reviewed on the

following pages.

3.2.2.1 The common marmeset

About 70 million years ago, the South American continent became invaded by
mammals. The present fauna of this continent harbors the descendants from
three waves of colonization in which the New World monkeys are surviving
for more than 58 million years. New World monkeys are placed in the
infraorder Platyrrhini or New World monkeys. Apes, Old World monkeys
(Catarrhini) and New World monkeys are thought to share a common
ancestor, the Omomydae who lived about 35 million years ago in Europe and
North America. Common marmosets belong to the Callitrichidae family of
Platyrrhini comprising marmosets and tamarins (Figure 4) that have diverged

from each other around 10 million years ago (Schneider, 1993).

Marmoset
Squitrel monkey
Capuding
Howler monkey

Baboons

Magacues

African grean monkey
Langurs
Colobus monksy

Gibbon
Crang-utan
Garilla
Chimpanzea
Bonobo

Man

35 50 45 40 a5 30 25 20 15 10 El

million yzars age
Figure 4: Evolutionary tree (Figure kindly provided by Dr. R.E. Bontrop, BPRC. Rijswijk,
The Netherlands)



Four genera and about 36 (sub)species have been described thus far. The
genus Callithrix contains at least 15 species, the largest number of all
neotropical primate genera (Mirtermeier. 1992). Based on their geographical
distribution (Rylands, 1996), cytogenetical (Canavezr, 1996: Nagamichi, 1996;
Nagamichi, 1997; Nagamichi, 1999) and biochemical characteristics (4dives. 1995: Von
Dornum, 1999), two major groups are recognized. The Amazonian Callithrix
species, the argentate group and Cebuellu, have 44 chromosomes while
Callithrix species of the Atlantic coast, the jacchus group, have 46
chromosomes (Canavez, 1996). The species jacchus contains subspecies like C.
aurita, C. geoffroyi. C. kuhli, C. penicillata and C. jacchus. It is currently
believed that C. penicillata is the closest living relative of C. jacchus (Rvlands,
personal communication). Callitrichidae are smaller than the ‘true’ New World
monkeys the Cebidae. The apparently different features of marmosets
compared to tamarins, including the smaller body size, are in fact secondary
specializations to their natural habitat (Rylands, 1996). Because the placental
blood circulation is fused during development, Callithrichidae are usually
bom as non-identical twins with a natural bone marrow chimerism, an unique
feature among monkeys. This causes a permanent state of tolerance for
alloantigens between chimeric twins and the sharing of cell systems of
hematopoietic origin (Niblack. 1977: Gengozian, 1978). This feature 1s of
fondamental importance in EAE research since cell transfer studies between
individuals can be performed otherwise limited to inbred strains or genetical
identical animals (Genairn, 1994).

Nowadays the C. jacchus jacchus or common marmoset, also known as

white-tufted titi or in Dutch “penseelaap”, is one of the few New World



monkey species that is not on the list of endangered species of the World

Wildlife Foundation (Figure 5).

Figure 5: The common marmoset

Common marmosets are social animals, which live in a group of 3-15
individuals, and have their natural habitat in the Atlantic rain forest in the
North and North-East of Brazil. C. jacchus has extended its range into gallery
forests and forest patches in the, nowadays, dry north-east (caatinga), and the
bush savanna (cerrado) of central Brazil (Rylands. 1996) (Figure 6). In their
natural habitat, marmosets feed on insects, fruits, nectar, birds” eggs, and even
small lizards, frogs and birds. However, these animals are able to occupy
relatively hostile habitats, in terms of extreme seasonal variation or even lack
of fruit supply, through their extreme specialization for tree-gouging to obtain

gums. Adult animals weigh 350-450 grams.
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Figure 6: The natural habitat of Callithrix species

Their length of about 20 cm with a tail of approximately 30 cm makes the
animals relatively easy to handle in captivity. Moreover, breeding costs are
low in comparison to Old World monkeys, while the small size keeps test
material requirements to a minimum (Haig. 7999y, Common marmosets are
relatively resistant to virally induced disease but susceptibility to various
bacterial strains has been described (Potkay, 71992).

Common marmosets have been extensively used in biomedical research.
Valid experimental models have been described for leishmaniasis (Cuba-Cuba,

1993), hepatitis A (Virral. 1993), atherosclerosis (Crook. 1990), Parkinson’s disease



(dllen, 1986) and malaria (Mitche!l, 1988). In addition, marmosets are frequently
used in toxicology research (Siddall, 1978: Woolley, 1994). The marmoset is often
the species of choice to study reproductive biology (Hearn, 1978; Nievergelr, 1996:
Abbott, 1997: Einspanier, 1999), the physiological effects of stress (Costall, 1988;
Ellios. 1990; Norcross, 1999) and behavioral science (Dentfing, 1997; Box, 1997).

Several reports appeared in the literature showing the close immunological
relationship of common marmosets with humans. Cytokine mediated
responses of marmoset T- and B-cells were reported to be comparable with
man (Quing, 1990). In addition, the IgE system in marmosets was shown to be
similar to that of humans (Schmidr. 1996). Furthermore, cross-reactivity of
peripheral blood mononuclear cells (PBMC) surface antigens with mAb
raised against human CD molecules had already been documented (Neubert,
1996; Foerster, 1997). The high similarity between human and marmoset V-D-J-
CB chain sequences as well as a comparabie length of their CDR3 region was

document somewhat later (Uccelli, 1997).

3.2.2.2 The common marmoset EAE model.

In the initial protocol described in 1995 by Massacesi and colleagues,
inflammatory demyelination was induced by intradermal inoculation of
human whole brain homogenate emulsified in “enriched” CFA, containing 3
mg Mycobacterium tuberculosis per ml oil. Following the immunization two
intravenous injections of 10'® heat-killed Bordetella pertussis were given, at 0
and 48 h after disease induction, respectively. The common marmoset EAE
model as described was found to approximate the relapsing-remitting /

chronic progressive form of MS (Massacesi, 1995).
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The new EAE model in common marmosets was unigue in 2 nomber of

respects:

(1) Immunization with human brain homogenate mimics MS in many aspects.
Immunization with human white matter results in comparable clinical
presentation of the disease as seen in humans, while clear MS pattern Ii-like
lesion pathology is present at necropsy (Lucchinetti, 2000). Immunization
with MBP or PLP induces c¢linical disease, but result in minor or no
demyelination (Genain. 1997). MOG was identified as a major target antigen in
the demyelinating process, since immunization with the extracellular domain
of recombinant rat MOG resulted in pronounced CNS-specific demyelination
(Genain, 19954).

A major drawback of the original model in our hands was that animals
experienced serious discomfort from the immunization protocol. In order to
diminish the large ulcerative skin lesions developing at the inoculation sites,
we reduced the concentration of M. tuberculosis in our inoculum.
Furthermore, we omitted the B. pertussis with the objective to obtain a milder
form of EAE. Notably, in some of the animals receiving B. pertussis next to
the myelin/CFA inoculum we observed a destructive inflammatory CNS
pathology rather than specific demyelination (' Hart. 1998). In all experiments
described in this thesis, commercially available CFA containing M. butyricum
was used instead of M. ruberculosis for further reduction of skin lesions and
standardization of the immunization procedure. These modifications resulted
in a milder form of myelin-induced EAE with substantially delayed onset of

disease as well when compared to the original publication.
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(2) Marmosets provide an unique system to directly test the effect of different
APC-T cell interactions by T cell transfer between (non)-identical fraternal
siblings.

Aute-reactive MBP-specific T-cells with different specificity were shown to
be part of the normal immune repertoire of healthy, non-immunized
marmosets (Genain, 1994). As in rodents, MBP-reactive T-cells can be
transferred between chimeric siblings and produce inflammatory CNS disease
in the absence of demyelination (Genain. 1993a; Massacesi, 1995). By contrast,
induction of CNS demyelination required co-transfer of purified IgG derived

from animals immunized with myelin or MOG (Genain, 1995b).

(3) The complexity of the brain of the common marmoset is considerably
higher than that of rodents (Figure 7).

These features make the common marmoset EAE model particularly useful to
study the histopathological aspects of lesions that are visnalized in the intact
animal with MRI. In our first published study we showed a good correlation
between the radiological alterations in the brains as detected by in vive MRI
and the lesion characteristics as determined by histopathology (¢ Hart, 1998).
Such information is instrumental for preclinical evaluation of new therapies
that use MRI to assess their effect on lesions. Among primates, however, the
organization and the specialization of the common marmoset brain is thought
to be less complex than that of higher order species such as the macaques.
This is among others reflected by the less extensive gyration of the cortex

{Prado Reis, 1979a; 1979b; Stephan. 1980).



Figure 7: T2-weighted ir vive magnetic resonance imaging of rat (left), common
marmoset (middie) and human brain (right). As shown, the brain white matter content
(vizualized as grey) in common marmosets is substantially higher despite the comparable size
of the brain. MR images of rat and marmoset were kindly provided by Dr. E. Blezer (Image
Science Institute, University of Utrecht, The Netherlands) and the scan of the human brain was
kindly provided by Prof. Dr. F. Barkhof (Free Univerisity Hospital, Amsterdam, The
Netherlands).

(4) The marmoset EAE model can be used to evaluate new therapeutic MS
strategies with human specificity.

Genain and colleagues first documented the potential of this new EAE model
to test and evaluate new therapeutic approaches (Genain. 1995c, 1997). The
relevance of this non-human primate model was further increased by the
finding that similar patterns of accessory molecules as well as pro- and anti-
inflammatory cytokines are detectable in brains of EAE-affected marmosets

as has been described for chronic MS {Laman, 1998).
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4. Qutline of this thesis

The experimental work that forms the core of this thesis has been grouped in
three chapters {IL.1: I1.2; 11.3):

CD4" T-cells are thought to play a central role in EAE and MS. In general,
these cells become activated by recognition of peptides that are presented in
the context of MHC class II molecules, expressed by antigen presenting cells
(APC). Therefore, the Mhec class Il region of the common marmoset was
characterized by nucleotide sequence analysis of the polymorphic exon 2
segments. The results of this study are presented in Chapter I11.1.

To study the immunological processes in more detail, a panel of antibodies for
phenotyping of peripheral bleod mononuclear cell populations was identified
in Chapter I1.1.2.

In Chapter IL2.1, evidence is provided that the monomorphic Caja-DR
molecule plays an essential role in the initiation of EAE in the common
marmoset and can be held responsible for the 100% disease incidence.

Since T- and B-cell reactivities synergize in the initiation, the development
and the perpetuation of EAE, detailed analysis of these responses were
performed in both myelin- as well as in MOG-induced EAE. The results of
this study are described in Chapter I1.2.2.

The data presented in Chapter IL2.3 provide evidence that the drainage of
myelin to cLN is an important feature in the progressive broadening of the
anti-MOG T-cell and Ab response in chronic EAE.

Blocking of co-stimulatory pathways is thought to be a potentially successful
approach for the treatment of autoimmune diseases. This concept was

investigated using a mouse derived human-specific anti-CD40 molecule

41



(Chaepter IL3.I) as well as a chimeric antagonist anti-human CD40 mAb
(Chapter I1.3.2) in the myelin- and the MOG-induced EAE model in the
commeon marmoset, respectively.

Recent data suggest that the beneficial effect of IFN-B on MS may be exerted
via suppression of IL-12 production. Therefore the therapeutic potential of a
human-anti-human IL-12p40 mAb was evaluated as described in Chapier
I1.3.3. Tn Chapter ITL1 the relevant features of the marmoset EAE model to
MS have been reviewed. The characteristics of the model have been
compared to those of the more classical models in rhesus macaques (see also
Chapter FIL2). Finally, on basis of the new data obtained in our non-human
primate models of EAE we have formulated a hypothesis on the genetic and
immuncpathogenic mechanisms in MS (Chapter I11.3).

Chapter I'V contains a summary of this thesis and suggestions for further
research, including a schematic view of the immunological pathways in the

pathogenesis in marmoset EAE based on the results described in this thesis.
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ABSTRACT The common marmoset {Callithrix jecchus) is
a New World primate species that is highly susceptibie to fagal
infections eaused by various strains of bacteria. We present
here 4 fiest step in the molecular characterization of the
commen marmoset’s Mic ¢lass I penes by nucleotide se-
quence analysis of the polymorphic exon 2 segments. For this
study, genetic material was obtained from anirmzls bred in
captivity as well as In the wild, The results dernonstrate that
the common marmoset has, like other primates, apparently
functional MTic-DR and <D regions, but the Mhc-DP region
has been inactivated. At the -OR and -0Q loci, only a limited
number of linenpes were detected. On the basis of the number
of alleles found. the -DQA and -B loci appear to be olipomor-
phic, whereas only a moderate degree of polymorphism was
observed for two of three Mie-DRE loci. The contact residues
in the peptide-binding site of the Caja-DRBI*03 lineage
members are highly conserved, whereas the -DRB*WI16 lin-
cage members show more divergence in that respect. The latter
loeus encodes five oligomorphic lineages whose membery are
not observed in any other primate species stedied, sugpesting
rapid evolution, ax illustrated by frequent exchange of poly-
morphic motifs. All common marmoscts tested were found to
share ene monemorphic type of Caje-DRB*WI2 allele propa-
bly encoded by a separate locus. Common marmosets appar-
ently lack haplotype polymorphism because the number of
Caja-DRE loci present per haplotype appears e be constant.
Despite this, kowever, an unexpectedly high number of allelie
combinations are observed at the haplotypic level, suppesting
that Caja-DRE alleles are exchanged frequently between chro-
mosorres by recombination, promoting an optimal distribu-
tion of limited Mlic polymorphismy among individuals of n
given popalation. This peculiar genetic make up, in combi-
nation with the dimited varinbility of the major histocompat-
ability complex closs I reperioire, may contribute to the
common marmoset's susceptibility te particular bacterial
infections,

The Mirc is a cluster of loci coding for polymorphic glycop-
roteins that provide the cantext for the recognition of antigens
by T lymphoeytes and is thought t¢ be present in most. if not
all, vertebrate species {1). There are two major types of gene
products, named major histocompatability complex (MHC)
class [ and I molecules, The classical MHC ¢hass T molecules
are expressed on virtually all nucleated cells and present
peptides from intracellular origin to CD8-positive T celis. Such
peptides usually originnte from introcellular pornsites and
viruses, and recognition may result in the lysis of the infected
tasget cell. The MHC class II molecules are heterodimeric

The publication costs of this artick were defrayed in purt by page charge
payment. This article must therefore be hereby marked “adversisement™ in
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structures showing restricted tissue distribution, MHC class 1T
molecules present peptides of extracellular origin to T cells of
the helper phenotype, Activation of these cells often results in
cviokine reiease feading to a variety of effects, such as antibody
production.

In humans, the class [ region contains at least 1§ highly
related genes. which include those encoding the highly poly-
morphic transplantation antigens (HLA-A. -B. and -C) and the
oligomaorphic nonelassictl HLA-E, -F. -G, -H, and -f genes {2).
Some of the latter show differential tissue distribution,
whereas others arc pseudopenes. The human closs 1T region is
artanged into the HIA-DP. -D@. and -DR regions. each
containing at least one pair of 4 and B genes encoding the
and B polypeptide chains (3). Most nucleotide sequence
variability is confined to exon 2 of the Mhe-DEB, -D0A. -DOA,
and -DRB genes. Recent studies huve demonstrated that
humans, apes, and Old World meakeys (Catarrhini) share
numerous Mhc ¢lass Tand I1 oct (3-9). Such studies alo have
illustrated that many Mhc class 1 and II lineapes predate the
speciation of the contemporary living primate specics (10-14),
In particular, some of the Mae class I lincages are extremely
stuble and may be >33 million-years-old. M#c class I lineages.
on the other hand, seem to evolve much more rapidly (15-16).

Numerous duplications and condensations took place dur-
ing the evelution of the MHC region, and most species possess
Mhc genes, which display extensive degrees of polymorphism.
There are., howsver, sxceptions. In cotton-top tamarins (Sagui-
nus cedipus). low variability was reported for the Mhe class [
region. as evidenced by sequencing and immunoprecipitation
studies (17--19). The Mkc class 11 region of this species exhibits
abundant polymorphist, and at least 50 alleles have been
deseribed thus far (19-20). The cheetah {(Acimomx jubams) and
two species of mole-rat (Hererocephalus tlaber and Spalax
leucodon) are thought to have condensed Mire repertoires.
Unfortunately, detadled nuclectide sequence asmalysis of the
Mhc penes of these species is lacking (21-23). The Syrian
hamster was reported to have o monomorphic Mic class I
region, but this claim may be the result of a sampling crror
(24-25).

The Callitrichidae family of New World monkeys (Platyr-
rhini) comprises marmosets and tamarins, which are used in
biomedical research as models for several human disenses, e.g..
multiple sclerosis (26). Nenidentica] twins are born us natural
bone-marrow chimeras because of a sharing of the placental
clreulation. Their apparently increased susceptibility to several
viral. bacterial, protozoun, and helminth agents bas been
documented {27). In some eases, such as incidence of uwleer-
ative colitis, Epstein-Barr virus. Herpes virus saimird, and
tamarines infections, there is compelling evidence for a more

Abbreviatien: MEC, major histocompatability complex.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (uctession nos. AF004741-
AF004763, AFQ44720, and AF($4721).

#Deccused July 1. 1997,



resistant status of the common marmoset as compared with
the cotton-top tamarin. The incressed susceptibility of the
cotton-top tamarin to viral infections. In particular, may be due
to nseverely condensed Mhe class I repertoire (17-19). On the
other hand, common marmosets seem to be more susceptible
than tamarns 1o fatal infections caused by bacteria such as
Klebsielia. Bordetclia. Clostridium, and Shigella (27). For that
reason, we wished to investigate the variability of the Mhe class
11 repion of the common marmoset. In this context, genetic
variability is defined as the number of allelic lineuges and
alleles per locus, the numaber of Mite class [T genes present per
haplotype, and allelic combmations seen at the haplotypic level
alse were included in this analysis.

MATERIALS AND METHODS

Animals, The Biomedical Primate Research Centre housex
1 common marmoset colony of a~100 pedigreed individuals.
New animals were introduced on several occusions to maintain
the outbred character of the coleny, For this study, 25 mon-
keys, eight of them consisting of four pairs of rwins, were
selected. They are recorded descendants of individuals from
two former Dutch colonies, one Italian colony. and at least one
German colony. Hence, the present sclection of animals is
considered 1o reflect a representative sample. To Investipate
the possibility of inbreeding or potential founder effects, four
common marmosets from 4 Braziliun colony {Primatology
Nuclews. Universidade Federal de Rio Grande do Nore,
Brazil) were examined. Two of these animals were born in the
wild.

DNA Isolation and PCR. B lymphoblastoid cctl lines were
established from 2-m! blood sumples by transformation with a
cotton-top tamarin Epstein—Barr virus (B93-8) -producing
cell line. These cells were used for genomic DNA isolation as
deseribed previously {28). In the case of individualy for which
the B cell lines were lacking, DNA isolation was conducted on
tissue samples such as frozen spleen and lymph nodes, whereas
{or the Brozilian znimals, 2 ml of peripheral blood was used.
Exon 2 of the Caju class T1 genes was amplified by the PCR
methodology (29). Nepative controls lacking DNA, were part
of all experiments, and whenever necessary a positive control
was included by using samples of rhesus macaque DNA. The
primers und protocols used for emplification of the Mhc class
If A and B penes were reported previously {19-20, 30--35).

Typing for Coja-DPB and -DPA-like PCR Products. DPE
and DPA probes. spanning highly conserved regions in the
DPB (Caja-DPB-5'-YAACAGCCAGAAGGAC-3") and DPA
(Caja-DPA-5'-CTGGAGGAGTTTGGCCGAGCC-3") se-
quences of all primate species studied so far, were used to
detect amplified PCR products. One to three microliters of
cach sample wus bound to a nvlon membrane (Hybond-N,
version 2.0, Amersham) and aubscqucntlv crosslinked (Bic-
Rad G Gene Linker UV Chamber) at 250 mJ, Prehybridizn-
tion took place for 30 min at 58°C (Hybridization Oven, New
Brunswick Scicntific) in 5 ml of 3 M tetramethylammonium
chloride, 5 mM EDTA, 50 mM Tris (pH 7.5), und 1% SDS
(TMACI) with denatured herring sperm {1 mg/5 ml). For
hybridization. 1 praol of ¢ach olige was added per milliliter of
TMACL for at least 1 hr. at 60°C (-DPA) und 50°C (-DPB).
After hybridization, each filter was washed 20 min at 61°C
(-DPAY and 31°C (-DPR) in TMACL Filiers were washed
afterwurd twice for 5 min in 1*standard saline phosphate
(SSPE) and 0.1%: SDS and incubated for 10 min with | wp
Streptavidin Horseradish Peroxidase Conjupate (GIBCO/
BRL) per millititer of washing buffer, Washing was done o
before. and then the membranes were incubated for $ min in
blockbuffer (50 ml of Triton X-100/60 g urea/3.8 g NaCl/10
g dextransullnte, together 1,000 mi, pH 7.3). Aflter {usther
washing, nueleie acids were detected by incubation with ECL
detection reagents (Amersham) for 1 min at room tempera-
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ture: the blots were placed in o cussette with a sheet of
autoradiogruphy film for 10 min.

Nugcleotide Sequencing. PCR-amplified DNA was prepared
for sequencing, as deseribed (28). In brisf, o digestion with
appropriate endonuclense restriction enzymes was carried out
at 37°C, for 2 hr: Psl and BamHI for GH26/GH27. GHIS/
GH99, and DBOT/DBO3: Seil und Xbel for 3'-DQB Sall/3'-
D8 Xbal, und 5-DPB Sall/3-DPB Xbal, and Sall and
BemHI for Tu215/Tu2lé (all enzymes {from GIBCO/BRL).
The PCR. fragments were then cloned into bacteriophuge M13
derivatives mpl# and mp19 (vecters from Boghringer Mann-
heim GmbH) and sequenced by using the Sequenase Version
20 DNA Sequencing Kit (Amersham). The reporied alieles
reprevent at least three identical clones that were obtainced
after independent amplificutions or in differcnt animals.

S Specific Oli leotide Typing, for Caja-D(AT and
-DQBI Alleles. After anclyzing the Cajg-DQ locus sequences, we
developed an oligotyping method to assay the presence or ab-
sence of the known Caje-£0) alleles. The biotinylated oligos used
were: for Caja-DQAI0101, 3'-YCTCGCTGTGTCAAAACA-
CAAC-3"; Cufa-DOAI*2501, 5’-YATCGCTACGATGAAAC-
CCGGC-3: Caje-DQBI7220), 5" YCCGCTTGTGACCCGAT-
TCATCTAT-3", Caja-DOBI*2301, ¥ - YTTTAAGGGTTTCT-
GCTAC-3": Caju-DOBI*2302. 3'-YTTTAAGTTTCTCTGCT-
AC-3" Caja-D3B24016], 5"-YCGGGCGGTGACCGAG-3:
and Caja-DOB2*0102, 5'-CGGGCGATGACCGAG-3'. The
technical procedure was the same a8 deseribed In the section
~Typing for APE and DPA-like PCR products.” Hybridization
and washing temperotures were, respectively, 58-39°C (-DQ41,
-DOBI=20TY, 50-51°C (-DOBI*2301), 43—39°C (-DQBI*2302),
49-50°C (-DQB2*0101), and 45-46°C (-DOB2*0102).

Nomenclatore. Marmoset alleles that are similar to human
equivalents are depicted by identical lincage numbers. For
mstance, the Coja-DRB1 03 and HLA-DRBI1*03 alleles group
into the same lineage. The last two digts are arbitrary and
refiect the order in which the alleles were found. The mar-
moset lineages for which no apparent human equivalent has
been identified are designated by o workshop number, such as
Caja-DRB*W12. This ulso indicates that the physical location
has not been mapped.

RESULTS AND DISCUSSION
Laoci and Lineages

Caja-PEA and -DOB. After PCR amplification, only two
orthologues of HFLA-D(24) were identified in our pepulation
of marmosets. Phylogenctic analyses demonstrated that both
Caja-DQA! alleles cluster into separate lineages and are very
similar 1o sequences obtzined from an undefined species of
marmoset (36). The Caja-DQAI*010) allele clusters together
with cquivalents from Old and New World monkeys. apes. and
humans: hence. the Mac-DQAL*0] lineage appears to be at
least 58 millions of veors old, The Caju-DOAII50T allele
groups into a younger lineage that seems to be restricted to
New World monkeys. The inferred amino acid sequences of
Cafa-DOAT*G10] wnd -DGAT #2507 alleles are depicted in Fig.
1g. Only three Caja-DQBT alleles were detected in our colony,
The Cuje-DOQBI*220]. -DGBI2301. and -DOBI*2302 (Fig.
15) ulleles group into two lincages earlier observed in cotton-
top tamarins (19, 32), However, two alleles were disgovered
that encode the same Caja-DOBI*2201 amine acid sequencs,
and differ only for one synonymous substitution at position 168
(CCG—CCC).

No homologue of the /fL.A-DQAZ exon 2 pene sepment was
recovered, 0s s in agreement with datn obtained from studies
on other New World monkeys (19, 33, 35). The two alleles
retricved from the common marmoset DEB2 locus were
named Coju-DOB2*0107 and -DGB2*0702 (Fig. 1b) and sharc
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for one synonymous substitution ot pasition 168 (CCG—CCC).

o high degree of similarity with their human equivalents.
Although Mhc-DQB2 Is considered to be a pseudogene locus,
the present results underling its high depree of conservation
and angiquity.

On the basis of the nucleotide sequence information, a
sequence-specific olipotyping method waos developed that al
lowed us to type all animals for their 0 logi (Fig. 2). As ¢an
be seen, some animals, like V3 and 742, appear 1o be homoiy-
pous for particular Cajg-DQ} entities. All animals were found
to be Caja-DOAI*256] positive whereas only animal 9442
Incked the Caja-D{381*2201 allele. Segrepation data suggest
that the Caja-DO47 2501 wlele is preferentially linked to the
-DOB/I*2201 and -DQBI*2302 alleles. whereas the Caja-
DGAT*0I0] allele is linked to -DQBI*236] (Fig. 2). Excep-
tions to the rule exist as is evidenced by animals 9323, 9338,
and 5442, It should be stressed, however, that the detection of
only two Caja-D(AI, three -DQB!. and two (nonfunctional)
-DQAB2 alleles in commen marmoscts is in contrast to the
observatiens coneerning abundant polymorphism in popula-
tions ¢f other primate species, such a5 humans, chimpanzess,
and rhesus macaques {2-6). An overview of these data has
been provided in Table 1.

Caja-Df. Despite the fact that several sets of primers were
tested in combination with different PCR programs, we failed
o clone exon 2 of the Ceja-DPB] pene. Although PCR
products were obtained occasionally. sereening with several
conserved primate-specific Mhc-DPBI probes excluded the
presence of relevant exon 2 nucleotide sequences. In contrast,
successful amplification was obtained In cotton-top tamarins,
even with the primers designed for HLA-DPB genes {33),
Subsequent Southern biot experiments with conserved Mhc-
DPB] exon 2 sequences as probes failed to prove the existence
of bona fide Caja-DPBI genes. We therefore conclude that the
Caja-DPBI gene, if present, has at lenst a defunct exon 2 gene
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segment and Is probably inactivated. Studies are underway to
determine which genetic defect(s) affect the Caja-DFB! gene.
Reparding Caja-DPAL, only sxtremely low amounts of cxon 2
sequences were amplified, as was evidenced by sereening with
the relevant probe (data not shown). The same primers,
however, worked very efficiently in amplifying Mhc-DPAS
exon 2 sequences derivad from other New World monkey
species (34). The detection of low amounnts of the Caje-DPAT
PCR product again suppests that the Caje-DF region may have
an altered appearance in common marmosets. In all higher
primate species studied thus far, three distinct functional Mhc
class [ regions have been detected: namely -0, -D0, and -DP.
The common marmoset is the first example of a higher primarte
species in which the equivalents of HLA-DR and -D(? seem to
represent the main types of functional MHC class I molecules.

Caje-DRE. In excess of $00 clones from =30 individuals were
sampled. This resulted in the description of 21 DRB sequences
(Fig. 1c), confirming two of six previously reported. designated
Caja-DRBI*036] and -DREYWI6OS (20). In contrast. the
existence of the Cajg-DRBII*010I, -DRB*WI201,
-DRB*WI602, and -DRE*WI603 allcles was not confirmed
(20). To clarify this issue, samples from the same animals as
used in the study by Trtkovd and coworkers or marmosets
reiated in blood line were (re)analyzed with different primer
sets. Again, no evidence was found for the existence of the four
above-mentioned alleles, which may represent iz vigre PCR
artifacts. Consequently. these alleles were not listed m the
alignment, except for DRB*WI20I. which is 2 new allele.
encoded by a different locus, replacing the one previously
reported (Fip. 1e).

In the case of a heterozygous marmosct, one would expect
to find 2 maximum of two alleles per locus. Marmosets are
born as natural bene-marrow chimeras and therefore muy
share blood cells with their nonidentical twin(s). Conse-
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Distribution of allcles at the Caje-DQAL. -DRBI. -DQB2, -DRET*03, und DRE=W/E joci in 29 common marmosets. Pair 9314/9315,

9331/9332, 9333,/9334, and 9344,/9345 nre twins. Animals 439, 358, 471, and 336 are from the Brazilian colony: 439 and 336 were bomn In the wild.
NT, nontested. Lu the case of -DRA, the alieles huve been detected by nuclectide sequence anilysis after PCR amplification. This meuns that some
-DRA alletes may not have been amplified and that thelr preseneg wos not deteeted. This phenomenon explains the heteropencity in the number
of -DRA alleles us depicted in the last two columns of this table, The presence of Caju-DRE*WI20} wlso was confirmed by denuturing gradient

gel clectrophoresis.

quently, some animals have in their blood circulation cells
possessing, DRB penes thut were not inherited in a Mendelian
fashion, This siruation is evidently zpplicable to the three
Caja-DRBI*03 and four -DRB*WI6 lineage members de-
tected in animal E1 (Fig. 2). All marmosets tested were found
10 share the Caja-DRBAWI20] allele, On the basis of segre-
gation studies and nuclectide sequence comparisons. it seems
likely that the Caja-DRE*WJ20I ullele is controlled by 2
separate locus, Detaiied contig mapping studies are needed 1o
confirm this assumption. which. if true. indicates that the
common marmoset is the first known example of a species that
possesses n monomorphic DR locus that i present in afl
individuals.

With regard to the level of polymorphism, only 7 Caja-
DRRI*NF and 13 -DRB*WT4 alleles were detected, In one of
the four Bruzilian animals. Cajfe-DRB*WI6IS was found.
which appecars to be absent in the individuuls from the
Biomedical Primate Resgarch Cenrre population. This {Hus-
trates that the Biomedical Primate Research Centre captive
bred population does not differ significantly {rom other com-~
mon marmoset populations. To obtain these results, different
sets of primers were used. This was done 1o minimize the
chance that oot all DRB loci were amplified. Qur results
contrust the observations done on the MHC Cluss I repertoire
for another Now World moukey specics, the cotton-top tama-
rin (Table 1}. The question iswhether the number of Caja-DRE
alleles detected indicates a low, mederate, or high degree of
polymorphism, Thus far. only a few populations of primate
species. such as humans, common chimpanzees, thesus ma-
cuques, and cotton-top tamarins, huve been tested thorouphly
for Mke-DRB o diversity at the nucleotide sequence level.
Compared with these species the common marmosct displays
a low or moderate degree of polymorphism at the ORE loci
{Table 1).

Convergence, Divergence, and Conservation

The seven Caja-DRBI*03 alleles share the EYSTS amino acid
motif at positions 9-13, characteristic of the lineage. The

importance of Mic-DRB1*03 is highlighted by the observation
that the lineage is eveluticnarily stable and its members have
been detected in many species and play an importunt role in
mounting immune response aguinst mycobacteria (37). Alter-

Table 1. Distribution of number of allelkes ut some Mhc-DRS,
-DQA, -DEB, -DPA, and -DPB tociflincages among different
populations of primute species

Mhe loclflincugey HiA Pair Mamu Saoe Cajo
DRBI*01/10 5 1 7 _— —
DRBI*Z 17 " —_ —_ —_
DRRI3T 133 10 17 5 7
DRBI*M 6 - [ - e
DREI*07 1 2 1 e —
DRBI*09 1 — — — —
DRE3 11 16 5 16 —
DRBA 9 7 i —_ —_
DRBS 12 15 5 1 -
DRBG 3 15 14 — -
DRE7 2 1 — o —
DRBIT — —_ —_ 1¢ -
DREMWI-7 — — 29 —_— —
DRB*WS — 1 — —_ —
DRB*WS —_ H - —_ -
DRE*Wi2 - - —_ 4 1
DRE*WiG —_ — — — 13
DRB*W22 —_ — — 9 —
D3AT 18 5 15 2 2
DOA! a1 12 =® 2 3
DPB1 77 28 15 1* -
DFAT 10 3 1 NT -

The datn were taken from re(. 44 and the nonhurzan primate MHC
databuse (NHPDB) that i maintaised at the Biomedical Primate
Resenrch Centre. HLA, human: Pasr. common chimpunzee: Mam,
rhesus macaques Saoe, cotton-top tamarin; und Caje, common mar-
MOseL.

This lincoge includes the MLA-DRBJ genex encoded by HLA-DR3,
-DRS, DR&, and DRE positive individunls.
#Only one individual studied (33).
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Fra. . Nucleotide sequences of the EYSTS umino acid motif as
encoded ir different primute specicy, of the infru-orders Catarthini
(£atr, common ehimpanzee; Goge, gorilly Mamu, thesus macaque:
and Mene, pip-tuiled macuque) and Plotyrrhini (Came. capuchin
mankcy: Saze, cotion-top tamarin; and Ceja, common murmesct). In
addition, the ditferent DNA motils thut wre observed ot the Cajo-
DRE*WI2 and -DRE*WT6 laci are shown. The motifs are depleted in
color code und correspond with the aficles listed in Fig. 1c and the
phylogenctic tree in Fig. 4.

natively. if a certain motif Is functionally of relevance, it moy
be penerated de novo by coavergent cvolation as ApPears 1o be
the case for the HLA-DRBI*03-like lineages in New World
monkeys. First of all, in the amine acid motil EYSTS. the
serine residue at position 11 can use two different codons, The
Catarrhini use the TCT codon, whercos the Platyrrhing make
use of codons AGT and AGC (Fig. 3). The EYSTS motif is
present also in DRB wlomorphs of bovids, equids, and murids,
where apuin differential codon usage indicutes converpent
evolation (38-40). Sccondly. all the platyrrhbine Mhic-DRE
sequencss described thus far have o characteristic motif af the
3" end of exon 2. which suggests 1 common ancestry. Finally,
analysis of intron 2, exon 3, and the 3*-untransluted region of
DRS sequences does not reveal an orthelopous relationship of
New World monkey DRS penes to any of the known catarthing
DRE genes {41). Thus the New World monkey DRE penes
seem to originate from a different ancestor than the progenitor
of the catarrhine DRE genes.

In the case of the Caja-DRBI™0F lineage. the contagt
residues in the B pleated sheets of the peptide-binding site are
hiphly conserved. In this respect, more variation is seen in the
Caja-DRE*WIG lincage, in which five different morifs are
present in the finst Bupleated sheet seetion (Figs. 1c and 3).
Nevertheless, all the alleles assigned to the Caja-DRE*WI6
lincage share an identical DNA motif at codons 15-25, re-
flecting their common ancestry. Most of the variation seen at
the codons for the contact residues within the {irst S-plested
sheet of the Caja-DRB*WI6 lincage can be explained by the
occurrence of simple point mutations (Fig. 3). This indicares
that positive sclection for diversity has been acting on the
Caja-DRE*WI6 sequences, Many Cauje-DRE*WI0 lneage
members share patchwork motifs that spparently have been
exchianged between alleles, probubly s a result of recombi-
nation-like events as indicuted by colored boxes (Fig. 1¢). Some
of these motifs are even shared between two different DRE
loct. This concerted action of point mutations in combination
with frequent recombination promotes fast cvolution of the
Caja-DRE*WIS locus. Similar findings concerning rapid evo-
lution have been reporred for the MAc-8 (15-16, 42) and -DP
(31, 43) loci in primates, Phylogenetic analyses demonstrate
that the alleles at the Caja-DRE*WIS locus cluster into dif-
ferent lineages, cach with a remarkably low number of alleles
(Fig. 4). The observation that those lineages defined by the
various peptide-binding site motifs us depicted in the same
color code in Figs. 3 and 4 are arranged in different branches
of the phylogenetic tree confirms that recombinution-ijke
events must have occtrred.
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FIG. 4. Phylogenctit tree constructed according to the Neighbor-
joining method showing the evolutionary relationships between DRE
alleles from New World monkeys. Bootstrup values are indicuted. The
numes of the Cape-DRB ulleles ure depicted in color. These corre-
apond o the color code used in Figs. 1 und 3.

Haplotypes

The primate Mie-DR region contains one monomorphic A
gene, wherens the number of B genes varies botween haplo-
types and species. As a consequence. the primate DR region
displays haplotype polymorphism (43-46). Although rare, DR
regions or even extended repions cun be shored in 4 simifar
fashion between species, as has been documented for humans
and some ape specics (3-4). All common marmosets seem to
share a monomorphic Caja-DRSE *W12 locus, a locus control-
ling the more or less canserved Caje-DRE 03 alleles and one
Tocus encoding the highly divergent DRB*WIS lincage mem-
bers (Fig. 2). This suggests thar all common marmosets tested
possess DR regions that harbor only three DRB logi and lack
haplotype polymorphism, Although pedigree data arc avail-
uble, awide variety of allelic combinations, especially at the DR
loci, prohibits the definition of haplotypes (Fig 2). At this
stage, the possibility cannot be excluded that different Caja-
DRB penes are located on distinet chromosomes. On the other
hand, alleles encoded in 2 ¢is configuration may be exchanged
{requently berween chromosomes by recombination. possibly
enhanced due to a high degree of similarity between the loci.
This may rellect an optimal strategy 1o spread the limited
number of allelic polymorphisms at the population level in
COMMON MATMosets.

Chimerism and Disease Susceptibility

In theory. condensation of MHC variubility may have been
caused by inbreeding, a founder cffeet. by selective pressures such



as diseases or by a combmation of these factors. The sumpling,
procedure excludes the possibility that the observed condensed
Caja class 1T repertoire resulted from inbreeding. The chimeric
status of the Callirrichidae is thoupht to have an impact on the
condensed Mire cluss | repertoire (17, 18), but this is not the case
for the class O regon in cotton-1op tamarins, which displays
abundant polymorphism (Table 1). Despite the limited MHC
class 11 variation seen ot the population level, some chimeric
martnosets (E1} express up 10 eight different typss of MHC-DR
molecules (Fig. 2). Such a situation must have un impact oo the
selection of T cells in the thymus. If. due to the presence of
multiple MHC moleeules, too many T celis are deleted. an
mdividual may become suseeptible to infections diseases. At some
stage, & delicate balance should be reached between the number
of MHC molecules present in a individual and the capacity to
respond adequately to forelgn pathogens. Commen marmoscts
live m relutively smadl topographic pockets and have adapted to
their ervirenment, When taken out of their original habitat, they
may., under stressful situations, encounter new pathogens with
which they have not learned to cope. That common marmoscts
are especially prone to die from particular bacterial and helmin-
thic diseases (27) is in linc with the present observation that this
species possesses limited MHC claws IT variubility. Moreover, ull
common marmosets tested were found to share the monomor-
phic Cafa-DRE*WI20{ aliele. In the marmoset’s natural habitat,
the wide distribution of this monomorphic DR molecule was
probably positively selected becouse it controlled an important
protective function. When commen marmoser populations en-
counter new pathogens, however, such as particular bacterial
infections, the presence of a monomorphic immune response
gene may turn o their profound disadvantage. especially when
such a Jocus controls a susceptibility trait. The result may be the
decimation of a given population of individuals, or in the most
severe case, the extermination of a species.

During the course of this study, Susurn G. Anunes died trugically
an July 1, 1997. To the memory of Suc, whom we cherished for her
personal and intellectund qualitics, the conuthors lovingly dedieate this
manuseript. The authors would like to thunk Henk van Westbrock for
preparation of the figures, Donna Devine for editing. and Dr. Maru
de Sousa, Dr. Jon J. van Rood, Dr. Bert 't Fart, and Dr. Jim Kaufman
for support and helplul comment. This study was financially sup-
ported by the MACROPA Foundation, the Eurepeun Union human,
cupitul and mobility Grunt CHGE-CT94-0071 (DG 12 COMA). and
Junta Nucionnl de Investigacio Cientifics ¢ Technolégica {Grants
PRAXIS XIXI BM/2375/94 und PRAXIS XXI BD/9588/96).
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New World monkeys are valuable animal models to
study howoan diseases, To determine the phenotype
of cells involved in immune responses, we nsed flow
cytometry to screen a large panel of anti-human
monoclonal antibodies (mAb) for cross-reactivity
with cells of the comuron marmoset and the cotton-
1op tamarin. Certain antigens (e.g., CD2. CDS, CD20)
are well conserved. However, CD10, CD235, and CD33
showed a clear discrepancy in thelr reaction pat-
teras in both species, indicating that sigoificant Jdif
ferences on the epitope level occurred during evo-
Intion. Epstein-Barr virus-transforored B-cell Iines
were shown to be a valuable tool for screening
B-cell-specific reagents. In some cases, fluoreseein

isothiocyanate (FITC) and phycoerythrin (PE) mod-
ification of mAbs had a negative effect on the bind-
ing capacity, which stressed the importance of
choosing the right label, Despite the fact that some
CD antigens were not detected. adequate numbers of
cross-reactive mAbs were identified to perform ex-
tensive studies on immunological functions in both
the common marmoset and the cotton-top tarnarin.
Cytometry 45:294—303, 2001. T¢ Brivsh Crown copy-
right 2001/DSTL—publi~xhed with the permisxion of the Con-
trofler of Hexr Majesty's Statlonery Olbec.

Key termx: CD markers! common marmoset: Coton-1op
amanin: flow cytometry

The Callitrichidac family of New World monkeys
(WM} comprises marmosets and tamarins. Both NWM
species become increasingly important in blomedical re-
search because of both the relatively close immunologieal
relationshlp with humans and their relative small sixe
(1-7). These fearures are pardcularly arrractve for preclin-
ical safety and effectivity testing of human-specific. bic-
technelogy-derved pharmaceuticals that are not reactve
in less closely related species such as rodents. Further-
more, both species are relatively easy 1o handie, breeding
<osts are low ¢ompared with Old World monkeys. and
thelr small slze keeps west material requirements to 2
mindmura, Valid experimental models for husean Biology
and disease have been developed in common marmosets
(Catlithrix jocchus) for multple sclerosis (8). vadous
bacterial infections (9. behavioral sciences (10), and
the physiclogical effects of stress (11). They are used
frequently in toxicology research (12,13). Cotton-top
TIALNS (Saguinis eodipues) are good animal models for
studying virat infecdens (14,15) and an ulceratvelike in-
flammatory bowel disease that this species develops in
captivity (16). Furthermore, both species are used inten-
sively to study reproductive blology (17-22).

Many disorders in humans are believed to be mediated
Dy 2 synergy of cellular {Tcell mediated) 20d humoral
(Bcell mediated) immune mechanisms. To gain bener
insight into immunological pathways in health and ds
cise, it s of prime Importance 10 determine the pheno-
wpes in the involved cell populatdons. One way to char-
acterize cells i5 to uwse fow cyiemetric analysis using
monocional antbodies (mAb) directed to cell surface an-
tigens. Few studies have reported on the crossreactvity
of mAbs, rised orginally against human CD epitopes. in
the comon-op timarin (23-25) and ConuUNoN MALMOosEt
(26,27). The most extensive study to date (24) reported
(2% crossreactivity of 121 mAbs tested. However, 4 suit-
able crossreactive mAb wis not found for 13 markers.
Also, triple smining falled because the cross-reactivity of
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mAbs wiing different fluorochromes was not detected.
The number of commercially available ang-human mAbs
has increased significantly and new labeling techniques
have become available. In this study, the resuls of an
extensive survey with 331 differently labeled mAbs are
presented. mAbs conjugated with allophycocyanin (APC).
fluorescein isothiocyanate (FITC). phycoervthrin (PE), or
peripidin chlorophyll (PerCp) were tested for their cross-
reactvity in whole blood samples from both NWM spe-
cies. Furthermore, common B and T<ell markers were
studied in more detail using, Epstein-Barr vinus (EBV-reans-
formed B-cell lines and phytohemagphitinin (PHA)stimu-
lated T cells, respectively.

MAYTERIAL AND METHODS

Axioals

Venous blood was collected from 20 healthy common
marmosets purpose bred at the Biomedical Primate Re-
sesrch Centre (BPRC: Rijswijk, The Netheriands) primate
facility and from 20 healthy cotton-{op tamarins bred at
the University of Bristol. In 1995, the cotien-top colony
was shipped to the BPRC, quarantined, and housed in
group cages. Equal numbers of male and females were
used in this study with subjects ranging in age from 210 7
years. Their daily diet consisted of food pellets for NWM
(Special Diet Services, Witham, Essex. England) supple-
mented with rice, peanuts, marshmallows, biscuits, fresh
fruit. aod vegetables, Drinking warer was provided ad
libitum.

Blood Sampling

Animals were sedated with ¢ mg/ke ketamine (AST
Farma. Qudewarter, The Netherlands) and bled from the
medial femoral vein. Up to 2 ml blood was collected using
cthylenedlaminetetraacetic acld (EDTA-K3) or Uthium-he-
parin {Li-H)}precoated mbes (Greiner BV, Sélingen, Ger-
many).

Sample Preparation

EDTA-K3 whole blood samples were diluted in ce cold
phosphate-buffered saline (pH 7.4) containing 1% bovine
serum albumin in the presence of 0.1% sodium azide (1%
PB3/BSA). Aliquots of diluted samples were placed in
Falcon 3032 tubes (Becton Dickinson, Mountain View,
€A) and incubarted with 5 il of refevant mab for at least
30 min on ice. Red blgod cells were lvsed using an am-
monjum chloride-based buffer (FACSlyse. Becton Dickin-
son) for 10 min at room temperature. Samples were
washed twice with 1% PBS/BSA after which cells were
fixed with PBS containing 0.7% formalin and stored at 4°C
untl anatysis, Samples incubated with unconjugated mAbx
were incubated for 15 min with FITC- or PEconjugated
goat anti-mouse IgG (Becton Dickinson), goat anti-human
IgG Jackson ImmunoRescarch Laboratories, West Grove,
PA). or goat ant-mouse IgM (Southern Biotechnology.
Birmingham, AL}. For stimulation experiments, peripheral
blood monenuclear cells (PBMC) were isolated from 2 ml
Li-H bleod wsing lymphocyre separation medium (LSMH;
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ICN Biomedical, Aurora. OH). Cells for T-cell stimulation
experiments were transferred into compiete culture Mme-
dium (Hepes-buifered RPME1640; GIBCO BRL, Glasgow,
England) supplemented with 10% heatinactivated fetal
calf serum (Flow Laboratories. VA), 2 mM Lyglutamine,
100 U/ml penicillin G, 100 wg/mi streptomycin, and 20
mM 2-mercagtoethanol (2-ME: ail from GIBCO BRL). Cells
were seeded into 24-xwell flar-bottom plates (Grelner) at a
concentration of 2 X 10%/ml. Following thiy, celis were
cultured for 3 days at 37°C and 5% CO, with 10 g/l
PHA (Bochringer Mannheim GobH. Mannaheim, Ger-
many) prior 1o stining. Stable growing Beell nes from
both specices were generated by transformation of perph-
eral blood monenuclear cells (PBMC) with 2 cotton-top
EBV (B95-8) as described previously (3).

mAbs

All maAbs described in this article are commerclally
available and were (onated kindly by the participating
companies: Beckman Coulter. Becton Dickinson., Ben-
derMed Systems, Biotrend, CLB, Connex, Cvmbus Bio-
tech, Dako, Diaclone, Hoffman-la Roche, Pharmingen,
Serotec, and Tanox Pharma BV. Cymbus Biotech and
Pharmingen kindly donated isotype-matched FITC- and
PE-labeled mAb as controls. All specificitles, clone nmames,
and isotypes are provided in Table 1.

FLOW CYTOMETRIC ANALYSIS

Sinple-labeled irect immunofluorescence was used to
screen mAbs for cross-reactivity against NWM cell sudface
anzigens. nmunofluorescence was measured on a four-
color FACSort (Becton Dickinson). Data were obtalned
without pregating and, generally, 23.000 events were an-
alyzed per sample. After gatng T/B cell, monocyte, and
granulocyte populations as determined by forward (FSC)
and side scatter (83C) characteristics. data analysis was
performed retrospectively using CellQuest software (Bec-
ton Dickinson) to determine frequencies and fluorescence
Intensities using unstained 1% PBS/BSA-incubated celks as
2 first reference. To compensate for day-to-day differences
as well as to set a reference point to determine whether
up-reguladon of cell surface markers occurred after PHA
stimulation (T cells) or after EBY tansformation (B cells),
the FACSort was calibrated using calibration beads (Bee-
ton Dickinson). During the analysls, we discovered that
fluoresceinconjugated mAbs from different suppliers
could not be campared easily because the amount of
fluorescein bound 10 a single mAb was highly variable.
Hence, expression of reactivity by expression of the mean
or median fluorescence Intensities was considered nonin-
formative. Moreover, the purpose of this study was ©
identify mabs of suficlent crossreactivity sather than to
determine the extent of stining. The reactivity of the
mADb was therefore scored as the percentage of positively
staining cells using the signal on ity matched isotype as
well as by its stadning pattern. In our panel. we found four
basic patterns of reactivity. Typical examples are shown in
Figure 1 and are represented 2s colored boxes in Table 1
(0, blank; rype 1, yeilow: type 2, purpie; type 3, green). All
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Cone Names, and Isolypes*
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Specificitivs, Clone Names, and Isorypes* (continued)
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Specificitivs. Clone Names, and fsonpes (continued)
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“Providers: 1, Beckman Conlter; 2, Becton Dickinson; 3, BenderMed; 4, Blotrend; 5, CLB: 6, Cymbus Blotech; 7, DAKQ; 8, Diaclone:
9, Pharmingen; 10, Scrotec: 11, Connex; 12, Hoifmann-L1 Roche: 13, TANOX Pharma BY. Labels: All mAbs were labeled directly with
elther FITC, PE. or APC unless Indieated otherwise, T and B cells (T/B cell), monocytes or larpre granukar lymphocytes (Mono/LGL), and
granulocytes (Granulo) populations were gated on the basls of their FSC and $3C characteristics and analvzed in detail. Al data presented
were corrected for nomapecitic background staining begause some sorype-matched and/for subcluss-matched mAbs showed a type 1
stalning pattern (yellow) when compared with unstained, PBS/BSA-ncubated ¢ells, For xake of completeness, these percentages are
provided In the table. The resulti are expressed s the percentage of posltive cell and praded as <10, 10-25, 25-50. 50-75. >75%
positivity. Blank boxes without percentages: not tented, The type of reaction s expressed ix blank boxes {fype 0), yellow bhoxes (tvpe
1), purple boxes (type 2). or green boxes (fype 3) according to the staining patterns described in Figure 1. EBV-B: Smblegrowing B-cell
Hnes from both species were penerated by transformation of PEMC with 2 conontop EBV and they were used to test common B-cell
markers in more detall. PHA: Cells for T-cell stimulztion experiments were cultured for 3 days at 37°C and 5% CO,, in the presence of
10 ug/el PHA prior to suining. Blue boxes imlicate an upregulation {amount and/or Intensity) of the gated ccll population after PHA
stimulation: =, no Ilncreased signal Intensity after PHA stimuladon. EDTA-K3 blood was used for whole blood apalysis. IIH as
anti-coagulant was used for PHA sumulation of T cells.

“Indirectly labeled mADs.

dara in Table 1 were corrected for nonspedific staining
using isotype and subclass-toatched mabs, However, for
the sake of completeness, these results are given in the
legend to Table 1,

Ethics

The protocol of this study was reviewed and approved
by the institute's animal experimentation committee. All
experimental procedures are in accerdance with the
puidelines of the committee and with Dutch law on ani-
mal experimentation.

RESULTS AND DISCUSSION

Similar to human T-cell receptors (TCR). ¢ytokines and
the MHC have been reported widely for both the common
marmosets and the cottoa-top wamarin (1-7). Conse-
quently, these species have been used extensively to
model human diseases and to test the therapeutic efficacy
of novel compounds, especially those with exclusive pri-
mate reactivity. This study was undertaken in an amempt
to expand the list of suitable mAbs for their applicability
in both species using fow ¢ytometric analysis. These
reagents are critical for examining the cells that are instru-
mental in the immunolegical pathways of human disease.
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Fic. 1. Histogram plots showlng the four fluorescence profiles found In el samples of the common marmoset and the cotton-top tumartn, HBasc levels
{type 0) were set between fluorescence intonsity 10% and 10" (blank boxcs in Table 1), Type 1 reuctions were chiricterited by i complete shilft of the
anulyzed subpopuliton (yellow boxes Ln Table 1). Type 2 was chamcterived by a pak basal level in combinarion with 2 second peak between 14 and
10* (purple boxes in Table 13 Cells that showed seattered positiviny throughout the FL channels, for instance, those observed atter MHC clasy If stalning
of whele blood, were typed as type 3 reacthviry (mreen boxes in Table 1),

Although several reports have Deen published for the
common marmeset (26,27), data are very limited in the
cotton-top tamarin (23-25). The resules of this study are
summarized in Table 1.

The panel of mADs tested was mised orginally against
more than 30 CD-defined molecular structures present on
human cells. From the 331 mAbs analyzed, 126 showed
positive crossreactivity with PBMC from the common
marmoset (38%) and 152 were positive when tested on
cotton-top tmarin cells (46%). After stimulation with the
T-cell mitogen PHA, 85 and 76 mAbs showed increased
sipnal intensity with marmoset aod COUMON-top 1amarin
PBMC, respectively. Because the T cells in these cultures
are enriched preferentially and only one singie-labeled
mAb per sample was analyzed, fittle can be said about the
relative percentage of cells that show positive stainlng.
However. activation markers like CD25. CDG9. and HLA
class I were upregulated. Most mAbs that showed geod
cross-reactivity were also suitable on cryotome-prepared
frozen tissue sections (Brok et al, unpublished ).
Clone H299 (Beckman Coultex), which recognized CD20,
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showed geod reactvity on B cclls. However, we also
detected binding to PHA-stimulxned T cells, a finding at
variance with pubtished data (26). Although this could be
the result of nonspecific T-cell binding, no increased back-
ground staining, was observed with the lsotype mAb. No-
tably, CD20 has been idendfied 2« an activation marker on
T cells in simian immunodeficiency virus (STVyrinfected
rhevus monkeys (28). Positve smining was also found
after PHA activaton of PBMC from the owl monkey (do-
tus lemurinus griseimembra; Gonzilez et al., unpub-
lished data).

In this study, directly labeled mAbs conjugated to either
FITC. PE. or APC were used in almost all cases, T<cell
specific markers like CD2 and CD3 also showed positive
staindog with the monocyte and/or granulocyte fraction,
which is in contrast to the condiden In humans. Never-
theless, these mAbs are uselul tools for Tcell identifca-
tion beciuse a positive signal was not found on EBV-
transformed B cell Unes (Table 1). Moreover, no cross
reactivity of CD2 or €CD3 was found on the Bell
population (unpublished observarions) after gating of the



T/B-cell fracton of whele bleod and double staining using
CD20 (clone H299, Beckman Coulter) or CD19 (iG7.
Becton Dickinson).

The technical issue that g clear effect of the fluoro-
chirome on the reactivity pattertss of some of the mabs
was found needs further discussion. For example, in the
common marmoset, CDT (B-F12; Diaclone) showed posi-
tive cross-reactlvity only when conjugated with FITC. In
contrast, CD19 (4G7; Becton Dickinson) showed positive
cross-reactvity when conjupated with PE or APC, but not
with FITC. Although diffcrent labeling methods are avall-
able for coupling, the fluorescein o the mAb, to our
knowledge, no satisfactory explanation has been pub-
lished despite the fact thar this phenomenon has been
reported equently (23,26,27). One could envisage that
under certin experimental ¢ondlitions. quenching or ox-
idation/reduction of the fluorochrome can take place.
However, this educated guess clearly requires more ex-
perimentation, which is outside the scope of this study.

Some PerCp-conjugated mAbs showed positdvity. More-
over, of the nine APCconjugated mAbs tested, all gave a
similar staining pattern to those labeled with PE. This
demonstration thar triple or even quadruple staining of
PBMC is now possible may have wide implications be-
cause it enables more in-depth analysis of minority cel}
populations. Although the list of tested APC-lnbeled mabs
remains small, it may be prudent to test other available
APClabeled mAbs when PElabeled mAbs gave positve
resulis,

In general, the data presented here show a very good
correlation with published data (26). Although some
clopes in our test panel gave cemparable staining pat-
terns, a preferential selection can be rade based on signal
quality. For exampie, the CD4 clone MT-310 (Dako) and
clone $K3 (Becton Dickinson) both detect €D T cells.
MT-310 provides a more distinct positive cell population
for both species tested and, therefore, would be the pre-
ferred mab of choice.

Due to the low background staining, the CD3 clone LTS
JgG,; Serotec) would be the preferred reagent over CDS
clones 5-T8/4 and $H8 (G, from CLB or clone MT-1014
(Indirectly labeled andIgM; Comnex). When available,
mAbs of the IgG, subclass are generally the antibodies of
choice, although the nonspecific reactivity is generally
low for most subclasses on restng cells. However, after
(mitogen) stimulaton in vitro, nonspecific, Fe-tail-medi-
ated binding to PBMC might be increased especially when
IgG.., and IgG., subclasses are used.

This study has identified good cross-reactive mAbs [or
CD3, CD13. CD27. CD«0, CD«1, CD42a. CDH2b,
CDHSRO. CD138, CD154, and HLA-DQ, which were not
shown previously to be positive in common maomosets.
Als0, numerous new mAbs have been described for their
use in the comon-top wmarin. mabs agatnsr CD25,
CD45R0, CD69. CDT1, CD95, HLA class I, and HLA-DR
(and CR154 in common marmosels) were suitable for
detection of activated T-cell (sub)populations. As antdd-
pated, EBV-transformed and immertalized B-cell Hnes from
both species showed a very distinet staining pattern, in-
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dicating suitability to prescreen general Bcell specific
markers before their use in whole blood analysis.

Despite the fact thar common marmesets and cotton-
O tamarins are very closcly related NWM specles, differ-
ent crossreactivities of mAbs between the two specles
were found. As examples, CD11c (3-HCL-3 clone; Becton
Dickinson) showed good cross-reactivity in common mar-
mosets, athough it was aegative when tested on PBMC
from cotton-top tamarins, CD3 (CLB-T3/2 clone; CLB) and
CD4 (CLB-T4/2) are positive in Couon-top mamarins, but
show po staining on marmoset PBMC. These results indi-
cate that although both specles are closely related phylo-
genetically, significant differences on epitope conserva-
tion have evolved on cell surface molecules.

Combined with the dara from Neubert et al. (26). the
majority of CD markers ¢ now be defined in the PBMC
of both NWM spedes. However, the Bst is by no means
complete. $dli, no crossreactive mAbs have been identi-
fied for CD10, 15, 37, 64, 66, w90, 103, w116, 117, and
152 in the common marmoset and for CD15, 23, 33, 36,
37, 42D, 51, G4, 66b, w90, 94, w116, 117, w124, 152, and
154 in the cotton-top tamarin. However, many new clones
were not included in this panel aod the Hst of (differently
labeled) mAbs for CD markers conlinues 1o frow.

I conclusion, we have identified 2 large paoel of Cross-
reactive mAbs for use in the cotton-top tamarin and the
common marmosct. These mAbs may serve as essental
tools in the investigation of specific cell (sub)populations
believed to be intrinsic in the immunopathopenesis of
human disease modeled in both these NWM species,
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Myelin/Oligodendrocyte Glycoprotein-Induced Autoimmune
Encephalomyelitis in Comumon Marmosets: The
Encephalitogenic T Cell Epitope pMOG24-36 Is Presented by
a Monomorphic MHC Class IT Molecule'

Herbert P. M. Brok,* Antonio Uccelll,” Nicole Kerlero de Rosbo.” Ronald E. Bontrop.*
Luca Roccatagliata,” Natasja G. de Groot,* Elisabetta Capello,” Jon D. Laman.® Klaas Nicolay,T
Gian-Luigi Mancardi,” Avraham Ben-Nuon.* and Bert A. “t Hart™*

Inmunization of common marmosets (Callitheix facchus) with a single dose of human myelin in CFA. without administration of
Borderella pertussis, induces a form of aotoimmune encephalomyelitis (EAE) resembling in its clinical and pathological expression
multiple selerosis in humans. The EAE incidence in our outbred marmoset colony is 100%, This study wax undertaken to nssess
the genetic and immonological basis of the high EAE susceptibility. To this end. we determined the separate contributions of
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mmunizatien of ¢ommon Marmosets, a neoropical meonkey

species, with human myelin in CEA induces a form of aute-

immune encephalomyelitis (EAEY" that both clinically and
pathologically resembles human multiple sclerosis (MS) (1-3).
The disease has a relapsing/remitting or progressive ¢ourse. Ra-
diclogical #nd neuropathological analysis of the CNS during clin-
ically active EAE shows demyelinated lesions at different stages,
including carly active, inactive, and remyelinnting lesions. The
susceptibility of common marmonets to myelin-induced EAE op-
pears remarkably high in view of the outbred nature of our colony,
namely 100% (2 > 75). although the clinical expression of the
disease appeared to differ between Individuals (3). In comparison,
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in a group of 23 randomly selected rhesus monkeys from the out-
bred colony ot the Biomedical Primate Research Centre (n >
10003, 15 developed EAE after immunization with human myelin
in CFA. Eight menkeys remained completely asymptomatic (4).
We undentock the present study 1o investigate whether the EAE
susceplibility of common marmosets has 20 immunolepical and/or
genetic explanation.

The molecular analysis of the Mie ciass T genes of the common
marmosct revealed functional Mkc-DR and -DQ regtons. and an
apparently insctivated Mhe-DF region (5). On basis of the number
of alleles found, it was concluded that the Caja-DOA and -DO8
loci are oligomorphic. Moreaver, three Caja-DRE loci were found:
two Joci with limated polymorphism (Caja-DRBI*05 and Caja-
DRE*WIG) and cne monomorphic locus (Caje-DRE¥WI2). All
common marmosets that we have analyzed thus far appeared o
share the Caje-DRE*WI20S allele (n > 75). We hypothesized
therefore that Caja-DREB*W12(31 molecules may function as a ma-
Jor restriction element in the immunopathogenesis of EAE.

The ¢linical and patholopical expression of myelin-induced EAE in
marmosets is thought 10 result from a syneegy of cellular and humorat
ameimmung reactivity predominanty directed against two Ags,
mamely myelin basic protein (MBP) (2. 6, 7) and myelinfoligoden-
dracyie glycoprotein (MOG) (7-9). Hence. for the purpose of the
present study, three mumoset twin couples were randomly selected
from our goleny; one sibling of each twin was immunized with re-
combinant human MOG {(hMOG). and the other sibling was immu-
nized with purified human MBP (hMBP). The myelin Ags were
emulsified in CFA, but usage of Borderella pertussis was avoided.
The immune systems of twin siblings can be regarded as highly sim-
ilar paven that they are complete bone marrow chimeras due to the
sharing of the placental blood stream in were (10). The celular and
huroral auroimmune responses and the development of clinical and
pathological sifms of EAE were assesied.



Table L Distribution of Cujo-DRB afieles in the selected panel of marmosets”

Birth Dute Welaht
Animal Code Sex oy © Coja-DRE] 03 —DRAYWIY —DRE-WIZ
9501 M 1195 201 o1/0%7 1604 1201
9502 M 1195 302 03/05/07 1609 12n
9601 M 1096 310 03 1608 1201
9502 M 96 290 0203 1605 1201
Escudo M 5195 359 01/05 160171611 1201
Estrdis F 5K w7 01/0305 160171611 1201
9347 M 693 — [t 1606/1607 1261
9328 F /93 — Q1/04 1609 120t

< Twinn 9501/9507 and 9601/9602 were bred und ruised ot the Blomedica! Pnmate Renearch Centre. ond twins Excudo/Erruda were purchaved from
the Max von Pedenhofiar Inntitate (Munich, Germany. The wex. blrth dates, and body welghts ot the start of the study of the moakeyn are glven. Marmasets
9501, 301, ond Ecude were Immutilicd with 100 ug thMOGACEA. Anlmals 9502, 9007, and Estrada were immunized with 1 mg RMBRCFA. B cell
lines from armals 9437 and 9328 were included i the tesl panc] of APC to clucsdate the MHC restricton clement of phMOG14-36. The presence of
Cafa-DREWIE! wan wro contlemed by depaturlng pradlent pef clectrophoreis.

The results show that the thMOG-immunized monkeys develop
severe clinical EAE with specific demyelination of the CNS. The
hMBP-immunized monkeys remained asymptomatic and also
lacked patholopical signs of EAE. The MOG-immunized monkeys
proved 1o share a proliferative T cell response to the same MOG
peptide (phMOG14-36}, which was found to induce ¢linical and
pathological signs of EAE in four of four monkeys. T cell reac-
tivity to other MOG peptides varied between individual gnimals.

Activaion of phMOG14-36-specific T cell lines appears re-
stricted by the Caja-DRB*W1201 molecule. Anti-MOG IzG mol-
ecules appear to bind to peptiden contained in two domains of the
extracellular domain of MOG. namely between aa-4 and 40 and an
44 and 76, Because the Caja-DR8*W 1207 allele is present in all
monkeys, it is concluded thar the 100% incidence of demyclinating
EAE in an outbred colony of common marmosets can be explained
by a uniform immune response to a single encephalitogenic pep-
tide ax EAE initiating event.

Materials and Methods
Asnimals

Three marmoset twin couples and four wingle monkeys were rundomly
elected from the outbred colony it the Biomedical Primate Rescarch Cen-
re. The sex and birth detes (month/year) of the moakeys are depicted in
Tabk 1 During experimenty, monkeys were hotsed individually in spe-
clous coges with padded sbelters provided in the cape. The daily dict con-
sisted of food pelicts for nonhuman primatex (Hope Forms., Wocrden, The
Netherlands), supplemented with rice, misins, peanuts, manhmuoilows, bis-
evits, ang fresh fruit ond vegpetables, Drinking wuter wan provided el
Libiturm.

Typing of Caja MHC class If

Lymphoblustoid] B cell lines were generated by tunsformation of PBMCs
with o cotton-top marin EBV (B95-8). Geromic DNA wis ivolated from
stable prowinp B cell lines, and exon 2 of the Caja-DRE penes wox am-
plitied by PCR (5). Sequenee analysin wis performed on on ABI prisat 310
Cienetic anulyzer (Perkin-Elmer Applied Bionystems, Foster City, CA) us-
ing the AB] Prism dRhodamine terminator eycle sequencing reudy reaction
kit {(Perkin-Elmer). The Caja-DRE allcles depicted in Table [ represent the
consensus sequence of b leust four separate ¢lones. All 75 common mur-
moscts tested thus fur share the previously described Caja-DRB*WI20/
allele (5).

EAE induction

hMB?P wos isolated und purified from normal doner brain as deseribed (11).
Three animaly (9502, 9602, Exerada) were immunized with 1 mg hMBP,
emulsified in CFA (Difco Labomtories, Detroit, MI). Eschcrichia coli-
derived MGG, representing the Neterminal extrucellulur domain of hu-
man MOG Gaa 1-123), wis purified s previously described (12}, Three
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enimals (9501, 9601, Escudo) were jmmunized with 100 gp thMOG o an
emulsion in CFA.

Under ketamine anesthesla (6 mgfkg, AST Farma, Qudewnter, The
Nethertunds), 1l monkeys were injected into the dorsal skin with 600 pl
emudsion divided over four locatiens. two in the Inguinal and two in the
axillary region. 8. perruxsis has been used by othen o Tacilitale develop-
ment of EAE in marmosets (1. 2, 6-9). In out hands, B pernussis admin-
istration Is 1oy exsentinl for myctin o MOG-induced BAE In marmoscts,
Moreover, injection of B. pertuswiy around the time of encephalitogenic
challenge results in necrotie kesions in the CNS of marmosets (3).

The four single monkeys were immunized with 100 pg of the synthetic
MOG peptide phMOG 14-36, alse emulsiticd in CFA.L und received booster
immunizations with 50 pr phMOG14-36 in TFA after 7, 9, and 12 wk,

Clinical diagnosis

A trained observer reconded duily the clinical counc of EAE wing & pre-
viously deseribed semiquantimtive scale (3): 0, no cliniewl signs: 0.5, op-
athry, less of appetite, altered walking pattern without atxin; 1, kethurgy
undfor ancrexiar 2. etaxia; 2.5, mono- or paraparesis and/or brain sem
syndrome: 3. hemi- or puraplegin: 4. quadriplegia; 5. spontangous death
attributable to BAE.

Far ethical reasons. monkeys were sucrificed when the clinical EAE
score of 3 wex reached. The highest per day scores in o week were aver-
amed. Morcover, cach monkey was weighed ot least three times per week
to obtuin a surrogate disense marker.

Magnetic resenence imaging (MRI)

Far in vive MRI, animals were anesthetized with 30 mpfkg ketuming in
combiration with 1 mp/kg vatium (Diozepam. Kombivet, Exen-Leur, The
Netherlands). Acguisitions were performed o desenibed previously in de-
tail (3). Exch slide wis recorded with 2 matrix of 512 % 256 dain points and
a field of view of 3 % 4 cm. The data sees were analyzed on an Apple
Muclmosh Performa 630 (Apple Compater, Cuperting, CA) using the pub-
lic domain Nagonnt Institutes of Health propram.

Neuropariology

Ketumine-anesthetized monkeys were cuthanized by an Lv. Injection of
400 mg sodium pentobarbital (Euthesate, Apharmo, Duiven, The Nether-
londs). The brain und spinab cord were excived in toto and fixed for 3 days
in 4% buffcred formulin, rinsed with PBS containing 0.05% sadium aride,
ond embedded in poraftin, Small parts of ecrvical, thoracic, and lumbar
spinal cord were postilxed in PBS, 2.5% plumraldehyde for 2 days. post-
fixed in 15 owmium tetroxide in PBS. und embedded in Epon. From some
unimuls, the fresh brain was sepamted into two hemispheres. one being
fixed in formalin and the other snup {roven in liquid nitropen for immu-
nehistochemicol anulysis. Paraflin sections of formalin-fixed brain and spi-
nnl cord were stuined with hematoxylin ung eosin, Luxol Fast Bluc (LFB)
combincd with periodic neid-Schifl {PAS) for stmning of myelin und
Badian for snining of nxons. Immunecytochemistry wos performed wtiliz-
ing the immuaoperoxidase method of biotin-avidin with the following Abs:
mouse anti-human glhinl fibrillary seidic protein (Blopenex. Sun Rumon,
CA} for astrocytes; mbbit unt-human CD3 (Dako, Glostrup. Denmark) for
T eells and mouse wnti-humun CD20 (Biopenex) for B cells: mouse anti-



human nacrophage (27510 and MRP14: BMA Biomedicals, Augst. Swit-
zerlund) Tor mucrophages: mouse anu-MAG (CD37, Beeton Dickinnon,
Sun Jose. CA), unti-human MBP (Biogenexy: anti-CNPse (Sigma, St
Louis, MO; for myelin ond oligedendracytes. Semithin sections were
stained with toluidine blue. Maoturation stage und timing of demvelination
were clussified gecording to published criterda (3).

MOG and MBP Ab responses

Sera were collected from unimals ot the tme of necropsy and sored in
aliquots at —20°C. The Ab responses of individual monkeys directed to
MBP, MOG, und MOG cpitopes were analyzed using o slot blot psay.
Rhesus monkey MBP (0.5, 1.0, and 5.0 pg), rhMOG (0.25, 0.5, and 1.0
i) wndd synthetic overlapping peptides spunning the extracelfular domoin
of MOG (phMOG), were spotted onto o polyvinyl difluoride membrane
(Hyboad, Amershormn, Livde Chalfont UKL} at o cancentrution of 0.1, 0.5,
and 1.0 ug wning 2 Bio-Dot SF blotting appurutu (Bio-Rad, Richmond,
CA) (12). To easure thut all pepticles remuained bound to the membraae, the
blots wert immersed with 2.5% glutaraldebyde in PBS for 15 min, wished
with PBS for 15 min, und the remaning <ites were blocked by incoboting
the membrane {or at lemt 2 h in PRS contwining 3% BSA (PBS/BSA). The
blots were then incubated fer 1 h with the relevont serum diluted 1:1000
with PBS/BSA 1%, washed four times for 10 min with PBS comaining
0.05% Tween 20, (ncubnted for 1 h with rubbit unti-human IpAl IpG, IpM
(Duke); diluted 1:14,000 in PBS/1% BSA, wushed as deseribed above, und
pracessed for ECL detection sccording 1o the manufacturer's instructzons
(Amershams,

MOG and MBP T coll responses

At necropsy, PEMC were isoluted from venous blood using lymphocyte
sepamation medium (LSM. ICN Biomedical, Aurorn, OH). Lyrph node cell
(LNC) nuspensions were prepared {rom aseptically semoved inguinal and
axillary fvmph nodes. Coltures were set up in HEPES-buttered RPMI 1640
{Life Technologies, Glosgow, U.K.) supplemented with 10% FCS (Flow
Laboratorien, MeLean, VA), 10 mM MEM with nencasentinl amine acids,
2 mM t-glutamine, 100 Ufml penicillin G, 100 pg/ml strepromycin, and
2 X 107%™ 2-ME {ull from Lite Technologies). PBMC or LNC (2 %
10%welly were secded into 96-welt flat-boom plues (Greiner. Solingen.
Germany) ond cultured with thMOG (10 pp/ml) or BMBP (50 pgo/ml).
After 48 b, 0.5 uCirwell of [*H]thymidine wus udded, and incorporuton of
radiolabel wan determined 1% b Juer using & motrix 9600 betu-counter
(Packurd 9600, Puekard Instrument. Meriden, CT).

Generation of MOG-reactive T ¢ell fines

T cell Lines reactive with thMOG were generatcd from LNC of MOG-
immunized murmonets. For this pumpose, single LNC suspemions isolated
nt the day of necropsy were used as sarting makerinl. ING (16%well) were
seeded into 24-well tla-botom plates (Greiner) and stmulnted with 10-15
g/l rhMOG. In cycles of 2 or 3 doyx, one-half of the superaatant wa
remaved., and the cultures were supplemented with {resh medium contain-
i 20 Usml k-2 (Cetis, Amnterdom. The Netherlonds). After 14-21 days
of culture, the celly were eestimulated with thMOG, using imadiated (SQ
Cy) autologows EBV-transtormed B cell lines an APC.

Pepride specificity of MOG-specific T cell lines

Cells were secded at 2 % 10* T ecliviwe]l into 96-well flat-bottom plates
nnd stimuluted with rhMOG ar o punel of synthetic overlapping phMOG
(1.0 pg/ml) (12, 13). Proliferation wos assessed by [3mmwmﬁnc ingoT-
peration (0.5 uCitwelt) during the fingd 1§ h of 4 3-day culture. [ncorpo-
raved mdiolube] woan counted ay deseribed above. Mean vilues were cad-
culated from tiplicate cultures. T ¢ell lines showing reactivity 1o L certain
phMOG were restimuluted with that .ame peptide at the next round of
restimulatlon uatil stable prowing phMOG-specitic T cell lines were
obtained.

MHC restriction of phMOG-specific T cefl reactivity

The MHC restriction of MOG-incuced T cell profiferution won determined
by inhibition of respofises Using mAbs ruised 1o primate MHC lsorypes
SPVL-3 (and-DQ), BS.11.2 (onti-DR), BF/2| (anti-DP), PAV3.2 (anti-class
IT). nnd WE/32 (anti-ciass Iy ot 1:106 ascltes diletions 2). Autclogous APC
were incubgied Tor 15 min at 37°C with the mAbs and then pulsed with the
relevant phMOG for 60 min at 37°C. Adter oxionsive washing, the APC
were tested for their obility 1o induce proliferution of specific T cclf lines
duting 4 72-h culture. Positive controls consinted of APC pulsed with pep-
tde withour mAD nd negative confrols of APC incubnted with mAb with-
aut peptide, The rostriction elements for presentotion of phMOG14-36
were determined by wsting T cell proliferution induced by o punel of

67

C-typed, EBV-trunsformed B cel! lines from related and unrelated mar-
moscty. Irradiated B cells (50 Gy} were seeded (2 % 10° cellviwell) into a
S6-well plute, and phMOGT4-36 was added. Peptide-iaduced prolifcration
of 2% 10t phMOG1A-Snpecific T cells wan avesasd by counting

[*H]thymidine incorporation during the finad 18 h of a 3-day culture.

Ethics

According to the Dutch luw on animal expenmentation, the protocol of this
study hax been reviewed und approved by the [nsttute™s Animal Care and
Une Committes. All experimental procedures with the animaly we in ac-
cordunce with the puidelines of the cormitice,

Results

MOG immunization induces severe demyelinaring EAE

All 3 MOG-immunized animals developed clinically manifest neu-
rological disease (EAE score. =2). albeit at various times after
immunization. The first clinical signs were observed at 38 days in
Escude, at 52 days in animal 5601, and at 64 days in animal 9501,
The ¢linical course of MOG-induced EAE wus chronic progressive
in all animals, with each monkey developing complete paralysis of”
the hind part of the body (paraplegia; EAE score, 3.0) within 2 wk
after disease enxet {Fig. 14} At this stage. the monkeys wers sac-
rificed based on ethical considerations. During the course of the
disease, all three MOG-immunized animals lost more than 15% of
their body weight (Fig. 18).

The first Ty-weighted (T.-w) magnetie resonance images were
recorded 1 meo after immunization. Ag this stage. two of three
MOG-immunized animals (9501 and 9601) showed MRI-detect-
able lesions within the brain white matter parenchyma. In addition,
high resolution postmorem To-w magnetic resonance images were
reeorded of formalin-fixed brains 1o determine the total lesion load
of the brwn (Fig. 2). The lexion lead of animals 9501 and 9601
differed remarkably, despite similar EAE severity. In the brain of
monkey 9501, several small focal lesions were detected, whereas
in monkey 9601 cxwemely large lesions were found. No MRI-
detectable lesions could be observed in the brain of monkey
Escudo.

Neurepatholegical examination confirmed that the abnormali-
ties observed with brain magnetic resonanee images represent de-
myvelinated lesions. In monkeys 9501 and 9601, large areas of
demyelination were observed in the white matter of the cerehral
hemispheres (Fig. 3, @ and &), mainly localized around the wall of
the lateral ventrigles, in the hemispberic white matter, in the spinal
cord, in the corpus callosum, and in the optic nerves and macts,
Light microscopic examination revealed a relevant degroe of in-
flammation within the arcas of demyelination, characterized by
perivascular cufls of monenuclear cells, whereas granulocytes
were absent. Infiltrates were composed of magrophages, T lym-
phocytes, and a few B lymphocytes. Inside the cytoplasm of mac-
rophages. LFB- or PAS-pesitive myelin degradation products were
detected. Bodian staining did not reveal apparent axonal damage.

In the brain of Escude, only a few perivascular inflammatory
cufls wround the small venttles were observed, without demyveli-
nation. Pathelogical changes were muinly restricted to the spinal
cord. where a widespread demyelination was detected. The areas
of demyelination involved the ventral, lnteral and dorsal columns
of the spinal cord, ¢specially in the outer part of spinal tracts (Fip.
3¢). Diffuse inflration of demyelinated areas by macrophages wos
present, but axons were apparently intact {Fig. 34). Both active and
inactive lesions were present in the same areas, as indicated by the
presence of LFB-positive myelin degradation products and by
staining macrophages with MRP14 (Fig. 3¢) or the presence of
only PAS-positive depesits in the mactophages (not shown). Ven-
teal and dorsal roots belonging t6 the peripheral nervous system,
lying nearby the severely affccted spinal cord. were completely
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FIGURE 1. Clinicul course of EAE in MOG-immunizcd marmosets.
Three twin sidlings {9501, 9601, Escudo) were immunized with 100 ug
thMOG in CFA. For each ndividual monkey, the mcan ¢linical acores per
week and 8D+ arc given (A). The bedy weight wis measuree three times
& week. For normaliztion, the weight at the start of the study waoe set sf
100% (8). Na clinically definite EAE or weight loss wiws observed in the
other sibling of the twin couple {9502, 9602, Estrada) which wus immu-
nized with 1 mg hMBP/CFA (not shown).

spared. This indicates that the demyelinanng process was restricted
1 the myelinated fibers of the CNS (Fig. 3/).

Absence of clinical and pathological features of EAE after MBF
immunization

MBP-immunized animals developed only mild ciinical signs of
EAE. Animals 9502 and Estrada showed apathy and loss of appe-
tite (EAE score: 0.5) during a period of 2 wk starting at 10 and 11
wk aofter immunization. respectively. Monkey 9602 remained
asymptomatic during the observation period of 178 days. No
weipht Joss was observed, On in vive T.-w brain magnetic reso-
nance images recorded 1 mo after immunization. no abnormalities
could be detected. However. at 3 mo after immunization. small
hyperintense remons were found in the brains of monkeys 9502
and Estrada, but not in the brain of animal 9602, No abnormalities
could be detected on postmoriem magnetic resonance images, and
the neuropathology anaiysis revealed that no signs of inflammation
or demyelinntion was observed in MBP-immunized animals. The
MRI-dete¢table abnormalities may therefore be an artifact or re-
flect the cdemn extravasation associated with perivascular mflam-
mation, which could have been drained by the dme the monkeys
were sacrificed.

MOG- and MBP-specific Ab responses

[n MOG- and MBP-immunized animals, eirculating Abs appeared
to be primarily directed against the inciting Ag only (Fig. 4). The
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FIGURE 2. Postmortem MRI of MOG-immunlzed monkeys. Two
slices of postmortern T2-weiphted brain MR-imuges m the coronal dirce-
tien. The lesion loud in animal 9501 differed considerably from that of
onimal 9601, despite the similar clinicul expression at the time of sacrifice
{EAE seorc 3). In the bmin of monkey 9501 severwl focal losions wre
detectable us hyperintenaitics, whereas in monkey 9601 there is substantial
demyelination covering almost the complete white matter arca of one
hemisphere. No obaormalitien were obwerved in postmortem brains of
MBP-immunized animals,

epitope specificity of anti-MOG Abs present in necropsy sera was
analyzed using a set of overlapping 22-mer peptides. spanning the
N-terminal extracelivlar purt of MOG (residues 1-116). The main
reactivity of anti-MOG Abs in all three MOG-immunized mon-
Keys was directed apainst two separate regaons (Fig. 4). The sera
reacted  with phMOG4-26. 14-36 and 24-46. but not t
phMOG34-56, indicating that anc or mare B cell epitopes are
locazed within on sweteh 440, The sera also showed strong re-
activity 1o phMOGH—66 and 54-76, indicating that one or mere
epitopes are contnined within aa region 44-76. No Ab reactivity
toward thMCG or phMOG could be detected in necropsy sera of
MBP-immunized gnimals (not shown). The preimmune sera
showed no reactivity against whole myelin, rhesus monkey MBP,
rhMOG. or phMOG, indicating that Abs were formed after immu-
nization. Notably, with this technique Ab renctivity against dis-
continucus epitopes of MOG are not detected.

MOG- and MBP-specific T ccll respenses

Primary LNC cultures of nll three MOG-immunized animals dis-
played strong proliferative responses to thMOG (Fig. 5) but not to
hMBP (not shown), In contrast, LNC from one of the three MBP-
immimized animals {Estada) displayed o significant proliferative
response to hMBP {Fig. 5). In conclusion, the different clinicxd
expression and radiological manifestation of EAE as well as the
clear Immunological and histopathological differences found in
MOG- vs. MBP-immunized siblings prompted us 10 stady the
MOC-indueed EAE in greater detadl,

Generation of phMOG-specific T cell lines

After two rounds of restimulation with thMOG, the epitope sposific-
ities of LNC-derived eultures were analyzed gsing 4 sct of 10 over-
lupping 22-mer phMOGs (spanning residues 1-116). Positive te-
sponses. stimulation index =4, are depicted by shaded boxes (Fig.
6A). Subsequemtly, pepide-specific T cell lines were penerated. After
angther two rounds of culturs with the specific peptides, the lines were
checked for peptide specificiry. As shown in Fig. 65. only one T ¢ell
Inc could be established from monkey 9501, veactive with
phMOG14-36 [9501 (14-36)] and with phMOG24—-26. Fram ani-
mal 9601, 4 different T cel! Lines could be generated: 9601 (4-26):
9601 (14-36); 9601 (24-36); and 9601 {74-96). Line 9601 (13-36)
proved regctive to phMOG24—48. Line 9601 (24-46) recognizes &
different epitope in that it is not responding to phMOG 1336, Finally,



FIGURE 3. Newropatholopy  of
MOG-immunized  marmoscts, &,
Coronal »ection of bruin hemispheres
possing throuph the hesd of cuudare
nucleus and basal gunglia, showing
multiple arees of demyelination (ar-
rowsl (9501, LFB-PAS, x4). b,
Lurge demyelinating portially contlu-
ent lesions In the hemispherie white
matter (section of ¢, 9501, LFB-PAS.
®40). ¢, Areas of demyelination i
the spinal cord, involving the ouler
pan of the ventral columas (Excudo,
LFB. X40). & In the same area of e,
silver staining shows an almost nor-
mal  demsity of axens  (Escudo.
Bodian, X40). « Diffuse MRPI4-
positive macrophage infiloution in
demyelinuing  areas  surrounding
sl vessels (9501 ong-MRP14,
avidin-biotin methed. X40). £ Dil-
fuse infiltratipn of MRP14-positive
macrophages in the demyelinuued ar-
cas of the spinal cord (being CNS).
with complete sparing of myclinatcd
fibers of venol roots (being the pe-
vipheral nervoun system) {Escudo,
semithin  section, toftidine  Bue,
*x250).

T gell line 9601 (74-96) Is reactive with a distinet epitope (Fig, 68). CD4*CDE™ with high surface expression of Caja-DR molecules re-
From Escudo. three Lines were established (eso (14-36). eso (24--46) {lecting their activated state,

and eso (34—356)) responding 1o at least two distinet epitopes (Fig, 68).

Al presently described in vitro-gencrated T cell lines were
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FIGURE 4. Ab responses against thMOG and MMOG | oo o 64 - B6
MOC peptides (phMOG). Secru were cobtzined
from gnimals ot the time of necropay. The pres- 1-22 74-98
ence of Abs directed 10 MBP, MOG, and MOG
cpitapes was analyzed using anlor blot assoy. Vol- 4-76 ——— —ip- &3 - 106
yew ure for i representntive example serum from
onimnl 9601, rencting with phMOG=26, 14-36, 14-36 S s 94 - 116
and 24-46, but net with phMOG34-56, The ser
of gll three MOG-immunized menkeys olso 24 - 48 — | f— ovalbumin
showed strong reactivity to phMOGI4-66 und ’
$4-76 but weak reactivity o phMOGS4-86. The 205 ™eP
renctiviry of the uai-MOG Aby in ol three MOG- . .
immunized monkeys was direeted ppuinst these 44-58 T nane
two main regions. MBP, rhesos monkey MBP. 5476 i 196
Characreristics of phMOG-specific T cefl lines
201
! [ — ‘The fine specificities of T cell lines were deiinented using smaller
B ol peptides. The fine specificity of the phMOGI-26-resetive T cell
15+ : 3 =801 line was detined at residue p4-11 (Fig. 7A). of phMOG74-06-
F : [ Esado reactive T cells at pB1-96 (Fig. 75) and of phMOG 14 -36-reactive
'g B Immunizad T cells to p24-36 (Fig. 70). In conclusion, all three MOG-immu-
i %7 B ooz nized marmosers share T and B el reactivity to phMOGI4-36
[ 0 snoz (Figs. 5 and 68). Te determine the MHC restriction elements that
B . [ Esvada control the T cell reactivity to p24-36. autologous APC were ex-
i g posed o mAbs directed against primate Mirc class T1 isotypes be-
fore they were pulsed with phMOG14-36. Peptlde-laduced pro-
od i I liferation could be inhibited by both mAbs B8.11.2 and PAV3.2 but
MoG WBP stimuius not by mAbs SPV-L3. B7/21. and W6/32 (Fig. 8). Hence. it is
VR o i
FIGURE 5. Primary responsen of LNC i1 MEP- and MOG-immu- concluded that p24-36 is presented to the T ceil lines in the con

nized marmoset moakeys. LNC from MOG- and MBP-immunized an-
imubs were cultured in the prosence of 10 pg/ml rhMOG or 25 pug/im!
hMBP/well. All 3 MOG-Immunized animuly disployed proliferative re-
sponses o tThMOGD, but not to hMBP (stimulation indexes =2 not
shown), In contrust, LNC from only one of threc MBP-immunized an-
imuoly showed a proliferative response to hMEP. Renults are ments of
triplicate assuys wad are expressed as stimnulation (ndexes (stimulation
with Ap/stimulation without Ag).

FIGURE 6. MOG resctivity of
Iymph node-derived T cells. LNC sus-

ext of Cija-DR molecules.

For determination of the precise Caja-DR restriction element. an
allogencic panel of transformed B cell lines derived from marmo-
sets with defined Mfhe class I specificities {Table I}, was tested for
prescntation of phMOG14-36 (o Agspeciic T cell lines.
piMOG14-36-specific T cell proliferation could be induced by
APC from all marmosets (Fig. 9). Because Caja-DRE*W/20/ is
shured by all marmesets tested in our population (5), it s the mast
likely restriction element of p24—36 presentation. This assumption
is supported by the fact that transformed B cell ines from the
cotten-top tamurin, 4 new world monkey closely related to the

A LNC reactlvity atter sacond round of stimulation

phMQG

pensions oluted at the doy of nec- Manke
ropsy were seeded (10%well) into a 9507

2dewell plate and stmulated  with 9601

10-15 pg/ml rhMOG. Aller owo Encudo
rounds of restimulution, cujures were
uandyzed for specilic pepude reacuv-
ity. Positive responses (stimulation in-
dexes =) arc shown . filled boxes

428 | 14.38 | 2448 | 34-56 | 44-58

54-78

53-08 | 74-B8 | B4-106 64118
I

B} Peptide-roactivity of poptide~specific cel-lines

phidQG

Cell lines
9507(14-36)

(A, gray and black boxes). After two
roundn of culture, peptide-specith

14-36 | 2446 | 34-56 | 4406 | 54-70 | 6488 | 74-05 | B4-106 84116 | Flna-s%

] I ] i [ 2436

lines were gencvuted (A, black boxes)

Seoiaze)Tn

4-11

nnd were checked for specificity (3,

24-36

gruy boxen). The fine specibeitios of

3150

manstof the lines were detineuted psing

8106

smaller peptides (for details, see Fig.
7). The summary of the fine specific-
ities in & flwd column} shows thut ull
monkeys »hare dominane T ceil rese-

24-36
2436
ND

tivity (o p25—36.
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FIGURE 7. Fine specificities of phMOG-specific T cell Imes. The fine
specificity of most penerated lines was paaessed wsing shorter pMOG. The
reactivity of the phMOG3-26 T ccll line reactive could be delineated to
amino ucid sequence pd=11 (A}, whereas the mualmal epitope for the
phMOGT74-96-reactive T eell line wos contained within pRi-96 (8), Fine
specificity of phMOGL4=36-rcactive T cell line could be deliniued 1o
P24-36 (). phiMOGT4-36-npecific T cell linew could be generated from
oll MOG-immunized monkeys, and all feneted in o similar woy as the Teell
line from 9601 (C).

commoen marmoset but lacking the equivalent of the Caja-
DRB*WI20/ allele (14). were imcapable of p24-36 presentation to
the T cell lines.

Inducrion of clinical EAE by immunization with phMOGI4-36

To investipate whether the peptide phMOG14-36 is involved in
the initiation of EAE. four ¢common marmosels were immunized
with the MOG peptide emulsified In CFA. avoiding admunistration
of 8. permysxis. Fig. 10 shows the clinical course of the EAE (Fig.
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FIGURE 3. Proliferative responses of T ccll lines induced by
PhMOQ 1436 primed APC, after blocking with ant-MHC-closs IE mAbs,
Autotogous APC were tirst incubated with blocking mAby rulsed apuinst
primate MHC-DR, -D{, and -0P molecules ind subsequently pulsed with
phMOG14-36. The pulsed cells were then tested for thelr copacity to in-
duce proliferation of phMOGL4-36-specific T cell lines. Proliferntion of
the cell Lines appearcd te be inhibited by anti-MHC-DR {mAb B8.11.2) o
well as by unti-MHC class IT (PAV5.2; aol shown). Results re expressed
a5 stimulation tndexes, culeulated av T cell proliferation of APC with/
without phMOGI4-36 ndded.

104) and the primary LNC responses to rhMOG  and
phMOG14-36 (Fig, 108). The results show that immunization
with phMOG14-36 induces clinicy] signs of BAE in all four mon-
keys as well as o cellulor immune reaction to the peptide and
rhMOG. The ume of onset and the course of clinical signs ap-
peared to differ between individual monkeys, as was also found in
MOG-immunized monkeys. As could be expected. the carliest re-
sponder (QY) displayed the highest proliferative response to MOG
protein and peptide. Histopathology analysis of the brain com-
firmed the diagnosis of EAE, as perivasculur cufls of mononuclear
cells ¢ould be found (not shown).

Discussion

The close immunelogical rclationship between nonhuman pri-
mates and humans (14-16) and the fact that marmoset EAE shares
essential clinical, radielogical, and pathological features with MS
{8, 9. 17) warrant the use of this mnimal medel for the study of
genetic and immunological mechanisms leading to CNS influm-
mation and demyclination in MS. The pathogenesis of EAE in
common marmosets involves, as in rodents, at least two scparate
pathogenic pathways. CNS inflammation ¢an be mediated by T
cell reactivity to major myelin Ags such as MBP or prowolipid
protein (6. 7). CNS demyelination. however., requires the involbve-
ment of Abs. in particular those directed to MOG (7. 9. 18-20).
The synergistic action of anti-myelin T ¢ells and Abs in the EAE
pathogenesis has been well established in cotransfer experiments,
both in rodents (19) and in primates (7).

Where the relevance of the auteimmune reaction to MBP and
proteolipid protein for the immunopathogenesix of MS is disputed,
evidenge is secumulating that T gell and Ab reactivigy to MOG
play an important, most Likely synergistic role. MS patients appear
o display a significantly higher level of T cell reactivity to MOG
than control individuals (12, 13, 18, 21). Morcover. anti-MOG Abs
are localized in CNS arens where myelin disimegration and lesion
formation are taking place (8, 17). Finally, in its pathological ex-
pression, MOG-induced EAE ¢losely resembles MS (8, 8,21, 22),
However. the Ab dependence of EAE has been challenged by the
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FIGURE 9. Prewenttion of phMOG14-36 by a panel of APCs from
related and nonrelated marmosets. The tllelic restriction of phMOG14-36
was determined by a pane! of MHC-typed. EBV-transformed B cell lines
from related and nonrelited murmasets. 9601, avtolopots APC; 9602, chl-
meric APC: 99111, 9502, Escudo, Extrudu, 9328, and 9347, allogencic APC.
For distribution of Caja-DRES*03, -DRE*WI6, and -DRE*WI207 nlleles,
see Table 1, R223 and 9804, cotten-tep tmurin APC lacking the evole-
tionary cquivilent of the Caja-DRE*WI201 aliele, All marmonet APC in
diis panel. but not the B ceils derived from the cotton-top tmarin, were
able to present the phMOG14-306 in o way 10 induce T ecll prolifcrution.
T cell responses in the presence of APC without phMOG were used on
nepative cantrols, and the stimulaton indexes were sct on 1. Proliferative
responses using oflogeneic APC could be completely blocked by anti-
MHC-DR mAb. Reponses of phMOG 14-36-reactive T cell lines of ol
three MOG-immunized animnbs were comparuble with the dota as shown
for T eell line 9601 {14-36).

observation that B cell knockeut mice aiso develop clinical signs
23, 24).

Our present results show that in common marmosers MBP is
antigenic: MBP-specific T and B ¢ell responses were dezected but
were only weakly encephalitegenic. The lack of ¢linical signs and
pathoiogical evidence of EAE in our MBP-immunized marmosels
seems 1¢ contrust with published data (1, 2). It should be empha-
sized, however. that we avoid usnge of B. pertussis, which was
found an essential compenent of the EAE induction protecol by
these authors (1). The reason is that, besides o direct effect on the
blood-brain bardier permeability, B. perussis administration to
marmosets immunized with buman myelin in CFA appeared (o
cavse lesions by necrosiy rather than specific demyelination of
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FIGURE 10. Antigenicity and encephulitogenicity of phMOGI4-36.
Four unreloted common marmosets were ummunized with 50 up
PhMOG]4-36 emulsified in CFA {open arrow). At 7, 9, and 12 wk after
the immunization, the monkeys received n booster immunization with 50
wi phMOGI4-36 in IFA (closed amow). For each individual mankey, the
mean clinical seores per week (with SDw) are given (A). The time of sac-
rifice was at doy S8 for monkey QY. doy 93 for QW, duy 119 for QX und
day 128 for QV. B, At necropsy. oxillary and nguinal Iymph nodes were
meptically removed, and svingle—cell suspensions were preparcd. The pro-
{iferative response of the LNC to tBMOG and phMOG14-35 (both ut 10
ppfral) wis assessed.

CNS white matter (3). This effect mipht be related to potentiation
and/or polarization of the MBP-specific T cell response by 5. per-
fusyis (23, 20).

The present analysis of the proliferative responses of LNC-de-
rived T cells to thMOG and the panel of MOG peptides shows that
all MOG-immunized monkeys share a T cell reactivity to a single
MOG epitope, p2d-36. The epitope is contained in the encepha-
litogenic phMOG14-36 peptide and presented in the context of
Caja-DRB*W 1201 melecuies. The T cell epitope seems not ©
coneur with any of the thus tar identified immunodominant T cell
epitopes in humans or rodents (18, 27). An individually variable
response was found against other MOG epitopes, p4-11, p31-40.
and p$1-96. Preliminary data from similor cross-presentarion seud-
fes, o in Fig. 9. indicate that these MOG peptides are likely pre-
sented by other Caja-DR motecules (unpublished results), Binding




of antd-MOG Abs proved to be ¢confined 1o two regions within the
thMOG molecule, namely p4-40 und pad--76. Our results of T
cell and Ab epitope mapping are in line with data from Genain et

al.

(5. 6, 28).

On the basis of the data discussed thus far, we conelude that

phMOGi4-36 may contain critical T and B ¢cll epitopes for the
initiation of EAE in common marmosets. The observation that four
of four eemmon marmosets immunized with this peptide emulsi-
ficd in CFA develop clinical EAE swrengihens this assumption.
Computer modcling of the three-dimensional conformation of
MOG predicts that the 14-36 peptide is exposed on the surfage of
= homodimer and thus freely accessible to Ab binding (29), The
fact that all common marmosets share the Caja-DRB*W1201 moi-
ecule. which functions as o major restriction element of the T eell
reaction to phMOG 1436, imderlies the 100% incidence of severe
demyelinating EAE in common marmosets. The EAE-initiating event
in myelin-immanized common marmoset monkeys may thus be g
remarkably uniform event, namely, the Caja-DRB*W12C1 -restricted
activation of phMOG14-36-specific CD4™ T cells. The subsequent
spreading of the T and B cell reactivity to other MOG-epitopes ap-
pears 10 vary berween individual monkeys. reflecting the outbred no-
ture of this species. This unigue feature, together with the possibility
of adeptively transferring T ¢ell lines between frateral siblings (1)
makes the common marmoset a unique modet for the detailed analysis
of puthophysiclomcal pathways in EAE and MS.
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Abstract

Myelin cligodendrocyte glycoprotein (MOG) is regarded as a key molecule in the
induction of autoimmunity to myelin leading to demyelination in the central nervous
system (CNS) of patients with multiple sclerosis (MS). This human autoimmune
disorder is modeled in the common marmoset. By immunization either with human
myelin or recombinant human MOG, clinical and neurcpathological signs are incited
which mimic chronic progressive cases of MS. Here we report on the relation
between the repertoire of T- and B-ceil responses in these two non-human primate
EAE-models with the initiation and progression of the disease. Our results confirm
the earlier finding that pMOG; 436 T-cell reactivity is the common trigger for EAE
induction in the MOG-induced EAE model. Furthermore, a relation was found
between the extent of intermolecular broadening of anti-MOG T-ceil response and the
time of onset of EAE. Our results provide evidence that antibody (Ab) responses
directed against discontinuous epitopes of MOG are a prerequisite for development of
demyelinating EAE in botk animal models. Ab responses directed against linear
epitopes of MOG are completely absent in myelin-immunized animals. Although
breadening of the Ab reactivity directed against linear epitopes of MOG was observed
in MOG-immunized monkeys, these reactivities did not correlate with disease onset
or progression.

Introduction

In multiple sclerosis (MS) autoimmune reactions with central nervous system
(CNS) components are thought to contribute significantly to the formation of
white-matter lesions. The disease is characterized clinically by neurological
impairment of varying severity. Although the initial trigger(s) for MS remains
elusive, the most favored hypothesis states that once initiated, perpetuation of
the disease is driven by the interplay between myelin reactive T-cells and
antibodies (Ab) (1-4).

Humeans and marmoset monkeys {Callithrix jacchus) share a high degree of
similarity at the level of cell surface markers (5), T-cell receptor (TCR) VB
repertoire  (6), co-stimulatory molecules (7), major histocompatibility
complex (MHC) class II genes (8,9), immunoglobulin (Ig) Vi repertoire (10)
and myelin proteins (11,12). Experimental autoimmune encephalomyelitis
(EAE) in the marmoset develops after immunization with CNS myelin or
recombinant myelin proteins, myelin oligodendrocyte glycoprotein (MOG) in
particular (13-18). Two disease models have been investigated in more detail,
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namely MOG-induced EAE (18-20) and the disorder induced using
preparations of human white matter {13,16,21.22).

Despite the fact that the common marmoset represents an outbred species the
incidence of EAE in both models is 100%. In general, animals display
detectable T- and B-cell responses within 2 weeks after immunization (19),
Moreover, using in vivo magnetic resonance imaging (MRI), alterations in
tissue water content around the ventricles can be detected as early as 3 weeks
after disease Induction (22). The disease finally develops into a chronic
progressive paralytic disease, ultimately leading to severe impairment of body
functions. After the identification of MOG as a target for Ab-mediated
demyelination and the finding that anti-MOG Ab are deposited in MS lesions,
the contribution of anti-MOG T-cell and Ab reactivity to the
immunopathogenesis of EAE and MS has gained particular interest (23-29).
Hence, we investigated the patterns of anti-MOG T- and B-cell responses in
three marmoset EAE models and discuss here their relevance in disease
pathogenesis.

Material and Methods

Animals

Healthy common marmosets were randomly selected from the outbred colony kept at
the Biomedical Primate Research Centre (BPRC, Rijswijk, The Netherlands) or
purchased from the German Primate Center (DPZ. Gittingen, Germany). Before the
monkeys entered the study a full physical, hematological and biochemical check-up
was performed. During the experiments, the monkeys were individually housed in
spacious cages with padded shelter provided at the bottom of the cage and were under
constant veterinary care. The daily diet consisted of commercial food pellets for New
World monkeys (Special Diet Services, Witham, Essex, England), supplemented with
rice, raisins, peanuts, marshmallows, biscuits and fresh fruit. Drinking water was
provided ad libitum. According to the Dutch law on animal experimentation, the
experimental procedures of this study were reviewed and approved by the Institute's
Animal Care and User Committee.

With the exception of monkeys immunized with MOG-peptide (pMOGy46), 2ll
animats in this study had served as sham-treated controls in preclinical studies where
effectivity of new therapies was examined.

Myelin- and MOG-induced EAE

Myelin-induced EAE was evoked by a single immunization with 300 pl human
myelin in water (10 mg/ml) emulsified with an equal volume of complete Freund’s
adjuvant (CFA; Difeo Laboratories, Detroit, MI) under ketamin anesthesia (6 mg/ke:
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AST Farma, Oudewater, The Netherlands) as described previously (16). RbMOG,
representing the extracellular domain of human MOG (amino acid 1-123), was
expressed in Escherichia coli and purified as previously described (29). Animals were
immunized with 100 pg MOG as an emulsion in CFA. All monkeys [n=1% myelin-
induced EAE; n=26 MOG-induced EAE] were intradermally injected into the dorsal
skin with 600 ul of emulsion divided over four locations; two in the inguinal and two
in the axillary region.

The major T-cell reactivity in naive animals (31) as well as in MOG-immunized
animals (18,20} is directed to pMOGays. To investigate whether autoreactivity
towards this peptide is sufficient for initiation of full-blown, demyelinating EAE, four
randomly selected monkeys (n=4) were immunized with 100 pg pMOG 43 in CFA
as previously described (18). Two animals immunized with 1 mg ovalbumin (OVA)
served as adjuvant controls for CFA-mediated immune reactions.

Twice daily, clinical signs of EAE were scored by a trained observer using a
previously described semi-quantitative scale (18). Monkeys were sacrificed for ethical
reasons once clinically definite EAE (score = 2.0) had been reached, or at the
anticipated endpoint of the study. High resolution in vive and ex vivo magnetic
resonance images (MRI) were recorded on a 4.7 Tesla horizontal bore Varian NMR
spectrometer (Varian Palo Alto, CA USA) as described (21). Post-mortem T2-
weighted MRI was performed on formalin fixed brains as described previously (18).
Parts of the brain and the spinal cord were examined with histopathological and
immmumoehistochemical techniques according to published protocols (18,19,21,22,32).

T-cell responses ex vivo

At necropsy, PBMC were isolated from heparinized venous blood using lymphocyte
separation medium (LSM®, ICN Biomedical Inc., Aurora, OH). Mononuclear cell
suspensions were prepared from aseptically removed lymph node (ILNC) and spleen
(SC). PBMC, LNC and SC were cultured in triplicate for detection of proliferative
responses towards CNS proteins. Cultured cells were probed for reactivity with
rthMOG, pMOG .34, proteolipid protein peptide 139-151 (PLPj30.15), recombinant
hurnan myelin basic protein (MBP) and recombinant human oB-crystallin (both
kindly provided by Dr. .M. van Noort, TNO-PG, Leiden, The Netherlands), while
OVA served as the contrel protein (all at 10 ug/ml). After 48 h, 0.5 uCi/well of FHI-
Thymidine (°H]-Thy) was added and incorporation of radiolabel was determined 18
h later using a matrix 9600 p-counter (Packard 9600; Packard Instrument Company,
Meriden, CT). Results are expressed as the mean stimulation index (S.1) £ standard
deviation (8.D.). Proliferation with an 8.1, > 2.0 was considered relevant

MOG-reactive T-cell lines

MOG-reactive T-cell lines (TCL) were generated from LNC of myelin and MOG-
immunized marmosets that were isolated at the day of necropsy. In brief, LNC
(10%well) were seeded into 24-well plates (catnr.. 662102, Greiner, Sdlingen,
Germany) and stimulated with 10 pg/ml MOG. Every 2 or 3 days, half of the culture
supernatant was replaced with fresh medium containing 20 U/ml recombinant human
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IL-2 (Proleukin, Chiren Corporation, Emeryville, CA). After 14 to 21 days of culture
the TCL were tested for reactivity with a panel of 23-mer pMOG in 96-well
flatbottom plates (cat.nr.: 655180, Greiner) as described (18). As APC, immortalized
marmoset B-cell lines were used, grown in 75 cm” tissue culture flasks (cat.nr.:
658173, Greiner). Peptide-specific TCL were screened for IL-2, TNF-¢t and TFN-y
production using standard ELISA-assays (J-Cytech, Utrecht, The Netherlands) using
96-wells round bottorn plates (cat.nr.: 655092, Greiner) and further characterized by
expression of T-cell specific cell surface markers by flow cytometry (5). Isotype
controls were kindly provided by J. Miller (Chemicon International, South Hampton,
United Kingdom). Some TCL were analyzed for TCR-V( gene usage as previously
described (6).

B-cell responses

Sera collected from animals at the time of necropsy were stored in aliquots at -20°C.
Ab binding to myelin proteins (MOG, MBP, oB-crystallin, HPLC-purified human
PLP [kindly provided by Dr. I. M. van Noort]) or to the panel of 10-mer overlapping
23-mer pMOG sequences was determined using a dot-blot assay (18) and ELISA
{19}. Ab specific for discontinuous epitopes are considered particularly pathogenic
(33). To distinguish Ab directed against linear epitopes from those directed against
discontinuous epitopes, serum samples were preincubated with the mixwre of
overlapping pMOG (10 pg/ml for each peptide) for 1 h at 37°C before probing them
for anti-MOG Ab reactivity with ELISA. As a control, the serum was preincubated
with the mixture of pMOG omitting pMOGsazs. The results of the Ab assays are
expressed as fold increase of light absorbance at 405 nm using the reactivity to OVA
as Internal control and using pre-immune sera as a reference for pre-existing Ab
reactivity. A more than two-fold increase in signal intensity plus three times the S.D.
was considered relevant.

Statistics

Differences between groups regarding time taken to develop clinical EAE were
analyzed using Kaplan-Meier survival analysis. Statistical significance of between-
group differences was assessed using the Log Rank test.
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Results

Clinical and pathological expression of myelin- and MOG-induced FAE
Immunization with human myelin or MOG in CFA resulted in clinical EAE in
100% of the monkeys, although the time of disease onset between individual
animals varied considerably (Table I). All myelin- and MOG-immunized
animals showed pathological alterations in the brain using in vivo and high
contrast post-mortem MRI; representative examples are shown in Figure 1.
Significant destruction of CNS white matter also occurred in animals that
only developed mild disease (EAE score = 1.0). The observed
pathomorphological alterations in myelin- and MOG-induced EAE were in
concordance with previously published results (18,19,21,22,32). pMOGia.as
immunized animals all developed clinical signs of EAE (18) associated with
MRI-detectable alterations m the brain (Figure 2a). Within the CNS of
pMOG y.3¢-immunized animals small cuffs of infiltrated mononuclear celis
were found (Figure 2b), but demyelination was absent (not shown). No T-cell
infiltrates or myelin-destruction were observed in the OVA-immunized
marmosets.

T-cell autoreactivity

As was expected, high proliferative responses of SC, LNC and PBMC against
MOG were observed at necropsy in animals immunized with this protein. In
animals immunized with human myelin, containing only a minute amount of
native MOG, superior T-cell responses towards MOG were found compared
to any of the other tested proteins or peptides. In the four cases where clinical
EAE was induced by immunization with pMOG 36, proliferative MINC
responses remained restricted to pMOG 4.3 (Figure 3).
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Myelin MOG

Figure 1. In vive and post-mortem MRI of myelin- and MOG-immunized marmosets
Representative pictures of i vive (312.3x312.5um) and corresponding high resolution ex vivo
(234x234um) quantitative T2 images of myelin- and MOG-immunized marmosets.
Quantitative T2 images sensitively detect edema that appears hyperintense on the images. The
in vive images of the MOG immunized animals have a better appearance due te improved
hardware adaptations. Both myelin- and MOG-immunized marmosets display strong
inflammatory reactions at the lateral homn (white arrows). The white matter of the myelin-
immunized marmosets shows multiple small lesions, only visible in the ex vive images. The
white matter of the MOG-immunized marmosets shows both in the in vive as the ex vivo
images clear larger lesions.

Figure 2. Neuropathological alterations in pMOGys3s-immunized marmosets

A: Representative picture of post-mortem T2 image of pMOG 4 3s-immunized marmosets
(animal QY). T2 images are sensitive in detecting edema that appears hyperintense on the
images (white arrow). No demyelination was found in brain or spinal cord of all pMOG 434
irmunized marmosets B: Spinal cord section of animal QX showing the presence of infiltrated
CD3" T-cells (grey: x161).
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Figure 3. Primary T-cell responses at necropsy

Myelin- and MOG-immunized animals were sacrificed when clinical definite EAE was present
(score = 2.0) or at the end of the study period. At necropsy, T-cell proliferation of SC, LNC and
PBMC was determined by adding *H-thymidine during the final 18 h of a 72 h culture. Cells
were cultured without additives or in the presence of MOG, pMOG 435 (both 10 pg/ml), MBP.
oB-crystailin, PLP;3q.51. of OVA (all 15 pg/ml). Results are expressed as the mean stimulation
index (S8.L) with standard deviation. Proliferation with an S.I. > 2.0 was considered relevant.
Results are shown for animals immunized with MOG (black bars), human myelin (dark grey
bars), pMOG 136 (grey bars) and OVA (white bars). As shown, myelin as well as MOG-
immunized animals displayed higher T-cell responses to MOG than to any of the other myelin
proteins tested. While clear pMOGyy35 T-cell reactivity was present in SC of pMOG 43¢
immunized marmosets, most animals immunized with MOG and a significant proportion of
myelin-immunized marmosets showed reactivity to this pMOG as well.

Characterization of lymph node-derived pMOG-specific TCL

Specificity: Primary TCL were set up by in virro stimulation of LNC with 10
ug MOG. T-cell reactivity was tested at the first round of restimulation. In
LNC suspensions of myelin-immumnized animals, proliferation in response to
MOG or pMOG 436 was found in only 5 out of the 19 cases (Table I). By
contrast, in TCL from 25 out of 26 MOG-immunized animals the main
reactivity was directed against pMOGi43. By Ab-mediated blocking of
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antigen presentation and peptide cross-presentation between non-related
monkeys we could confirm our previous observation that the Caja-
DRB*W1201 molecule is the restriction element for proliferation of pMOGa..
se-specific TCL (18). Thus far, this monomorphic MHC-DR allele of the
common marmoset has not been described in any other primate species.
However, irradiated EBV-transformed B-cells from its evolutionary ancestor,
Callithrix penicillata. were also able to present pMOG, 456 to specific TCL
from common marmosets (not shown).

Phenotype: Figure 4 shows that pMOGs-specific TCL were
CD3"CD4'CD8 and expressed T-cell activation markers such as MHC-DR,
CD25, and CD154. All TCL bad a Thy,-like cytokine profile, production of
IL-2, TNF-c, and IFN-ybeing clearly detectable.

TCR-VB: TCR-VP analysis of pMOG sz specific TCL did show a
preferential usage of TCR-VR7, and -V39, but TCR-V[6, -VBS8, -VB12, and -
VB15 were also present (Table I).

Epitope pattern: Occasionally, T-cell reactivities directed towards regions of
MOG outside the core sequence 24-36 were obtained from bulk LNC cultures
of MOG-immunized animals (Table I). We identified TCL reactive for
pMOG 5 (core epitopes within pMOGy.;; and pMOG)221), pPMOGs; s,
pMOG34_55 (core epitope within pMOG34_50), pMOG54_75, pMOG.54_36, pMOG74_
95 and pMOG94.115 (COI’C epitope within pMOGg4_110). In MOG-immunized
monkeys a marked correlation was found between the extent of
intermolecular broadening of the MOG T-cell response in MOG-immunized
animals and the time of EAE onset. As shown in figure 5a, MOG-immunized
animals with a relatively broad TCL reactivity at necropsy had experienced an
earlier EAE onset than monkeys with a relatively narrow T-cell reactivity
(p<0.001; Log Rank test).
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Figure 4: Phenotype of pMOG,; 3¢ reactive T-cell lines

T-cell lines reactive with pMOG,4as were characterized using human specific monoclonal
antibodies reactive with CD markers at the cell surface. The reaction patiern using isotype
specific controls are shown in grey lines, while the pattern after incubation with the antibody is
shown in black. All tested pMOG, 43¢-reactive T-cell lines stained positive for CD3 (clone
sp34), CD4 (clone MT310), MHC-DR (clone L243), CD154 (clone B-B29) and CD25 (clone
CLB-IL2R), but negative for CDS8 (clone LTS) (see for details ref. 5).

84



Myelin-induced EAE

Animal Gender? sacrificed BEAE  T-cell reactivity Antibody 1'eactivityd
(days a.i.)b score®  (pMOG) MOG MBP B PLP

PE F 8 5 ND +(0) + : ;
Mi-036 F 22 3.5 NI +(0) + ND  ND
Mi-028 M 31 2.5 NI +(0) + ; ;
9607 M 39 4 NI +(0) ND ND
PR F 39 3 ND +{0) + . -
Mi-040 M 40 3 NI +(0) -
9515 F 41 3.5 4.26; 24-36  +{0) + ND ND
9461 M 41 2 NI +{0) + ND ND
PY F 45 3 ND +(0) + . .
9419 T 47 2 NI +(0) + ND ND
Mi-042 M 49 3.5 NI +({ + - +
Mi-032 M 53 3 24-36 +{0)y + + -
Mi-043 M 53 3 NI +(0) + + +
9516  F 58 3 NI +(0) + +
Mi-031 M 71 3 24-36;74-96 +(0) + + +
9527 M 75 2.5 24-36 +H{0) ND ND
9507 F 75 3.5 NI H(0)  + ND ND
Mi-038 M 86 1 NI () + - -
9523  F 92 3 NI )+ - +
9504 M 554 2 24-36 +(0)  + +
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MOG-induced EAF,

Animal Gender sacrificed EAE T-cell reactivity TCR-V§ Antibody reactivity
(days a.i.} score (pMOG) pMOG14.36 MOG MBP «B PLP
TCL
QQ M 34 3 24-36; 54-76;74-96 9,18 +{0y - ND ND
Mi-022 M 36 5 24-36; 64-86 ND Oy - - -
KK M 38 3 24-36; 34-50; 94-110 ND N - + -
OR F 42 3 24-36; 34-50; 64-86 ND ) - +
9902 M 44 3.5 24-36;94-110 ND NONE
QI M 50 2 24-36 79,12 NONE + -
QK M 50 0.5  24-36 ND O + -
QO F 50 3 24-36 7,9 ND ND ND ND
Mi-066 M 52 0 24-36;54-76 ND +(6) - + .
9601 M 58 3 1-11; 12-21; ND +(8) - - -
24-36; 31-46
Mi-011 M 62 3 I-1f; 24-36; 34-50  ND (1) - - -
9854 M 67 2.5 24-36; 54-76; 714-96  ND +(3) - - +
9853 F 67 3 24-36 ND +(3) - - -
Mi-069 M a7 2.5 24-36; 54-76 2 +(N - - +
Mi-065 M 67 2.5 24-36 ND (7N - + .
9501 M 70 3 24-36 6,7,8,9,12,15 +(8) - +
9813 M 78 3 NI - ND ND ND ND
9814 M 78 2.5 24-36 6,7,8,9 +() - - ;
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Animal Gender sacrificed EAE  T-cell reactivity TCR-Vp Antibody reactivity

(days a.i.} score (PMOG) pMOG4.3¢ MOG MBP aB  PLP
TCL
9819 M 94 3 24-36 79,12 +(5 - - -
Mi-010 M 106 3 24-36 7,8,9,15 ND ND ND ND
Mi-009 M 112 2.5 24-36 14,16 ND ND ND ND
9841 M 112 2 24-36 ND +(y - - -
9505 M 115 3 24-36; 64-86 ND +(1) - - -
Mi-062 M 139 3 24-36 ND +(D o+ o+ -
Mi-020 M 155 0 24-36 ND +(5) - - -
Mi-02F M 163 0.5 24-36; 74-96 ND +(8) - + +
pMOGy 4_36-induced FALL
QY M 88 1 24-36 ND +(2) -+ -
QW F 95 1.5 2436 ND +(2) - . -
QX M 119 2 24-36 ND +(3 - - -
Qv ¥ 128 25 24-36 ND +(1) - - -

Table 1: Characteristics of myelin-, MOG- and pMOG 4_3¢-induced disease in the common marmoset,

a: Gender is specified as male (M) or female (F). b: a.i. after immunization; ¢; Clinical signs of EAE were scored as: 0, no
clinical sighs; 0.5, apathy, loss of appetite and altered walking pattern without ataxia; 1.0, lethargy and/or anorexia; 2.0,
ataxia, scnsory loss/blindness; 2.5, hemi- or paraparesis; 3.0, hemi- or paraplegia; 4.0, quadriplegia; 5.0, spontaneous death
attributable to EAE. days ai.: days after immunization; The munber of Ab reactivities to linear pMOG sequences is given
between brackets; +: positive Ab reactivity; - Ab reactivity below detection levels; ND: not done; NI: not identified, e:ani-
mal died due to respiralory complications, not to EAE,



Autoantibody reactivity

In monkeys immunized with myelin the main Ab reactivity was with hMOG.
In none of these monkeys was Ab reactivity found towards any of the tested
pMOG. The Ab responses to MBP was comparable with the anti-MOG Ab
response. In addition, lower levels of Ab responses directed towards PLP and
oB-crystallin were detected in a subset of animals (Table I).

In immune sera from 20 out of the 22 MOG-immunized monkeys tested, sera
Ab reactivity with MOG peptides could be found. Moreover, Ab reactivity
towards both PLP and oB-crystallin was frequently observed, but anti-MBP
Ab were never detected (Table I). The main anti-MOG Ab reactivity was
directed towards three MOG peptides being pMOG.as, pMOGosss and
pPMOGss76. Analysis of longitudinal serum samples from MOG-immunized
marmosets showed that the first detectable serum reactivity was directed
towards pMOGs4 74, while the reactivity towards the other peptides emerged
during EAE progression (not shown). No correlation was found between the
number of different anti-pMOG Ab reactivities at necropsy and the time of
onset or clinical severity of EAE (Figure 5b).

The absence of MOG peptide reactivity of immune sera from myelin-
immunized monkeys indicates that the main anti-MOG Ab reactivity is
directed towards discontinuous epitopes. This was examined by preincubation
of immune sera with the mix of all MOG peptides or with a mix lacking
pPMOGss7s before they were tested with ELISA. Figure 6a shows that a
significant proportion of the reactivity with thMOG is absorbed by the
peptide panel. That the absorption of rhMOG reactivity is largely abolished
when pMOGs, 76 is omitted from the peptide mix underscores that this peptide
contains an important B-cell epitope. When the same procedure was applied
to sera from myelin-immunized monkeys, no evidence for absorption of anti-
MOG Ab reactivity was found. This strongly suggests that the anti-MOG Ab
specificity in these monkeys is mainly directed towards conformational
epitopes.

The Ab reactivity in pMOG,4ss-immunized marmosets remains confined to
peptides overlapping the challenging peptide, i.c. 4-26, 24-36. The detected
Ab reactivity towards pMOGsy as well as to pMOGa.s suggests that
different B-cell epitopes are present within pMOG 436 (Figure 6b). The anti-
MOG Ab reactivity was completely abolished by preincubation with pMOG.,.
36 This indicates that pMOG s 36-immunized marmosets fail to generate Ab
responses to discontinuous MOG epitopes (Figure 6b), which might explain
the absence of demyelination in these animals.
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Figure 5: Intramolecular broadening of the MOG T-cell respense but not the B-cell
response in MOG-immunized animals is correlated to early onset of EAE

A: MOG-immunized animals with three or four TCL with different pMOG specificities (bold
line) at necropsy developed severe clinical EAE at an earlier time point than MOG-immunized
animals from which only one or two T-cell reactivities (thin line) were found (p<0.001; Log
Rank test). All animals harboring three to four different T-cell reactivities developed paralyzing
EAFE within 67 days after immunization. At this time point 50 % of the animals in which only
one or two pMOG T-cell reactivities were identified were still clinically healthy. B: In contrast
to the relation found at the T-cell level, no significant differences in survival times were
observed n animals that showed 0 to 3 (thin line). 4 to 6 (bold line), and 7 or 8 (dashed line)
different pMOG reactivities.
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Figure 6: Anti-MOG Ab responses in MOG and pMOG 4.36-immunized marmosets.

A: Animal QR developed anti-pMOG Ab reactivity to pMOG 6. PMOGz346 pPMOGugsss,
PMOGss.7, and pMOGg,.1 15 at necropsy (white bars). When the serum was pre-absorbed with a
pool of overlapping pMOG (10 pg/ml for each pMOG), all pMOG reactivity dropped below
detection levels; however, Ab reactivity to the intact MOG remained detectable (black bars).
When pMOGs: 56 was omitted from the MOG peptide pool, comparable leveis of anti-MOG Ab
reactivity were present while anti-pMOGs476 Ab reactivity was detectable as well (grey bars).
These results indicate that a significant proportion of the Ab reactivity in sera of MOG-
immunized animals is directed towards discontinuous epitopes within MOG. B: No Ab
reactivity to discontinucus epitopes was demonstrated in sera of animals Immunized with
PMOG 434 (white bars), since all Ab reactivity fell below baseline levels when serum was pre-
incubated with the pMOG mix (black bars).
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Discussion

Clinical expression and pathology

Immunization of common marmosets with myelin or MOG induces chronic
progressive BEAE in 100% of the animals. The mean time of onset of disease
in both EAE models is around 50 days after immunization, and the majority
of the animals develop paralyzing EAE within 80 days. The disease onset in
our marmoset EAE models 1s significantly delayed compared to the models
developed by Genain and colleagues (34). Apparently, the usage of B.
pertussis in the EAE induction protocol causes 70% of the animals to develop
clinical EAE within 14-28 days after immunization. The extensive variation
in time of onset and progression of the disease between animals likely reflects
the outbred nature of this species. MOG-immunized ammals showed a
variable degree of demyelination in the brain and the spinal cord. In contrast
to published findings, we could not establish a good correlation between the
extent of demyelination and the clinical expression of the disease (34).

T-cell responses

As MOG is only a minor component of CNS myelin it is surprising that a
high proportion of the LNC reaction in myelin-induced EAE is directed
towards this protein. Significant proliferative responses to 2 major myelin
component, such as MBP are lacking in this model. In MOG-induced LNC
from 14 out of the 19 myelin-immunized animals, anti-MOG responses were
no longer detectable after a single round of in virre restimulation. In contrast,
LNC stimulated with crude myelin preparations remain responsive to myelin
components (unpublished observations). While in ‘all LNC cultures from
myelin-immunized animals MOG reactivity has disappeared after several
rounds of restimulation, a remarkably high proliferative response remains
towards the EBV-transformed B-cells that were used as APC.

A possible explanation for this observation is that the initial LNC suspensions
contain APC with ingested myelin (see chapter 11.2.3). We assume that T-
cells specific for these myelin antigens rapidly overgrow the anti-MOG
response in long-term cultures. Since MOG is highly immunogenic, anti-
MOG T-cell responses in the myelin-EAE model might be down regulated by
the immune system as was hypothesized by Matzinger (35), for example by
regulatory T-cells (36). This hypothesis 1s supported by a recent showing that
the blood of naive common marmosets contains a remarkably high frequency
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of MOG-reactive T-cells that are under tight control of regulatory T-cells

G31).

Epitope spreading

The progressively broadening epitope reactivity of autoreactive T-cells and B-
cells has been put forward as a pathogenic mechanism operating in the
progression of MS (37-42). The present study confirms our previous
observation that the CD4-cell reactivity to pMOGsis 18 an important
pathogenic event shared by all monkeys. This reactivity seems to persist
throughout the disease, as from all MOG-immunized animals except one we
have isolated TCL with Thy; phenotype reactive with the pMOGaqss,
regardless of the time point of sacrifice. This is in line with previously
published data from naive as well as from MOG-EAE affected animals (18-
20,31). A recent study demonstrated that long term persistence of specific T-
cell clones is also a common feature among MS patients (43).

It is clear that adoptively transferred pMOGy, y-reactive T-cell clones (34)
form perivascular cuffs, indicating that they can transmigrate the bleod-brain-
barrier. However, neither in pMOG ¢35 immunized monkeys (this study), nor
in monkeys injected with pMOGy e-reactive T-cell clones (34), could
abundant demyelination be found. While no preferential TCR-V{ usage was
found in MBP-specific T-cell clones from immunized as well as naive
marmosets (44), we show here that pMOG,ys-reactive TCL from MOG-
immunized marmosets have a tendency to preferentially use a limited set of
TCR-VB elements.

Besides the shared pMOGii3¢ reactivity, MOG-immunized marmosets
display a variable T-cell response against epitopes within the MOG peptide
panel. These additional peptide responses are likely restricted by members of
the two polymorphic Caja-DR loci, since cross presentation by APC from
unrelated monkeys occurred only in some combinations (Brok, unpublished
observations). The observation that a broadened anti-MOG T-cell response
was strongly correlated with an earlier onset of EAE rather than the disease
duration marks a clear difference regarding the situation in rodent EAE
models. Since comparable anti-MOG T-cell reactivities have been reported in
some naive marmosets (20,31), it would be interesting to investigate whether
these animals develop a more rapid onset of EAE upon immunization with
MOG.



Antibodies

Several observations support a critical role of anti-MOG Ab in common
marmoset models of EAE. First, prominent demyelination in the CNS of
monkeys injected with encephalitogenic CD4 TCRo@" Th;-cells only occurs
when purified anti-myelin or anti-MOG Ab are imjected as well (14).
Furthermore, exacerbation of EAE was found associated with increased Ab
production (15), while inhibition of the anti-MOG Ab response suppressed
EAE (19,22). In addition, McFarland and colleagues observed in monkeys
immunized with a chimerical MBP/PLP protein that onset of clinical disease
depends on the presence of anti-MOG Ab (17). Finally, a proportion of the
auto-Ab in CNS white matier lesions of EAE-affected animals and MS
patients is reactive with pMOG (24.25).

In this report we show a different Ab response between myelin- and MOG-
induced EAE models. In MOG-induced EAE, Ab directed to both
discontinuous and linear MOG epitopes are found, in the absence of
significant anti-MBP responses. That Ab responses to CNS-proteins such as
PLP and oB-crystallin are found in MOG-induced EAE shows that
intermolecular epitope spreading occurs after disease induction. MBP is
probably a very weak antigen in marmosets although EAE can be induced
with this antigen provided that strong adjuvants have to be used. In myelin-
immunized monkeys clear anti-MBP Ab levels were found, while anti-MQG
Ab responses were confined to discontinuous structures of the MOG
molecule. Importantly, immune sera from MOG- as well as from myelin-
immunized animals bind to a cell line expressing a human MOG transgene, as
was assessed by flow cyvtometry (Brok and Linington, unpublished
observations). The relevance of Ab reactivity against discontinuous epitopes
is iflustrated by absence of demyelination in pMOG, 4 3¢-immunized animals
in this study as well as the observation that a combination of overlapping
MOG peptides could not reproduce the prominent demyelination as seen after
immunization with MOG (34).

One possible explanation for the absence of Ab binding to pMOG in myelin-
immunized monkeys is that in its natural glycosylated configuration MOG is
protected against extensive processing, allowing only the generation of Ab
towards discontinuous epitopes. In animals immunized with recombinant
MOG, the bare protein may be degraded and processed by professional APC
in peripheral LN. It can be envisaged that under these conditions Ab
responses towards processed MOG are generated.
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The main reactivity with linear MOG sequences in MOG-induced EAE is
directed to three regions of the MOG protein, namely pMOGyzs, pPMOGas46
and pMOGsy.5s. The peptide inhibition experiments indicate that pMOGsy7 is
part of an important conformational epitope. No direct relation exists between
the diversity of Ab reactivity towards Hinear sequences and the time of onset
or perpetuation of the disease or to the total lesion load in brain and spinal
cord. These data seem to contrast with studies in rodents (29) and rhesus
monkeys (Brok er al, manuscript in preparation) in which significant
demyelination has been observed after immunization with a linear pMOGss_s5
sequence. Possibly in these cases the generated Ab responses are either ¢ross-
reactive with discontinuous epitopes or spreading of the B-cell response
occurs.

In conclusion, our results strongly suggest that Ab reactivities towards
discontinuous MOG epitopes are needed for induction of demyelinating EAE.
This class of Ab is present in myelin- and MOG-induced EAE, while absent
in animals that were challenged with pMOG, PLP (34) or MBP (18). Specific
Ab reactivity directed against MBP, oB-crystallin and PLP was confirmed in
both models but does not seem to provide a major contribution to disease
development or progression. While pMOG ;¢-reactive TCL are shared
between all MOG-immunized common marmosets, intra-molecular
broadening of the anti-MOG T-cell response contributes significantly to early
onset of paralyzing EAE in this model.
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ABSTRACT

Dendnitic cells (DC) are thought to regulate tolerance induction versus imnmnisation
by transferring antigens and peripheral signals to draiming lymph nodes (LN).
However, whether myelin antigen transfer and presentation in LN occurs during
demyelinating brain disease is unknown. Here we demonstrate redistribution of
autoantigens from brain lesions to cervical LN in monkey experimental autoimmune
encephalomyelitis (EAE) and multiple sclerosis. Myelin antigens are present within
cells, expressing DC/macrophage-specific markers, MHC class IT and costimulatory
molecules, and which are directly juxtaposed to T cells. Cervical LN also contain
myelin antigen-reactive T cells, allowing cognate interactions between myelin
containing antigen presenting cells and ymphocytes at this site. Our findings have
implications for regulation of autoreactivity in immunoprivileged organs, epitope
spreading and targeted therapy.

INTRODUCTION

Current views on the initiation of primary immune responses hold that
dendritic cells (DC) transfer antigens from peripheral tissues into secondary
lymphoid organs, where they activate or tolerise naive lymphocytes
depending on the nature of the antigen and peripheral stimuli (1-7). Although
this concept is now fairly well established for model immunogens, microbial
antigens and apoptotic cell material, far less is known about transfer and
presentation of autoantigens in vivo during chronic inflammatory disease.
Autoimmune responses directed against myelin components are considered to
be pivotal in the development and perpetuation of multiple sclerosis (MS), but
the nature of the events leading to the activation of autoreactive lymphocytes
is largely unclear. This concerns both the anatomical site of antigen
presentation and the type of antigen presenting cell {(APC) involved. These
issues are particularly relevant in relation to the continuous broadening of the
autoimmune response during chronic MS (8, 9), a phenomenon known as
epitope spreading. The initial T-cell reactivity is directed towards a narrow set
of myelin epitopes, but spreads to other epitopes on the same antigen
(intramolecular spreading) or to other myelin antigens (intermolecular
spreading). The pathogenic significance of this process was demonstrated in
relapsing experimental autoimmune encephalomyelitis (EAE) in mice (10-
13). The mechanism underlying epitope spreading is thought to involve APC
that present degraded myelin derived from the inflammatory process in the
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central nervous systern (CNS), but it is unknown where this presentation
oceurs.

The CNS has long been regarded as an immune privileged site sequestered
from the immune system by the blood-brain barrier and the lack of lymphatic
vessels, but it is now clear that antigens and cells injected into the brain drain
to secondary lymphoid organs (14-16). Outflow of antigens from the brain
occurs by interstitial fluid and cerebrospinal fluid drainage to lymphoid
organs via various pathways. Antigens in these fluids can drain via the blood
to the spleen, can escape along cranial nerves into the nasal lymphatics and
drain to the cervical lymph nodes (LN), and can escape along spinal nerves to
other LN.

The objective of the present study was to determine whether APC, that have
taken up myelin antigens in the brain during an inflammatory process, drain to
the cervical LN and other lymphoid organs, and have the potential to present
these myelin autoantigens to T and B cells in situ. Improved insight into these
mechanisms will facilitate clucidation of tolerance induction versus
autoimmunity and rational development of immunotherapy of demyelinating
disease.

We investigated the possible transfer and presentation of myelin antigens in
Iymphoid organs during a demyelinating inflammatory process in the CNS in
non-human primates and in MS. The EAE model in common marmoset
monkeys (Callithrix jacchus jacchus) mimics human MS in its clinical
presentation and its radiological, neuropathological and immunological
aspects of brain white matter lesions (17-20). The close phylogenetic
relationship of marmosets and humans makes EAE in this species an unique
experimental system for detailed analysis of MS immunopathogenesis.
Moreover, this outbred model has several useful features, including (a) a
100% disease incidence, which results from presentation of an
encephalitogenic peptide by a monomorphic major histocompatibility
complex (MHC) class II molecule (21), (b) primary demyelination occurring
after immunisation with whole human myelin or with recombinant human
myelin oligodendrocyte glycoprotein (thMOG), (c) intra- and intermolecular
epitope spreading of the cellular and humoral immune response (21, 22) and
(d) the fact that the complete disease spectrum is based on the intricate
interplay between APC, T cells, macrophages and plasma cells (19, 23). In
parallel to lymphoid organs of marmosets with EAE, we investigated cervical
LN of rhesus monkeys with fulminant EAE induced by MOG immunisation
(24) and MS patient LN from the neck region.
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Material and Methods

EAE tissues

Lymphoid organs and brain were isolated from common marmosets, thesus monkeys
{Macaca mulatta) and cynomolgus monkeys (Macaca fascicularis) raised at the
Biomedical Primate Research Centre (Rijswijk, The Netherlands), the German
Primate Centre (Gottingen, Germany)} and at Inveresk (Tranent, UK) as described
previously (21, 24), under conditions approved by the Dutch, German and British law,
respectively, on animal experimentation. All experimental procedures were approved
by Institutional Animal Care and Use Committees. EAE was induced in marmoset
monkeys by immunisation with 20 mg human whole myelin or 0.1 mg thMOG
emulsified in complete Freund's adjuvant (CFA) as described (17, 21). Adjuvant
control marmosets were immunised with I mg OVA (Sigma Chemical Co, St. Louis.
MQ) in CFA. Emulsions were injected into the dorsal skin at four different sites; two
injections were given in both the inguinal and axillary LN regions. EAE was induced
in thesus monkeys by immunisation with 0.32 mg thMOG or 0.1 mg MOGssse
(phMOG) in CFA as described (24). The MOG/CFA emulsion was injected into the
dorsal skin at 10 different spots on the back. Adjuvant control rhesus monkeys were
immunised with 3 to 3 mg bovine type II collagen in CFA as described (53). All
myelin antigen immunised animals were examined daily for clinical symptoms of
EAE by a trained observer. Brain inflammation was visualised by magnetic resonance
imagtng and/or (immuno-)histochemistry as described previously (17, 28). According
to these examinations, all animals immunised with myelin antigens had clinically
active EAE and inflammatory foci in their brain at the time of necropsy. Deep
cervical LN and spleen were isolated from animals sacrificed by an intravenous
injection of pentobarbital during deep ketamine sedation. In addition, axiilary and
inguinal LN, draining the immunisation sites were isolated for comparison. All
Iymphoid tissues were immediately frozen in liquid nitrogen and stored at -80 °C until
use,

MS tissues

Human LN taken from a patient with relapsing/chronic/active MS at autopsy, were
provided by the Netherlands Brain Bank. LN included two external jugular (lateral
superficial cervical) LN from either side of the neck and one supraclavicular LN.
After removal, LN were snap frozen in liquid nitrogen and stored at -80 °C until use.

Histochemistry

Myelin degradation products were detected with ORQ, which stains neutral lipids, as
previously described (56). Briefly, cryosections (6 pm) were stained with 0.3% (w/v)
ORO (Gurr Ltd, London, UK) in 60% 2-propanol and counter stained with
hematoxylin. Acid phosphatase, a marker of macrophages, was detected in acetone
fixed sections as previously described (57) using naphtol-AS-BI-phosphate (Sigma)
as substrate.



ITmmunohistochemistry

Immunohistochemistry was performed as described previously (28, 58) with slight
modifications. Sections were fixed in 4% paraformaldehyde in PBS (pH 7.4) and
treated with 0.02% (v/v) H20, in PBS to eliminate endogenous peroxidase activity.
Any remaining endogenous peroxidase activity was demonstrated with 4-chloro-1-
naphthol (dark blue reaction product; Sigma). Sections were incubated with primary
antibodies overnight in humidified atmosphere, followed by biotinylated-secondary
antibodies for half an hour and horseradish peroxidase (HRP)-conjugated avidin-
biotin-complex (ABC-HRP; Dako, Glostrup, Denmark) for 1 hour. Labelled cells
were stained with either 3-amino-9-ethylcarbazole (red reaction product; Sigma
Chemical Co) or diaminobenzidine (brown reaction product: Sigma). Finally, sections
were counterstained with hematoxylin and embedded in glycerol-gelatin. Double
labelling of cells was performed as described previously (58) with alkaline
phosphatase-conjugated secondary antibodies and a substrate solution containing Fast
Blue BB Base (blue reaction product; Sigma).

The primary antibodies used for immunchistochemistry were polyclonal rabbit anti-
bovine MBP (kindly provided by J. Bajramovic, TNO Prevention and Health, Leiden,
The Netherlands), rabbit anti-CD3 (Dako) and monoclonal antibedies directed against
the encephalitogenic epitope of PLP in SJL/J mice, i.e. PLPy3g.151 (F1/03; ref.(59)),
MHC class I1 (1.243; Becton Dickinson, San Diego, CA), and the APC markers CD40
{5D12; Tanox Pharma BV, Amsterdam, Netherlands), CD68 (KP-1; Dako), CDS83
(HB15A; Immunotech, ME), CD86 (1G10; kindly provided by Innogenetics NV,
Gent, Belgium), DC-SIGN (AZN-D1; kindly provided by Y. van Kooyk, University
Medical Center St. Radboud, Nijmegen, The Netherlands) and CCR7 (2H4; BD-
Pharmingen, San Diego, CA). Secondary biotinylated antibodies were rabbit-anti-
mouse immunoglobulin (Ig; Dako), donkey-anti-rabbit Ig (Amersham,
Buckinghamshire, UK), horse-anti-mouse Iz (Vector Laboratories, Burlingame, CA),
atkaline-phosphatase conjugated rabbit-anti-mouse Ig, goat-anti-rabbit g (both from
Dako) and rabbit-anti-geat Ig (Southern Biotechnology Associates. Birmingham,
AL).

Quantitation of stained cells

In order to calculate the number of ORO-, anti-MBP- or anti-PLP-stained cells per
mm?” in cervical LN sections, the cells were counted and the area of the sections was
determined using a VIDAS-RT image analysis system (Kontron Elektronik
GmbH/Carl Zeiss, Weesp, The Netherlands). Area measurements were performed
using a 2.5-fold magnification objective.

T-cell proliferation assays

Proliferation assays with cervical LN cells were performed essentially as previously
described (21, 60). Briefly, LN cell suspensions were prepared from aseptically
removed cervical LN from sacrificed marmoset and rhesus monkeys with EAE. LN
cells were cultured with 10 pg/ml rbMOG or phMOG in HEPES-buffered RPMI
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1640 (Life Technologies, Glasgow. UK) supplemented with 10% FCS (Flow
Laboratories, McLean, VA), 10 mM MEM with nonessential amino acids, 2 mM L-
glutamine, 100 U/ml penicillin G, 100 pg/ml streptomycin and 2x107* M 2-ME (all
from Life Technologies). Marmoset cervical LN cells were restimulated with EBV-
transformed autologous B cells and 10 pg/ml thMOG. Proliferation of marmoset
cervical LN cells was tested after one or two rounds of restimulation, whereas
proliferation of thesus cervical LN cells was tested directly after the first round of
stimulation. Marmoset and rhesus LN cells (2x10° cells/well ) were seeded with or
without relevant antigen in the presence of EBV-transformed autologous B cells
2x10* cells/well ) or irradiated spleen cells (2x10°cells/well), respectively, in 96-well
flat-bottom plates (Greiner, Solingen, Germany) for 48 h and subsequently pulsed
with 0.5 uCi ["H]thymidine for 18 h. [*H]thymidine incorporation was measured in a
matrix 9600 beta-counter (Packard, Meriden, CT).

Statistics

Differences in the number of myelin antigen containing cells in cervical LN between
treatment groups were determined by a two-tailed Mann-Whitney test. The number of
stained cells in the axillary and inguinal LN and spleer was scored per visual field
using a 10-fold objective in a semi-quantitative manner as: -’ no positive cells; +/-" 1
to 5 positive cells; '+ 6 to 20 positive cells; "++ 21-50 positive cells; +++ >30
positive cells.

RESULTS

EAE and CNS inflammation in common marmosets

To investigate the drainage of myelin degradation products to secondary
lymphoid organs under normal physiological conditions and during active
inflammation of the CNS, different LN and spleen were isolated from non-
immunised marmoset and cynomolgus monkeys, from marmoset and rhesus
monkeys immunised to develop EAE, and from adjuvant control marmoset
and rhesus monkeys. Tissues were obtained from animals that participated in
studies designed for other purposes, thus avoiding sacrifice of animals for the
purpose of the present study only. According to clinical, radiological or
(immuno-)histochemical examination, all myelin antigen immunised monkeys
possessed cellular infiltrates in the CNS at the time of sacrifice (data not
shown). (Immuno-jhistochemical analysis of inflammatory foci in EAE brains
showed the presence of oil-red O (ORO)-positive cells (Fig. 1A), i.e. cells
containing neutral lipids as a result of myelin degradation, and proteolipid
protein (PLP) containing cells (Fig. 1B), similar to previous findings in
marmoset EAE (17). In this respect, the neuropathology of marmoset EARE
closely mimics the situation in MS, where abundant ORO-positive cells are
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also found in active brain lesions (25, 26). Neutral lipids as visualised by
ORO are not just a marker for degraded myelin, but are relevant to
pathogenesis since self glycolipids are T-cell autoantigens in MS (27). In the
EAE lesions, both ORO and PLP staining were found mainly in the cytoplasm
of large cells with a morphology closely resembling macrophages.
Furthermore, EAE lesions contained numerous cells expressing MHC class I1,
acid phosphatase, CD40 (28) and CDS83 (data not shown), indicative of the
presence of APC.

Myelin antigens in cervical LN and spleen

To determine whether myelin antigens gain access to brain-draining lymphoid
organs during demyelinating EAE, sections of cervical LN and spleen were
stained with ORO to detect degraded myelin lipids, with a polyclonal
antiserum against MBP, or with a monoclonal antibody against PLP35.151, a
classical encephalitogenic epitope in STL/J mice.

In the cervical LN of both myelin- and MOG-immunised marmosets, a large
number of myelin antigen containing cells were detected (Fig. 1C.D and 2). A
striking difference was found in the number of ORO-positive cells, which
were detected in 9 out of 10 marmosets with EAE, but in none of the
untreated marmosets (P < 0.05) or cynomelgus monkeys (Fig. 2A). Moreover,
a significantly higher number of myelin basic protein (MBP) and PLP
containing cells was observed in the cervical LN of marmosets with EAE as
compared to the reference groups (Fig. 2B,C).

To exclude the possibility that myelin antigens were present in the cervical
LN as a result of the administration of adjuvant, we analysed the LN from
rhesus monkeys immunised with either MOG or type II collagen emulsified in
CFA. We chose to examing the LN of these animals, since we were unable to
retrieve them from ovalbumin (OVA) immunised marmoset monkeys.
Strikingly, the number of MBP- and PLP-containing cells was markedly
higher (P < 0.05) in the LN of rhesus monkeys with EAE as compared to the
adjuvant control animals (Fig. 3A,B). ORO-positive cells were not detected in
cervical LN of both rhesus EAE and control monkeys.

Together, these results demonstrate that myelin antigens in the cervical LN
result from the demyelination of the CNS and not from the immunisation
itself, nor from normal myelin turn-over or from local neurones innervating
the LN. The finding that MBP and PLP are present in the cervical LN of
marmoset and rhesus monkeys immunised with MOG only, unequivocally
shows that myelin antigens in this lymphoid organ are derived from the
inflamed CNS rather than from the injected emulsion.
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In the cervical LN of marmosets, most myelin antigen contaiming cells were
detected in the medulla. Some myelin antigen containing cells, however, were
found in the subcapsular sinus, the site where leukocytes enter the LN, and in
extrafollicular areas of the cortex, the site where interaction of APC with T
cells occurs. Myelin antigens were found mostly in the cytoplasm of large
cells with a morphology resembling macrophages, similar to the findings in
the brain. Strikingly, most MBP- and PLP-positive cells expressed
macrophage markers, including the lysosomal enzyme acid phosphatase (Fig.
4A) and CD68 (Fig. 4B).

In addition to the cervical LN, the spleen was analysed for the presence of
myelin components. ORO-positive cells were detected in none of the spleens
of myelin or rhMOG-immunised marmosets, nor of OVA-immunised
marmosets or untreated monkeys (Table 1). A significant number of PLP
containing cells and a few MBP containing cells, however, were detected in
the red pulp and around vessels within the spleen of marmosets with EAE. In
contrast, the spleen of adjuvant controls and untreated monkeys was almost
completely devoid of cells containing MBP and PLP. These results provide
further evidence that myelin antigens gain access to brain-draining lymphoid
organs as a direct result of CNS inflammation.

Myelin containing cells in cervical LN express APC markers and co-localise
with T cells

Double labelling studies were performed to determine if myelin antigen
containing cells in the cervical LN of monkeys with EAE represented cells
with the potential to present antigens to CD4”™ T cells. Myelin containing cells
displayed features of professional APC, including expression of the DC
markers CD83 (Fig. 4C) and DC-SIGN (Fig. 4D), which is essential in DC-
induced T cell proliferation (29, 30}. Staining for both acid phosphatase and
CDS83 revealed many double positive cells in the cervical LN (data not
shown), indicating that macrophage and DC markers can be co-expressed by
cells loaded with myelin antigens. The majority of MBP and PLP containing
cells in the cervical LN also showed cell-surface expression of MHC class II
(Fig. 4E) and of the costimuiatory molecules CD40 (Fig. 4F) and CD86 (not
shown). In addition, myelin antigen containing ¢ells expressed the chemokine
receptor CCR7 (Fig. 4G), the receptor for the LN-derived chemokines CCL19
(MIP-38 or ELC) and CCL21 {6-C-kine or SLC) driving DC migration (31).

To assess whether myelin antigen containing cells co-localised with T cells,
indicative of cognate interaction, double labelling for PLP and CD3 was
performed on cervical LN of monkeys with EAE. In the medulla, numerous
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PLP-positive cells were found in juxtaposition with T cells (Fig. 4H). PLP-
positive cells were also found in the subcapsular sinus at the border of the T-
cell area and occasionally within the T-cell areas of the cervical LN. These
results demonstrate that myelin antigens are present in the cervical LN within
cells, which have the characteristics of mature professional APC and which
are in direct contact with T cells.

Myelin antigens in axillary and inguinal IN

The axillary and inguinal LN were also examined to determine whether
myelin antigens gain access to other lymphoid organs. Analysis of these LN
from myelin antigen-immunised and OVA-immunised marmosets revealed a
complete absence of ORO-positive cells (Table 1), similar to the spleen. A
small to moderate number of cells containing MBP and PLP, respectively,
was detected in the LN of both marmosets with EAE and adjuvant control
marmosets. These results indicate that myelin antigens in these LN, which
drain the immunisation sites, may result from a response to the adjuvant
administration rather than from the inflammatory process in the CNS.

Myelin containing cells in cervical LN of an MS patient

To determine whether these findings are relevant for MS, we examined LN
i1solated from the neck region of a patient with active disease. Similar to
rhesus EAE, LN contained cells loaded with MBP and PLP, but not neutral
lipids from degraded myelin (Fig. 1E, F). In the external jugular LN, the
density of cells containing MBP (mean 6.4 cells/mm®) or PLP (mean 19.2
cells/mm®) was similar to the density in cervical LN of marmosets with EAE
(mean 4.3 and 13.2 cells/mm?, respectively). The supraclavicular LN, which
are located more remote of the brain as compared to the external jugular LN,
contained lower numbers of cells containing MBP or PLP (2.5 and 8.9
cells/mm?, respectively). These results imply that transfer of myelin antigens
during demyelinating inflammation in monkeys and man occurs in identical
fashion. Functional phenotyping of these myelin antigen containing cells in
external jugular LN revealed that the majority of cells expressed acid
phosphatase, MHC class II, CD40, but not CD83 (data not shown), indicating
that in human LN these cells also represent immunocompetent APC.

Mpyelin-specific T cells in cervical LN

In order to determine whether cervical LN contain myelin-specific T cells
besides myelin antigen containing APC, cervical LN cells of marmoset and
rhesus monkeys with EAE were tested for MOG-specific proliferative
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responses. Since primary cervical LN cells showed low proliferative
responses as expected, proliferation was determined after a primary
stimulation or after one or two rounds of restimulation. Positive responses,
stimulation index >2, were found with cervical LN cells from 3 of 4
marmosets and all rhesus monkeys (Fig. 5), indicating that myelin specific T
cells are present in these brain draining LN.

DISCUSSION

Autoimmunity towards myelin and other CNS components is considered to
play a pivotal role in the development and perpetuation of MS, but the
anatomical site of antigen presentation and the type of APC involved in the
activation of autoreactive lymphocytes is still largely unclear. In this study we
explored the redistribution of myelin components during demyelinating EAE
in non-human primates and MS, and characterised the cells loaded with
myelin antigens in the draining LN. Using demyelinating EAE models, we
demonstrate that (a) myelin antigens (neutral lipids, MBP and PLP) gain
access to brain-draining lymphoid organs as a result of a demyelinating
process in the CNS, (b) myelin antigen containing ¢ells display characteristics
of professional APC, (¢} myelin antigen containing cells are in direct contact
with T cells, and (d) myelin antigen specific T cells are present at this site.
These results indicate that myelin antigens do not remain sequestered behind
the blood-brain barrier during EAE, but are transferred to sites that are
optimally equipped for priming of myelin specific T and B cells. Moreover,
these data strongly suggest that cognate interactions between these myelin
containing APC and T cells take place in brain-draining lymphoid organs
such as the cervical LN. Clearly, reactivation of myelin-specific antigen-
experienced T cells ¢occurs locally in the CNS by virtue of resident APC
presenting myelin proteins (32, 33).

Recently, we have provided evidence that MOG-induced EAE in marmosets
is associated with intramolecular epitope spreading of the T-cell response
(21). MOG-induced EAE is initiated by the presentation of an
encephalitogenic peptide of the extracellular domain of MOG (MOG4.356) in
the context of a monomorphic Mhe-DR molecule, Caja-DRB*W1201 (21).
This disease-initiating step is followed by spreading to other MOG-epitopes.
Our present finding of MBP- and PLP-containing cells in the cervical LN of
MOG-immunised marmoset and rhesus monkeys strongly suggests that the
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priming of lymphocytes specific for (intramolecular and intermolecular)
spreading epitopes takes place in this brain-draining LN.

Active demyelinating lesions in both MS patients and marmosets with EAE
are characterised by activated macrophages loaded with neutral lipids from
degraded myelin, MBP and PLP (17, 25, 26, 34), of which the eventual fate is
unclear. Studies tracing the outflow-pathways of the brain in healthy animals
revealed that both injected cells (macrophages and [ymphocytes), and injected
proteins and other substances drain preferentially to the cervical LN (14, 15,
35, 36). These findings imply that the myelin antigens found in the cervical
LN within cells with DC and macrophage-like characteristics (Fig. 1,4), have
been ingested in the LN or have been fransported by phagocytic ¢ells from the
brain (Fig. 1) to the LN. The latter notion is supported by studies on
inflammatory responses in the kidney (37) and peritoneal cavity (38), which
demonstrated that during inflammatory conditions macrophages migrate from
these sites to the draining LN. Interestingly, Randolph et al. showed in an
elegant in vive study that phagocytes at inflammatory sites were not merely
macrophages, but that a substantial number of these cells differentiated into
DC upon migration to the T-cell area of the draining LN (4). This may explain
the mixed phenotype of DC-macrophage-like cells containing myelin antigens
in the cervical LN observed in our study. The observation that myelin antigen
containing cells express CCR7 further underlines the idea that these cells have
migrated from the brain to the LN in a regulated manner (39). However,
myelin antigens in LN DC may also result from antigen transfer, 1.e. uptake of
antigens released by migratory cells, as shown in other systems (40, 41).
Although it has been shown that myelin proteins are transiently expressed in
various types of leukocytes during immune-stimulatory conditions (42, 43),
the presence of neutral lipids from degraded myelin within DC and
macrophage-like cells in the cervical LN (Fig. 1C) makes this an unlikely
explanation for our findings. The presence of MBP and PLP within cells in
the inguinal, axillary and cervical LN of OVA- and collagen-immunised
animals may be explained by such de novo expression of myelin proteins or
may result from normal myelin turn-over (44). Collectively, the findings of
the present study imply that during EAE in marmoset and rhesus monkeys,
phagocytic cells take up myelin in brain lesions, migrate to the cervical LN
and the spleen, and present myelin antigens at these sites to T cells.

Ample evidence is now available that there is functional specialisation of
individual IN from distinct anatomical sites. The cervical LN are
instrumental in the induction of nasal tolerance (43), i.e. removal of cervical
LN abrogated tolerance induction, which could be restored only by
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transplantation of cervical LN, but not of other LN. Cervical LN also play an
important role in the induction of immune responses to brain-derived antigens
(14, 46-48). Interestingly, antigens injected into the CNS evoke a deviant
systemic immune response, that is deficient in antigen-specific delayed-type
hypersensitivity (49, 50). Recently, it was shown that this deviated immune
response could be transferred to naive animals by cervical LN cells from
donors that received an injection of antigen in the brain 8 days earlier (50).
We hypothesise that during EAE inflammatory signals from the CNS
environment prevent the induction of a deviant immune response (2, 3). The
significance of cervical LN in the development of EAE is demonstrated by the
finding that complete removal of the cervical LN markedly reduced the
severity of cryolesion-enhanced EAE in Lewis rats (51). Moreover, there are
indications that encephalitogenic T cells primed in the cervical LN may
preferentially target the brain (52). The results of our study support the
importance of the cervical LN in EAE in the modulation of autoreactivity.
Strategies to treat MS with therapeutic antibodies directed against co-
stimulatory molecules and cytokines are currently under development (19,
53). In order to interfere with effector functions of T cells and macrophages, it
is generally assumed that such immunotherapeutics should necessarily reach
the lesions in the CNS by crossing the blood-brain barrier. However, the
results of the present study indicate that the cervical LN, which may be
accessible via nasal drainage and the circulation, may also serve as a local
target for immunotherapy of demyelinating diseases. In this respect, it is
interesting that nasal application of low doses of cytokines such as interleukin
10 ameliorated relapsing EAE in DA rats (54).

In conclusion, cells containing myelin antigens are present in the cervical LN
during demyelinating EAE in monkeys and MS. These myelin antigen loaded
cells express MHC class II and costimulatory molecules, and are in direct
contact with T cells. Moreover, myelin-specific T cells are also present in
cervical LN of animals with EAE. These data suggest that professional APC
with the potential to modulate the reactivity of encephalitogenic lymphocytes
are active in the cervical LN.
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Table 1. Myelin antigen containing cells are present in other LN and spleen.

species immunogen myelin spleen  axillary  ingninal
component LN LN
marmoset myelin neutral lipids - - -
MBP +i- + +
PLPi39.15: = + =+
marmaoset MOG neutral lipids - - -
MBP +- + +
PLP130.151 =+ ++ ++
marmoset OVA neutral lipids - - -
MBP - +- +
PLPy30.15 + + A+
marmoset none neatral lipids - nd nd
MBP - nd nd
PLPizos; - nd nd
Cynomolgus none neutral lipids - - -
MBP - +/- +/-
PLP 30151 - - +He

Sections of secondary lymphoid organs were scored for the presence of myelin
antigen containing cells (-~ to +++; nd is not determined; see Methods). The analysis
included groups of five marmosets immunised with whole myelin, six marmosets
immunised with thMOG, two marmosets immunised with OVA, one untreated
marmoset and five untreated cynomolgus monkeys.
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Fig. 1. Myelin antigen containing cells in brain and brain draining LN (page 117)
In situ analysis of myelin antigen containing ceils in brain and cervical LN from
marmosets with MOG-induced EAE and cervical LN from a patient with active MS.
{A.C) Cells containing neutral lipids, stained red by ORO, were found in the brain
parenchyma (A) and medulla of the cervical LN (C) of marmosets with EAE. In A,
the perivascular infiltrate is indicated (B,D) In marmoset EAE, macrophage-like cell
containing the myelin proteins were also present in perivascular brain lesions (B. PLP
staining) and the cervical LN (D, MBP staining). (E,F) Similarly, cervical LN of an
MS patieat with active disease contained numercus cells loaded with MBP (E) and
PLP (F). All sections counterstained with hematoxylin. Magnification: AJF, 315x; B-
D, 500x; E, 200x.
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Fig. 2. Myelin antigen load in marmoset cervical LN

The density of cells containing neutral lipids stained by ORO (A), MBP (B) and PLP
(C) in cervical LN of marmosets with EAE was compared with healthy marmoset and
cynomolgus monkeys. The number of cells per surface area was determined by
counting stained cells and measuring the area of the sections at 2.5-fold magnification
using the VIDAS-RT image analysis system.
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Fig. 4. Myelin antigens are preseat in immunocompetent APC in cervical LN
(page 119)

Myelin antigen containing cells in ¢cervical LN of marmosets with EAE {(A,C.E.F.H)
or thesus monkeys with EAE (B,D.G) were characterised by (immuno)histochemical
procedures. APC markers were stained in combination with staining for MBP or PLP
(no counterstaining). (A) Most PLP containing cells (blue) express the macrophage
marker acid phosphatase (red). Indicated are double positive cells and an acid
phosphatase single positive cell. (B) In the rhesus cervical LN, many PLP containing
cells (blue) expressed the macrophage marker CD68 (red). (C)y MBP containing cells
(blue) also express the DC maturation marker CD83 (red). Double positive cells stain
purple in contrast to CD83 single positive cells. (D) Besides CD83 expression, the
majority of PLP containing cells (blue) also express DC-SIGN (red); double positive
cells are stained purple. (E) Cell surface expression of MHC class II (stained blue)
was found throughout the LN and a subset of class II-positive cells contain myelin
antigens. PLP positivity is stained red/MHC class 11 double positive cells. (F)
Expression of CD40 (red) and CD86 (not shown) was found on most myelin antigen
containing cells (MBP stained blue). Indicated are CD40 single positive cells and a
MBP single positive cell. (G) Example of CCR7 expression (blue) on a PLP
containing cells (red). (H) Myelin containing cells {PLP stained red) were found in
direct contact with CD3" T-cells (blue). Maggification: A-C,E-H, 500x; D, 130x.
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Fig. 3. MBP and PLP containing cells in rhesus cervical LN

Cervical LN of rhesus monkeys with MOG-induced EAE were compared with those
of adjuvant controls with collagen-induced arthritis (CIA). The number of MBP-
containing cells (A) and PLP-containing cells (B) per surface area was determined as
described in the legend for Fig. 2.
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Fig. 5. Myelin antigen-specific T cells in cervical LN of monkeys with EAE
MOG-specific responses of cervical LN T cells of six individual marmoset and rhesus
monkeys with EAE induced by immunisation with human whole myelin, thMOG or
phMOG. Cervical LN cells were cultured with 10 pg/mi thMOG or phMOG. Rhesus
cervical LN cells were tested after primary stimulation, whereas marmoset cervical
LN cells were assayed after one or two rounds of restimulation. The specific
profiferative responses are expressed as the stimulation index, being counts per
minute in cultures with 10 pg/ml antigen divided by counts per minute without
antigen. Dotted Hne indicates stimulation index of 2; stimulation indices of >2 were
considered relevant.

120



3.
Immune intervention strategies






Protection of marmoset monkeys against EAE by
treatment with a murine antibody blocking CD40
(mus5D12)

Jon D. Laman ', Bert A. 't Hart **, Herbert Brok *, Marjan van Meurs ', Marc
M. Schellekens * Ahmad Kasran *, Louis Boon °, Jan Bauer °, Mark de Boer °
and Jan Ceuppens *

* Bert A. 't Hart and Jon D. Laman contributed equally to the study

1. Department of Immunology, Erasmus University Rotterdam and Academic Hospital
Dijkzigt. The Netherlands 2. Department of Immunobiology, Biomedical Primate Research
Centre (BPRC), Rijswijk. The Netherlands 3. Division of Immunological and Infectious
Diseases TNO Prevention and Health, The Netherlands 4. Division of Experimental
Immunology, Catholic University of Leuven, Belgium 5. Tanox Pharma BV, Amsterdam, The
Netherlands 6. Department of Neuroimmunology, Institute of Brain Research of the University
of Vienna, Austria

Submitted for publication

Running title: Anti-CD40 blocks EAE

Key words: multiple sclerosis, CD40, immunotherapy, dendritic cells, autoimmunity

Abbreviations: CNS, central nervous system: INOS, inducible nitric oxide synthase; MOG,
myelin oligodendrocyte glycoprotein; MAMA, marmoset anti-mouse antibody; MBP, myelin
basic protein; MMP, matrix metalloproteases; MRYL magnetic resonance imaging; MS, multiple
sclerosis; PLP, proteclipid protein



Abstract

CD40-CD40L interactions are crucial to cognate interactions between T cells, B cells
and APC, and contribute to non antigen-specific effector functions of APC in
inflammatory disorders. Here we demonstrate that functional blockade of CD40 with
an antagonist mouse anti-human CD40 monoclonal antibody (mAb mu3DI12)
effectively prevents clinical expression of chronic demyelinating EAE in outbred
marmoset monkeys, a preclinical model of multiple sclerosis (MS}. Anti-CD40 mAb
interfered with development of clinical symptoms of marmoset EAE during the
treatment period, even when treatment was started several weeks after T-cell priming.
Magnetic rescnance imaging {(MRI) demonstrated inflammatory activity in the brain
at initiation of antbody treatment, confirming that treatment interfered with the
disease process. Access of therapeutic anti-CD40 to potential sites of action, the
secondary lymphoid organs and the brain white matter lesions, was visualized in situ.
The present data are the first to demonstrate the clinical potential of blocking APC
and effector cell functions using murine antagonist anti-CD40 mAb in the treatment
of chronic inflammatory diseases,

1. Imtroduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central
nervous system (CNS) white matter. In the northermn parts of Europe and
Northern America, MS is the most important chronic disabling neurological
disease in young adults, with a prevalence of 1 in 1.000. The initiating event
of MS is not known, but may involve infection of genetically susceptible
individuals with viral or bacterial pathogens which induce activation of T
cells and production of antibodies cross-reacting with mimicry motifs on
myelin antigens. The target of the autoimmune reaction is the myelin sheath,
that envelops the axons in the CNS, and which is essential for the saltatory
pulse conduction along the axon. The autoantigens involved may be myelin-
constituents, such as myelin basic protein (MBP), proteolipid protein (PLP),
myelin oligodendrocyte glycoprotein (MOG), or neoantigens expressed in the
CNS white matter (reviewed by Lassmann and Wekerle[1]).

The histopathological hallmark of MS is the presence of multifocal
demyelinated lesions in the CNS white maiter. The earliest recognizable stage
of lesion development is the presence of perivascular cuffs of mononuclear
cell infiltrates, containing predominantly T cells and macrophages. Plasma
cells are found only in low numbers (reviewed by Lassmann[2]). The genetic
linkage of MS susceptibility with certain major histocompatibility class II
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alleles (e.g. HLA-DR2}, the beneficial effect of immunosuppressive therapy
and the observation that in animal models typical clinical and
histopathological features of early MS can be evoked by adoptive transfer of
myelin-reactive CD4" T cells of the helper 1 type (Thl), has made the T cell
the main target for therapy in MS patients.

The CNS expression patterns of CD40 and CD40L (CD154) are highly
comparable between MS-patients[3] and marmoset monkeys with active
diseasef4]. CD40 is abundantly expressed and CD40L is present at lower
frequencies in inflammatory CNS lesions in both MS and marmoset EAE.
The latter finding indicates that this non-human primate species is a suitable
model for preclinical testing of immunotherapeutics targeting the CD40-
CD40L interaction[3]. We have previously shown that interactions between
CD40L, expressed by activated CD4™ T cells, and CD40, expressed by
activated APC, are critical to development of EAE in mice. Development of
clinical and histopathological featares of monophasic acute EAE, induced in
SJL/J mice by immunization with PLP139-151 peptide, is abrogated by
treatment with 2 hamster anti-mouse CD40L mAb[3, 5]. This finding was
confirmed in mice expressing a transgenic T-cell receptor specific for myelin
basic protein[6]. Importantly, this anti-CD40L mAb also interferes with
relapsing EAE in a mouse model[7]. The finding that anti-CD40L reduces
disease severity even after adoptive transfer of T-cells[7] supports the idea
that treatment not only interferes with T-cell priming, but also with effector
functions activated by CD40L interaction. Such effector functions may
include cytokine production by T cells[8], and a wide range of macrophage
activities, including secretion of proinflammatory cytokines, production of
inducible nitric oxide synthase (INOS) and matrix metalloproteases (MMP),
and possibly increased phagocytic activity[9, 10]. In general, the protection of
mice against EAE provided by anti-CD40L treatment has been attributed to
impaired production of the disease-promoting cytokines interleukin-12 (IL-
12) and interferon-gamma (IFN-y)[7, 11].

In the present study we have chosen a fundamentally different approach to
interfere with CD40-CD40L interactions in EAE/MS. To effectively block the
APC and effector cell side of the autoimmune response instead of the CD4+
T-cell arm, we employed mAb muSD12, an [gG,, antagonist mouse anti-
human CD40 antibody, in the New World monkey common marmoset
(Callithrix jacchus). This recently developed unique EAE model shares
several essential features with human MS, in particular the clinical course and
the histopathological as well radiological (MRI) characteristics of the
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multifocal lesions within the CNS white matter[12, 13, 16, 18, 20]. The anti-
CD40 mAb muSD12 differs from many other anti-CD40 mAb, since it does
not activate macrophages or B-cells, and effectively inhibits a range of APC-
activities mediated by CD40-CD40L interactions in vitro[14, 15]. We
reasoned that treatment with mAb mu5D12 would coat CD40-expressing
APC types such as dendritic cells, B-cells and macrophages to prevent
productive interactions with CD40L+ T-cells, providing clinical benefit.

2. Results

2.1 Cross-reactivity and half-life of anti-CD40 in marmoset monkeys

The potential in vivo effectivity of antagonist mouse anti-human anti-CD40
mADb in marmoset EAE is determined by its {cross)reactivity with marmoset
CD40 molecules on the one hand and the biological half-life on the other.
Therefore, phenotypical and functional cross-reactivity as well as serum peak
levels and clearance rates of muSD12 were determined.

EBV-transformed B cell lines from humans, cynomologus or rhesus
macaques and marmoset monkeys show similar 5112 staining patterns
indicating equal reactivity of the antibody with CD40 molecules between the
four species (see Fig. 1 for comparison human versus marmoset). This cross-
reactivity confirms previous immunohistochemical detection of marmoset
CD40 using 5D12[4].

Functional activity of anti-CD40 mAb muSD12 with marmoset CD40 was
determined in a bioassay measuring reduction of IL-12p40 production as a
pathologically relevant readout. IL-12 is a well-recognized central cytokine in
development of EAE. PBMC from five experimentally naive marmoset
menkeys were cultured with mouse 3T6 cells expressing human CD40-ligand
melecules. Ligation of marmoset CD40 by human CD40-ligand in the
presence of IFN-y induced marmoset monocytes to produce high levels of IL-
12p40. In the presence of anti-CD40, IL-12p40 production was markedly
reduced (Table 1). These results confirm that anti-CD40 mAb has similar
functional antagonist properties for human and marmoset monkey PBMC in
Vitro.

To determine the serum half-life of the mAb in vivo, two naive marmoset
monkeys were injected i.v. with a single dose of 1 mg anti-CD40 per kg body
weight. Blood samples were taken at 1, 2, 4, 8§ and 24 h. The peak serum
levels of anti-CD40 as detected by ELISA were 23 and 25 pg/ml at 1h,
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respectively, and the half-life was calculated at approximately 20 hours (see
also Fig. 5). The trough levels at 48 hours after injection were 5 ug/ml, being
a sufficiently high concentration for effective blocking of TL-12p40
production irn vitro. These values are in the expected range for a mouse IgG2b
mAb in a non-human primate. Based on these data the dosing schedule for
further in vivo experiments was an i.v. loading dose of 1 mg/kg body weight,
followed by 1.p. injection of 1 mg/kg anti-CD40 24 hours later, and then once
every 48 hours.

2.2 Access of anti-CD40 mAb to potential sites of action

For therapeutic use of musD12, the mAb should be able to not only interfere
with CD40-CD40L interactions occurring in the secondary lymphoid organs,
but also within the CNS, e.g., between infiltrated mononuclear cells or
between mononuclear cells and resident APC. Therefore, the access of anti-
CD40 to these sites was determined by immunohistochemistry. Untreated
marmoset monkeys with full-blown EAE (9461, 9507, 9527) received a single
1.v. bolus-injection of 1 mg of the antibody, corresponding to about 2-3 mg/kg
body weight, and were sacrificed one hour later. At necropsy, performed
within one hour after sacrifice, secondary lympheoid organs (spleen and lymph
nodes draining myelin immunization sites}, as well as representative samples
of brain and spinal cord were snapfrozen. Abundant anti-CD40 localization in
vivo, visualized by immunohistochemistry using anti-mouse IgG and IgGs,
secondary antibodies, was observed. The same tissues stained with conjugates
against mouse isotypes other than IgGa, as well as tissues from marmosets
not treated with anti-CD40 stained with anti-IgGz,, were uniformly negative.

Table 1. Functional cross-reactivity of anti-human CD40 with marmoset CD40

Animal medinm IEN-y  anti-CD40  IFN-v+ anti-CD40

9419 61 221 27 102
9453 19 325 17 68
9506 17 271 17 102
9307 28 134 17 41
9511 17 163 17 44

Peripheral blood mononuclear cells from five healthy untreated marmosets were stimulated by
co-culture with CD40L-transfected 3T6 cells, in the presence or absence of combinations of
IFN-y (500 U/ml) and muSD12 anti-CD40 (5 ug/ml). As a readout, secretion of [L-12p40 (in
pg/ml). thought to be crucial in both MS and EAE immunopathogenesis, was measured by
capture ELISA. A representative experiment out of three is shown.
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Figure 1. Phenotypical cross-reactivity of mAb muSD12 with marmoset CD40

Anti-CD40 was titrated on a human and 2 marmoset Epstein-Barr virus-immortalized B-cell
line and binding was evaluated by flow cytometry. Overlapping titration curves indicate similar
binding characteristics of tu51D12 for human and marmoset CD40. Relative mean fluorescence
intensity (MFI) is shown on the abscissa to normalize data for differential expression of CD40
on the two cell lines. allowing better comparison.




Immunohistochemistry confirmed that mu5D12 had also gained access to
secondary lymphoid organs, as evidenced by staining of CD40-expressing
follicular B-cells in the spleen (Fig. 2a). Although staining in this figure was
amplified by means of tyramide signal amplification (TSA), anti-CD40 could
also be detected by staining without amplification (not shown), indicating
significant levels of antibody binding in vive. Individual cells distributed in
the T-cell areas and the red pulp, also bound anti-CD40, probably
representing macrophages and dendritic cells. A similar staining pattern was
found when spleen sections of marmosets suffering from EAE that had not
been treated with anti-CD40 were stained by applying anti-CD40 on frozen
sections, confirming local expression of CD40. Anti-CD4( deposition was
also found in the inguinal and axillary lymph nodes, that drain the myelin-
injection sites (Fig. 2b). Collectively, these findings indicate that anti-CD40
mu3SD12 administered in vive is able to bind to CD40 in the secondary
lymphoid organs where primary and secondary lymphoid stimulation occur.
Importantly, anti-CD40 could also be detected in marmoset EAE brain tissue
after treatment. Here, anti-CD40 was bound to cells present in the
perivascular infiltrates (Fig. 2¢ and d) as well as on occasional cells in the

Figure 2. In vive localization of anti-CD4¢ mAb 5D12 in secondary lymphoid ergans and
brain (page 128)

Access of muSDI2 to potential sites of interaction between CD40L-expressing CD4" T—cells
and CD40-expressing APC was assessed by immunohistochemistry in EAE marmosets that
were injected with I mg of 5D12 one hour prior to sacrifice. Secondary lymphoid organs
{spleen, lymph nodes draining myelin-immunization sites. and lymph nodes draining the brain)
and brain tissue were evaluated. All sections were counterstained with hematoxylin. 2a. Spleen:
Anti-CD40 (red) can be detected bound to B cells, which in marmoset spleen are located
around the periarteriolar lymphocyte sheath containing meostly T cells (central area, only
stained by hematoxylin){animal 9461). 2b. Axillary Lymph node: Anti-CD40 {red) can also be
found in this type of lymph node draining the sites used for myelin immunization (animal
9527). 2¢. Brain: Anti-CD40 (red) gains access to perivascular mononuclear cell infiltrates
generally containing macrophages, T cells and some B cells. These infiltrates are present in the
perivascular space (Virchows-Robin space), located between the endothelium and the
remainder of the blood-brain barrier partly formed by astrocytes. In addition. occasional anti-
CD40 binding cells are present in the parenchyma (animal 9461). 2d. Brain: The Virchows-
Robin space is demarcated by laminin staining (red), which is present both in the endothelium
(inner ring). and at the astzocyte end-feet involved in forming the bloed brain barrier (outer
ring). Anti-CD40 (blue) is bound mostly to cells in the perivascular space, but also to
individual cells in the parenchyma (animal 9461).



parenchyma. Similar expression patterns of CD40, mostly by monocytic cells,
have been described previously for both marmoset EAE[4] and MS[3]. As
functional interactions between CD40L" T cells and different CD40
expressing APC types (macrophages, perivascular microglia, B cells) leading
to cellular activation can take place in the Virchows-Robin space where they
likely contribute to the development of EAE pathology[2], binding of anti-
CD40 within the CNS may contribute to possible therapeutic effects of the
mu3SD12 mAb.

2.3 Anti-CD40 protects marmoset monkeys against EAE during treatment

To determine whether immunotherapy with muSD12 has a beneficial effect in
marmoset EAE two independent experiments of similar design were
performed, summarized in Fig. 3. In the first experiment, disease was induced
in 15 marmoset monkeys, which were then randomly distributed over three
groups. A control group of six monkeys was treated with PBS. Five monkeys
received intraperitoneal injections of mu5D12 between days 14 and 42, and
four monkeys received intraperitoneal injections of muSD12 between days 25
and 53. In the second experiment, animals (n=3) were either treated with anti-
CD40 mAb from day 25-53 after immunization or with PBS (n=3). It is of
importance that the EAE induced in marmosets under the chosen conditions
has a chronic progressive course leading to complete paralysis in 100% of
marmosets in the control group and in previous experiments (n>7().
Typically, the first clear sign of neurological abnormality in the marmoset
EAE model is inability to maintain balance (ataxia: score 2), progressing to
incomplete or complete paralysis. Body weight of monkeys is a useful
surrogate marker mainly for acute onset disease, with a reduction up to 15%.
For slower onset EAE, body weight is less informative and therefore only
clinical scores are depicted. Fig. 3 shows that during anti-CD40 treatment
(early and late), 83% of the monkeys were protected against development of
EAE, even when administration of the antibody was started as late as 25 days
after immunization. Although two animals in the second experiment did
develop clinical signs during the late treatment period, onset of disease was
considerably delayed compared to the untreated comtrol animals. Following
discontinuation of antibody administration, 8 out of 10 animals developed
clinical signs of EAE, with progression to hemi- or paraplegia, whereas two
of the animals treated late were fully protected against EAE. Disease onset in
the carly treatment group was significantly delayed compared to the PBS
group {(p=0.0325), and the delay in discase onset of the late treatment group
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compared to the PBS group was also significant (p=0.0327). Comparison of
disease onset in the two treatment groups collectively with the control yielded
a p-value of 0.0089. It is of note that the fully protected animals are by
definition not included in the ‘disease onset’ parameter, implying that the
treatment effect is even stronger than reflected by this statistical analysis.
Pathological investigation of CNS material of all animals for inflammation
and demyelination showed no significant difference between control animals
and mu5D12-treated animals with EAE (Table 2). This suggests that
neuropathologically, EAE developing upon cessation of antibody treatment is
not different than in the control group. This was confirmed by detailed
immunohistochemistry on frozen brain sections, including cell subset analysis
(macrophages, T-cells, B-cells), antigen presenting and costimulatory
molecules (MHC class I, CD40, CD80, CD8&6), as well as pathogenic
effector molecules (pro- and anti-inflamumatory cytokines, IgG, IgM, MMP-9
and iNOS).

Table 2. Inflammation and demyelination after muSD12 treatment

treatment |treatment spinal cord brain

period A B C D
none - 23211 | 3372151 | +~ G+ |- (@), +- (1. +(1)
3D12 d14-32 39031 39.7+6.2 | -+ +H-@H+ )
5p12 d25-53 2.0£0.6 | 3312125 | +-(3), +(1) | - (D). +- (2. + {1}

Data refer to the animals of the first experiment shown in Fig. 3. A: Inflamratory index, ie.
average number (4 standard error of means) of inflamed blood vessels per spinal cord cross
section. B: Demyelination in the spinal cord is given as a percentage (+ standard error of
means) of spinal cord white matter surface area. C: brain inflammation: +/-:perivascular or
paraventricular inflammation, +: parenchymal infiltration, D: brain demyelination: -; no
demyelination, +/-; perivascular demyelination, +; confluent plaques. The number of animals is
mdicated in parentheses.
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Figure 3. Prevention of marmoset EAE using different muSD12 treatment windows

First experiment: animals indicated by four-digit codes: No treatment after disease induction
(n=6). Treatrment with mu5D12 from day 14 to 42 after disease induction (n=5). Treatment
with muSD12 from day 25 to 33 after disease induction (n=4).

Second experiment: animals indicated by two-letter codes: No weatment after disease induction
(n=3). Treatment with musSD12 from day 25 to 53 after disease induction (n=3). EAE scores
ranging from 0-5 are shown for individual animals. Treatment period with anti-CD40 is
depicted by gray background. Asterisks indicate time point of szcrifice due to severity of EAE.
# indicates that animal did not recover from anesthesia for MRI.



2.4 Lesion activity at initiation of treaiment

To confirm that during the period of 25 days between disease induction and
initiation of anti-CD40 treatment, inflammation of the CNS had already been
established, MRI was performed on all monkeys of Fig. 3, on day 26 after
myelin sensitisation. Inflammatory activity in periventricular locations in the
CNS was indeed observed, as shown in Fig. 4. These findings emphasize that
treatment was started well after induction of myelin autoreactive CD4+ T-
cells and development of inflammation in the CNS. Ethical considerations
disallowed sacrifice of animals for pathology analysis prior to disease, but
absence of inflammatory markers in naive marmoset brain has been
demonstrated before [4].

welghted

Gd-DTPA enhanced
Ti-

T2- weighted

Figure 4. Active CNS inflammation before initiation of anti-CD40 treatimment

At onset of therapeutic anti-CD40 treatment, on day 26 after immunisation, brain MR images
were recorded of all monkeys from Fig. 3 to assess encephalitis. The fizure shows
representative cross sections from three monkeys. The T2-weighted images (bottom row) of
monkeys 9614, 9516, and 9612 show dilatien of the hyperintense region at periventricular
location. The top row shows the corresponding slices in T1-weighted images. The arrows point
to areas enhanced by Gadolinium administration.
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2.5 Serum concentration of anti-CD40

The different effectivity of early (day 14-42) versus late (day 25-53) mu5D12
treatment may be due to different availability of the antibody. Therefore,
circulating levels of mu5D12 were measured in the treatment groups
described in Fig. 3. Fig. 5 depicts serum peak levels and clearance of anti-
CD40 in myelin/CFA-immunized, EAE-affected versus healthy marmosets.
Clearly, circulating mAb levels are much lower in EAE marmosets. This is
likely due to increased CD40-expression on PBMC and in tissues of
myelin/CFA immunised marmosets[4], resulting in increased capture of
circulating mAb, and/or to development of marmoset antibody responses
against the mouse 5D12 antibody (MAMA). MAMA levels measurable by
ELISA were first detected in all 5D12-treated ammals 8 days after initiation
of immunotherapy and imcreased to high titers (data not shown). The
emergence of MAMA-responses most likely has limited the effective
treatment window of muSD12.

lE-;K oxp
fmgroup 1 (oxp 1}

Bgroup 2 (oxp 1)

Elexp 2

ant-CD40 serum concentration (mg/mi)

0

time after start of any-CD40 administration (days)

Figure 5. Serum concentration of muSD12 in marmosets

Levels of circulating muSD12 were assessed at different time points after administration. Two
healthy marmosets were given 2 single i.v. dose (1 mg/kg body weight) of musSD12 leading 10
an average serum level of almost § ug/ml in samples taken at 24 h (open bar). In contrast,
animals with EAE from the antibody treatment experiments (see Fig, 3 and 4) had much lower
levels (around 2 pg/ml) at 24 h after first administration of mu5SD12.
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3. Discussion

3.1 Anti-CD40) interferes with marmoset EAE

This study demonstrates that immunotherapy with a mAb functionally
inhibiting CD40 during the treatment window prevents the development of
clinical signs of EAE in marmoset monkeys, a preclinical model of MS. We
further show that anti-CD40 mAb mu5D12 penetrated into the secondary
Iymphoid organs where (cognate) interaction of T cells, B cells and APC take
place, and also into perivascular cuffs of infiltrating leukocytes within the
brain white matter. These results indicate that muSD12 may not only interfere
with T cell-APC interactions in secondary lymphoid organs, but also within
CNS lesions. This study provides the first evidence that an antagonist mAb
against CD40 has potential for the treatment of chronic inflammatory
diseases. The parallels in pathogenesis between EAE in this nonhuman
primate EAE model and MS[4, 16-19] suggest that this finding has important
implications for the therapy of MS exacerbations.

3.2 Prevention of EAE in marmosets

The marmoset EAE model as first developed by the group of Hauser[16, 20]
and modified by us[18] was used to evaluate the immunotherapeutic potential
of antagonist anti-CD40. Distinct advantages of this model for the current
study include the cross-reactivity of anti-human CD40 with marmoset
CDA40[4], allowing testing of human-specific therapeutics in a preclinical
model in an animal species closely related to humans. The strong
immunological relationship between humans and marmosets is iilustrated by
the high degree of similarity between the polymorphic MHC[21] and T-cell
receptor genes[21]. Despite the outbred nature of the colony, a 100% disease
incidence is invariably observed in different experiments (n>50).

The data described show that during mu3D12 treatment, a large majority of
animals is effectively protected against clinical expression of the disease.
Animals were already suffering from CNS abnormalities as evidenced by
MRI when treatment was started. Compiling data from the two experiments,
onky 2 out of 12 animals showed clinical EAE during treatment, since none of
5 animals treated from day 14-42 developed disease and only 2 out of 7
treated from day 25-53. However, when muSD12 treatment was stopped, most
animals developed late signs of EAE, although one amimal remained
protected. The limited longterm efficacy of antibody treatment is likely due to
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three factors. First, the relatively low frequency administration schedule has
lead to suboptimal circulating levels of anti-CD40 in EAE animals as
compared to healthy marmosets (Fig. 5), and to insufficient coating of
circulating CD40-expressing APC. Second, increased CD40 expression in
animals with chronic inflammation may have further reduced anti-CD40
levels. Third, animals developed marked levels of MAMA antibodies to
muSD12, probably leading to complexing and increased clearance.
Importantly, the use of CFA for EAE induction in this model may override
the inhibiting effect of Iow serum concentrations of muSDIi2 on B-cell
responses and stimulate MAMA responses by creating a strong inflammatory
environment. In a study with chimerized 5D12, induction of MAMA
responses against the complementarity determining regions occurred. These
MAMA antibodies blocked IL-8 production by human monocytes stimulated
with CD40 L in vitro (Boon et al., submitted)

3.3 Sites and mechanisms of action

Many anti-CD40 antibodies have agonistic properties, and stimulate B-cell
responses and T-cell activity through APC activation in vive[22, 23]. In
contrast, the current study shows that antagonist mAb 5D12 interferes with
EAE. It is not yet known by what molecular mechanism mu3D12 mnhibits
CD4d0-mediated activation, and this is under further investigation. Our iz vivo
localization studies clearly show that the muSD12 mAb penetrates not only
into the secondary lymphoid organs, but also into the perivascular infiltrates
of the CNS and to a lesser extent in the brain parenchyma. This implies that
peripheral and local CD40-CD40L interactions are accessible to the mAb.
Hence, anti-CD40 can interfere with stimulation of primary and secondary
antigen-specific T-cells and B-cells in the secondary lymphoid organs and
CNS lesions. Since peripheral activation of pathogenic T cells continuously
occurs during established EAE/MS[2] the relevance of 5D12 activity in
secondary lymphoid organs should not be underestimated. Also in theumatoid
arthritis, there is evidence for continuous recruitment of T cells preactivated
in the lymphoid tissue into the sites of inflammation[24].

Although the identity of the most relevant APC in the CNS remains
controversial (e.g. microglia, infiltrating macrophages or astrocytes), anti-
CD40 may be able to interfere with several different interactions taking place
during migration of T cells over CD40-expressing endothelium and within the
perivascular space. CD40-expression by endothelial cells is thought to be
restricted to sites of inflammation, e.g. perivascular and periventricular
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lesions. The prevailing view is that T cells receive priming signals in the
secondary lymphoid organs, while APC of the CNS provide secondary
stimulation. As reviewed extensively elsewhere[9, 10, 25], CD40-CD40L
interactions can activate a wide range of finctions of B cells, endothelial
cells, dendritic cells and macrophages. Many of these effector functions,
including improved antigen presentation, induction of proinflammatory
cytokines, iNOS, MMP’s and phagocytic activity, may be relevant to MS
pathogenesis. It is of note that many of these effector functions can be
triggered without the necessity of a cognate interaction between MHC-peptide
and the T-cell receptor interaction, as soluble CD40L is a sufficient signal in
vitro. Importantly, a very recent study has elegantly shown that CD40
expressed within the CNS controls the course of EAE in bone marrow
chimeric mice[26].

Recent studies show that polyclonal IgG preparations can have beneficial
effects in EAE-models[27] and that intravenous imnmunoglobuling (IVIG) are
effective in MS-patients[28]. Nevertheless, it is highly unlikely that the
disease-limiting effects of anti-CD40 treatment result from [VIG-like effects
since the dose used for IVIG is several orders of magnitude higher than the
therapeutic dose of anti-CD40 in our study. In addition, although the
protective mechanisms of IVIG-therapy have been poorly defined, it is likely
that other serum factors such as Ig-bound cytokines are involved, which are
absent in the anti-CD40 preparations.

3.5 Future directions

Rational development of therapeutic regimens requires further insight into the
mechanisms of action of anti-CD40 mAb 5D12. Clearly, anti-CD40 therapy
in general should be short term or intermittent to prevent prolonged
generalized suppression of immune functions. In the case of MS, early
identification of exacerbations or even prediction of their onset would be of
great value to improve therapy protocols. Anti-CD40 mAb with reduced
immunogenicity and lacking complement activating properties (lgG4
backbone) will also improve treatment efficacy. A chimeric 5D12 molecule
can completely prevent EAE in marmosets induced by recombinant MOG
when treatment is started from immunization onward (33).
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4. Material and methods

4.1 Mownkeys

21 healthy and naive common marmoset monkeys (Callithrix jacchus) were
purchased from the breeding colony of the Biomedical Primate Research Cenire
(BPRC) in Rijswijk, The Netherlands for mu5D12 pharmacokinetics and EAE
treatment studies. All studies were approved by the JACUC and performed to
regulations in the Dutch law on animal experimentation. The sex (M/F) and birth
dates (month and year) of the individual monkeys were: 9218 (M, May 1992), 9309
(F, February 1993), 9419 (F, March 1994), 9436 (M, June 1994), 9438 (M, July
1994}, 9455 (M, October 1994}, 9460 (F, December 1994), 9461 (F. December 1994),
9506 (M, May 1995), 9507 (F, May 1995), 9511 (M, May 1993), 9515 (F, May
1995), 9526 (November 19935), 9527 (M, December 1995), 9603 (January 1996).
9604 (M, January 1996), 9607 (F, April 1996). The following animals were twins:
9460 and 9461; 9613 and 9614; 9611 and 9612: 9615 and 9616; 9603 and 9604.
Before being admitted to the experiments, each monkey received a complete health
check and T2-weighted magnetic resonance brain images were made to exclude
monkeys with pre-existing neurological abnormalities.

4.2 EAE induction and antibody treatment

Human white matter from MS patients, predominantly from spinal cord, was a kind
gift from Dr. Rivka Ravid, coordinator of The Netherlands Brain Bank in Amsterdarn,
The Netherlands. Myelin was isolated as described[29] and a stock solution
containing 0.8 mg dry weight and 1.1 mg protein per ml water was stored frozen at
-80°C until further use. For immunization an aliquot of the stock solution was diluted
once in buffered saline (PBS, pH 7.4) and emulsified in an equal volume of CFA
(DIFCO Lab, Detroit, MI). Under mild ketamin anesthesia each monkey was injected
intradermally on the back with 600 ul emulsion, two spots of 150 ul in the axillary
and two In the inguinal regions. First antibody treatment at 1 mg/kg was performed
i.v. under mild ketamin anesthesia. Subsequent injections were given i.p. to unsedated
animals every 2 days. Control animals were weated with PBS.

4.3 Clinical diagnosis

Clinical signs of EAE were scored twice daily by a trained observer using a
semiquantitative scoring scale[16]: ¢ = no clinical signs; 0.5 = apathy, loss of
appetite, altered walking pattern without ataxia; 1 = lethargy and/or anorexia; 2 =
ataxia; 2.5 = para- or monoparesis and/or sensory loss and/or brain stem syndrome; 3
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= hemiplegia; 3.5 = paraplegia; 4 = quadriplegia; 5 = spontaneous death attributzble
to EAE. The highest scores per day were taken. Significance of differences in first
day of disease onset were determined by Mann-Whitney rank-sum test,

4.4 Blood collection and flow cytometry

Small blood volumes (<100 pl) were collected via a small incision into the vena
saphena. Larger blood volumes were collected from the groin using heparinized
vacutainers (Greiner, Solingen, Germany). Binding of anti-CD40 to human versus
marmoset CD40 was assessed by means of flow cytometry. Human and marmoset
Epstein-Barr virus (B95-8)-transformed cell lines were cultured under standard
conditions in RPMI medium (Biowhitakker, Verviers, Belgium) supplemented with
10% fetal calf serum (Flow Lab., MclLean, VA). 2 mM glutamine, 100 U/ml
penicillin, 100 pg/ml streptomycin (all Gibco BRL, Glasgow, UK). Anti-CD40 was
titrated on the cells and detected by means of anti-mouse IgG-FITC (Jackson
Immunoresearch Laboratories Inc., West Grove, PA).

4.5 IL-12p40 induction assay

Peripheral blood mononuclear ceils (PBMC) from healthy marmosets were isolated
by Lymphoprep gradient centrifugation (Nycomed Pharma, Oslo, Norway). Wildtype
or CD40L-transfected 3T6 cells (a kind gift from Dr. K. Thielemans, Free University,
Brussels, Belgium) were used to stimulate CD40-expressing cells present in
marmoset PBMC (50.000 in 1 ml). Anti-CD40 was used at 5 pg/ml, a concentration
previously determined to be optimal for inhibition of the CD40-CD40L interaction in
human PBMC. IFN-y (Bochringer-Mannheim, Germany) was added to a final
concentration of 300 U/ml. IL-12p40 levels in cultures supernatants were detected by
sandwich ELISA Screening Line (Biosource Europe, Nivelles, Belgium).

4.6 In vivo MRI

In preparation for the experiment the monkeys were anesthetized with
ketamine/vetranquil (9/1 vol/vol). During scanning the monkey was placed on a 37 °C
water filled heating pad (American Pharmaseal) to prevent hypothermia. Just before
the monkey was positioned in the magnetic field, Gadolinium-DTPA (Magnevist
Schering, Berlin-Germany) was injected intravenously at a triple dose (0.3
mmoles/kg). MRI was performed on a SISCO 200 MHz spectrometer (Varian, Palo
Alto, CA) equipped with an actively shielded gradient (maximum gradient 3.2 G/em,
33 cm inner diameter). For slice-orientation a sagittal scout-scan was made. The
posterior and anterior positions of the corpus callosum were chosen as orientation
markers for precise localization of axial slices for the in vivo MRI and for post
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mortem MR-recordings of isolated brains, First a T2- (TE/TR 60/2500 ms) weighted
multislice scan (20 slices of 1 mm thickness) was recorded. followed by a T1-
weighted scan (TE/TR 25/1000 ms) with the same coordinates, number of slices and
orientation. Each slice was recorded as a matrix of 256x128 datapoints. Data were
analysed on an Apple Macintosh performa 630 with the public domain NIH Image 5.1
program.

4.7 Histo- and immunopathology examination

At necropsy one brain hemisphere was snap-frozen in liquid nitrogen for
immunohistochemical analysis of infiltrating cellular subsets, expression of
costimulatory molecules and cytokines[4] and the other hemisphere and spinal cord
were fixed in 4% buffered formalin. Formalin-fixed material was embedded in
paraffin and was used for stage-characterization of the lesions by guidance of in vivo
and postmortem MRI[18]. The inflammatory index was quantified on HE-stained
spinal cord cross sections. Demyelination was scored on Kliiver-Barrera stained
sections by using an ocular grid.

4.8 In vivo localization of anti-CD40 mAb

To assess whether anti-CD40 mAb mu5I>12 reaches its potential sites of action in the
CNS, selected animals with EAE (n=3) were administered a dose of | mg anti-CD40
per monkey i.v. 1 hour before sacrifice. Frozen sections were made of marmoset EAE
brain and spinal cord. In addition, secondary lymphoid organs were analysed,
including spleen, the lymphk nodes draining the sites of immunization (axillary,
inguinal), and the cervical lymph nodes draining the brain[30]. Therapeutically
administered anti-CD40 (mouse IzG2b) was detected bound to cells in the different
tissues by incubating sections with rabbit-anti-mouse IgG-HRP (Dako, Glostrup,
Denmark). Staining intensity was improved by tyramide signal amplification
according to instructions of the manufacturer (TSA, Life Science Products, Boston
MA). Anti-CD40 could also be visualized without amplification using Goat anti-
mouse IgG2b-AP (SBA, Birmingham, AL){not shown). Control experiments included
negative control tissues (animals not treated with anti-CD40), and control stainings
{conjugate specific for mouse isotypes other than 1gG2b: IgM and IgG2a). Laminin
was detected with a polyclonal rabbit antibody (ICN Pharmaceuticals). Details of
staining methods have been described previously[4. 31, 32].
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Prevention of Experimental Autoimmune Encephalomyelitis in
the Common Marmoset (Callithrix jacchus) Using a Chimeric
Antagonist Monoclenal Antibody Against Human CD40 Is
Associated with Altered B Cell Responses®

Louis Boon,”* Herbert P. M. Brok,*" Jan Bauer,” Antonio Ortiz-Buijsse,* Marc M. Schellekens,’
Seema Ramdien-Murli;* Erwin Blezer,] Marjan van Meunrs,"** Jan Ceu.ppens,u Mark de Boer.*
Bert A °t Hart," and Jon D. Laman®*#*

Inhibition of CD40-CD4¢ lipand interaction i a petentially cfective approach for treatment of autoimmune discases, such a3
multiple selerosis. We have investigated this concept with a chimeric antagonist anti-human CD40 mAb (chSD12) in the marmoset
monkey experimental antoisnmune encephalemyelitis (EAE) model. Marmosets were i ized with r bi human myelin
oligedendroeyte glycoprotein (rtMOG) and treated from the day before immunization (day —I) until day 50 with either ¢chSD12
(5 my/kyr every 2-4 days) or placcbo. On day 41 after the induction of EAE, four of four placcho-treated monkeys had developed
severe clinical EAE, whereas all ankmals from the ¢hSD12-treated group were completely free of disease symptoms. High serum
levels of ¢hSD12 associated with complete coating of CDG on circulating B cclis were found. At necrepsy placebo- and chSD12-
treated animals showed similar MOG-specific lymphoproliferative responses in vitro, but chSD12 treatment resulted in strongly
redoced anti-MOG IgM Ab responses and deloyed anti-MOG IzG responsis, Most :mpomnﬂy‘ treatment with chSD12 prevented
ntramolecular spreading of cpitope recopmition, Postmortem tic T and i hi e analysiy of the
CNS showed a markedly reduced lesion load after chSD12 treatment. In conclusion, the strong: red of clinieal, pathologieal,
and radiological aspects 6f EAE by ¢hSD12 treatment in this preelinical model peints to a therapeutic potential of this engincered

antagonist anti-CD30 mAb for multiple sclerosis, The Journal of Immunology, 2001, 167; 2942-.2949,

B40-CD40 ligand (CD40LY (CD154) interactions play
an important role in B cell activation, APC netivation,
initiation of Ag-specific T ¢ell responses, and induction
of macrophage effector functions (1. 2). The central role of CD40-
CD40L interaction in the initistion, amplification, and prolonga-
ton of immune rexponses justifies the choice of this ceflular in-
teraction as a targel for immunotherapy i disorders based en
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4 Abbrevitions wwed In this paper: CDHOE, CD-0 ligund: EAB, experimentsl auto-
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cyte glycaprotein; b, buman; MRL magnetle renonance lmaging: MS, multiple scle-
toxl; PLP, proteolipid proteiti

umwanted immune responses, stch as auteimmune disenses and
transplant rejection. This has been illustrated in 2 Jorge number of
murine models of auteimmune diseases and transplantation (3). In
addition, humanized and-human CD40L mAbs targeting sctivated
CD4* T cells prevent kidney rejection in rhesus monkeys (4, 5}
and rejection of pancreatic islets in rhesus monkeys and baboons
(6. 7). To inhibit the CD4)-CDMOL interaction we have chosen the
CD<40 side of this internction, tarpeting the APC. B cell. and mac-
rophape activities. Therefore. we previously selected a mouse
mAb (muSD12) that, unlike most other ans-CDI0 mAbs, potently
inhibits CD40-CD40L-mediated activation in several celf types
and is devoid of any CD40 stimulatory activity (8). pSDI2
strongly inhibits Ab preduction (both IgM and IgG) by human B
cells coenltured with activated CD4OL™ human T eells (9) as well
as production of IL-12 and TNF-¢ by human monoeytes induced
by CD4QL-CD4G imeraction and IFN-y (10). To reduce the po-
tential immur icity and ent the i vivo half-lfe of the
parent 5012 mAb for administration in humans. the murine parent
Ab was re-engineered as a chimeric mouse-human mAb with a
human IgG4 constant region (11).

Multiple sclerosis (MS) Is an MHC-associnted and T celi-de-
pendent chronic inflammatory disorder of the CNS leading to
white manter demyelination, The target of the cellular and humeral
autoimmune reactivitics in M$ is the myclin shearh aroumd axons,
which is exsential for pulse conduction. A number of myelin pro-
teins. such oz myelin basic protein (MBP), myelin oligodendrocyte
glveoprotein (MOG), and proteolipid protein (PLP) have been de-
seribed 4s possible targer autoantigens (12). Active MS lesions in
humans feature T cells and monoeyte/macrophage accamulanons
around venules and ventricles and at plague margins (13). The
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presence of activated T cells expressing CDIOL in close contact
with CD40-cxpressing macrophages in MS lesions, but not in brain
sections, of patients with a nondemyelinating rewrological disease
(Alzheimer's disense) suggests that lesion formation involves
APCIT cell interactions (14). Functional evidence for the involve-
ment of CD40-CD40L was provided in the STLA mouse made! of
PLP-induced cxperimental autoimmune encephalomyclitis (EAE).
where injection with an mAb-blocking CD40L at the time of dis-
ease induction completely prevented disease. More importantly,
treatment initiated well after discase induction strongly suppressed
disease severity (13).

Immunization of common marmosets (Callithrix Jacchus), a
neotropical primate species, with human myelin or recombinant
human MOG (FhMOG) in CFA induces a demyelinating form of
EAE that strongly resembles human MS in its ¢linical and patho-
logical presentation (15-17). Ant-MOG Abs play an important
role in the facilitation of deryelination in marmoset EAE. because
adoptive transfer of MBP-specific T cells induced clinical signs of
EAE. but no demyelination was observed (18). Interestingly, when
T cells were cotransterred with anti-MOG Abs fully demyelinated
iesions were Tormed {19). The accessible jocation of MOG o1 the
outer surface of the myelin shect may be an important contribution
to this observation. The expression patterns of CD40 and CD40L
are highly comparable between MS patients (14) and marmoset
monkeys with active discase (20). CD40 i abundantly expressed
by macrophages and microglia, and CD40L™ T cells are present at
Tower frequencies in inflammatory CNS lesions in both MS and
marmoset EAE. The high similarity of marmoset EAE and human
MS and their close phylogenete relationship justify the use of
EAE in marmoset monkeys as a preclinical model for texting of the
engineered antagonist anti-human CD40 mAb.

The major sims of the present study were to prevent clinical
signs and symptoms of EAE in outbred marmoset monkeys usiag,
maAb chSD12. and furthermore. we aimed to present functional
biological data to confirm the antagonistic characteristics of mAb
<h3DI2 i vivo.

Materials and Methods
Animals and EAE induction

Eight marmoset menkeys (C. jacchus) were mndomby sclected from the
purpose-bred coleny at the Biomedical Primate Research Center (Ripwijk,
The Netherlunda). The body weight of the animals at the start of the sudy
ranged between 213 und 381 p. During the experiments, the monkeyw were
indivicuully housed in spacious coges with padded sheltens provided ot the
bottom of the cape. The daily dict consisted of food pellets for New World
monkey {Special Dict Services, Witham, UK} supplemented with rice,
peanuts. marshmllows, bisetits, frexh fruit, and vepembles. Drinking wa-
ter won provided ad libitum. EAE was induced wsing Escherichio cofi-
derived thMOG, reprosenting the exeneellular domuin of humun MOG
(217, All animals were iremunized with 100 pg riiMOG emulsitied in CEA.
Undler ketuming anesthesia (15 mp/fkp: AST Forme, Oudewater, The Neth-
erlonds), ench monkey wos injected with 600 ul emulsien into the donal
skin divided over four Jocutions: two in the ingiinad and two in the axtllary
region, Borderclle pertussis wis not included in the immunization protecel.
The clinical course of EAE was recorded daily by u tralned obscrver using
4 semiquantitative scoring system: 0 = no chaleal sighs; 0.5 = apathy. los
of appetite, alicred wulking pattern without ataxiz: 1 = letharpy andior
anofexin: 2 = auxin L5 = mono- of paraparesis and/or wemsory loxs
anclfor brain stem syndrome; 3 = hemi- or parnplepin; 4 = quadniplegia;
5 = sponteneous denth aeributable to EAE. The highest per duy seores in
& week were avernped. For ethicul reanons menkeys were sucrificed when
the clinicul EAE seore of 3 wox reached. Each monkey was weighed three
times U week. and e body weipght was wed o o suropate marker of
clinical well-being. Animepls were treated with § mg/ke chSD12 ot placebo
on days — | {before immunization), 0, 2.4, 6. 8, and 10 and thereafter twice
weekly. in the periad fter duy 27 undl]l duy 50 the dose frequency was
increused from twice weekly 1o three nmes per week. PBS win used o
placebo. According to the Dutch low on omimol experimentation, the ex-

perimentnl procedtres of this study were reviewed and approved by the
institute™s animal ciare 4nd usve commitice.

Flow cytometry

Whaote blood samples were obluined preimmunization and on days 0. 2, 6.
10, 16, 25, 32, 37, and 44 after immunizution. For this purpose, 100 ul
blood was drewn via o needic prick inte the vena sophena and collected in
3 ml PBS/EDTA. Cells were collected by contrifupntion und resuspended,
and aliquots were incubated with mAbs for 30 min at 4°C. Subsequently.
RBC were removed with lysis bufler (Beckman Coulter, San Jone, CA) for
10 min at room temperuture, nd the remaining leukocytes were washed
twice with PBS. Al ysed for stuining were anti-CD20, clone B1. directly
{ubcled with RD1 (Beckmun Coulter): mtl-humen IgG (1o detect chSDI2
couted ceils), direcdy lnbeled with FITC (Juckson ImmunoRescarch Lab-
orutories, West Grove, PA); und-CD4, clone MT310 dircetly lobeled with
PE (DAKQ, Glostrup. Denmurk); and und-CD8 clone MT1014 (Connex,
Munich, Germeny}. indirectly labeled with unt-mouse 1pM-PE {Southern
Biotechnology Associates, Birmingham, AL). To determine the chSD2
coating of CD40 expressed by circulnting B eells in vive, incubitions were
performed with RD1-labeled anti-CD20 mAb in combination with FITC-
Izbeled anti-human [§G mAD. The sbwence of CD20™ B cell stainlng with
the ant-human 12C mAk might be due to cither low ¢hS012 serum levels
or low CDA0 expression. To dixcriminate between these options extra
¢hSDI2 was odded to & purallel FACS incabution.

MOG-specific cellular response ar necropsy

Lymph node cell suspensions were prepared from meptically removed in-
puinal and axillary Tymph nodes. and lymphocytes were isolated using
Lymphocyte Scpuration Medium (ICN Biomedical, Aurera, OH). Cuitures
were et up in medium (HEPES-buflered RPMI 1640: Life Technolories,
Glasgow, UK} sepplemented with 10% FCS (Flow Laborotories,
McLenn, VA, 10 mM MEM-nonessentlal amino ocids, 2 mM t-glutamine,
100 Uil penicillin G. 100 pgfml sreptomyetn, and 2 3 107 M 2-ME tall
obtuined from Lile Technologies). PBMC or Ivmph nade cells (2 % 107
well) were veeded into 96-wcll fla-bottom plates (catnlog no. G65130;
Greiner, Sofingen, Cermany) and cultwred with thMOG (10 pp/ml) or
BMBP (25 ug/mi). Alter 45 h, 0.5 pCiiwell ["Hthymidine was sdded, und
incorporadon of radiolabel wirs determined I¥ h luter using a Muerix 9600
beta counter (Puckard, Meriden, CT).

ELISA for ch3DI2. anti-ch3Di2. and anti-MOG

Before each udminisgution of ¢hS012 or plucebo. serum samples were
prepured {rom venous blood obisined ¥in o needle prick into the vena
saphcno o determine chaD12 trouph levels, onti-ch5DI2 responses, and
unti-MOG responses. The chSD12 concenmations were determingd in 2
competition ELISA. Bricfly, plutes were cauted with Ag (10 ng/ml rCD4G-
Fe) in PBY. For detcetion 1 muSD ] 2-HRP conjugate was used to compete
with free chSD12 for CD4O-Fe. Simultanecus addltion of chSD12 and the
muSD12-HRP cosfupate decreased abserbonee compared with that ob-
served with muSDI2-HRP wlonc. To clreumvent the influence of serum in
the ELISA. the stundord mutrix contained 1% humen serum. For quanti-
fication. triplicuts standard serial dilutions of mAb chSDI12 (4000-40 ng/
mi) were udded 1o each plate.

For the detection of Abs against the variable regions of ¢hSDI12. plutes
were coated with muSDI12 uta concentrution of 2 pg/ml, ond for detection
an alkaline-phasphatise lubeled rabbit ant-monkey IgG Ab was used (Sig-
ma. St Louis, MO} Mormoset serum samples were serally diluted (3/1)
from o stardng difetion of 1/100 to o finul difuton of 1/]2.800. Responses
were seored positive for the unti-chSDI2Z variable region when the signal
exceeded the buckground sipnal by a foctor of 2. Background was deter-
mined in prestudy serum samples of the animuol at the same dilution on the
same plote.

Anti-MOG 1gM and IpG responses were detested with ELISA on plutes
conted with tMOG. Sera were tested 1t a 1750 dilution. Bound Ab was
{etected using o polycional alkaline phosphatase-conjupated goot and-
monkey IgM g-chain {Rocklond, Gilbertsville, PA)Y or an wkaline phos-
photase-labeled switte ant-humian 1gG -chain {BioSource Intemutional,
Camarilla, CA).

Imtramolecuiar spreading of MOG Ab responves

The Ab responses of individusl monkeys fo intict MOG and finear MOG
peptides were analyzed using o dot-blat assay (22). Recombinunt hMOG
and synthetic 23-mer peptides overlapping by 10 an spaneing the extro-
cellular domein of MOG were spotted onte a polyvinyl difluoride mem-
brane (Hybend; Amershar, Little Chaliont, UK. uwag a4 Bie-Dot SF
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blotting appurutus (catwlog no. 170-6542; Bio-Red, Hercules, CA). To en-
sure thet all peptides remadned bound, the blot, were Immersed in 2.5%
slutaraldehyde in PBS for 15 min and washed with PBS for 15 min, und the
remaining binding vites were blocked by incubation for ot least 2 k [n PBS
conudning 3% BSA (PBS/BSA) The blots were then incubated for 1 k
with the refevuat serum at o 1/100C dilution in PBS/BSA (17%) and washed
{our tmes for 10 min each thine with PBS containing 0.05% Tween 20.
Blot, were developed by incubation for T h with rubbit anti-human IgA.
G, and IgM (DAKO): diluted 1/14.000 in PBS/BSA {15%): woshed oy
deseribed wbove; und processed for ECL deteetion uecording to the man-
ufacturer’s instructions (Amersham).

Magnciic resonance imaging IMRI) of brain lesions

MRI wos performed at the Imoge Scicnces Lustdtute of Utrecht University
(Utrecht. The Natherlands). High reselution postmertem T2-weipghted MR
images were recorded {rom one Tormalin-fixed hemixphere of each unimal
using a 1 [-cm inner ddameter gradient invert (22 gaupefem). Fint o sapial
seolt sean wos made, and the pestenior and anterior positions of the corpus
collosum were chosen us ordentation markers {or precise localization of the
oxiaf plone. Slices w1 the coronyl direction were set perpendicular to the
axin? plane. A T2-weighted (TE/TR 25/7000 me) multislice scan {50-70
slices of 0.5 mm thickness) way obtained. Each slide way recorded with o
mutrix of 312 % 256 duta peints and o ficld of view of 4 X 4 em. The
dutasets were gnnlyred on an W-MAC G2 using the public domain Nationa]
Institutes of Health program.

Newrepathology

Ketominc-ancsthetized monkeys were cethunized by wo kv injection of
400 myp sodivm-pentobarbit] (Buthesate: Apharmo, Duiven, The Nether-
lands). The brain and pinal cord were exgised in foto, fixed in 4% buflered
formadin, ond processed for neuropathologic examination. Fixed tssues
were rimed with PBS centaining 0.05% sodium wide and embedded in
puraffin, The extent of inflammation. demyelinution, and uxonal pathology
was evaluted on dssue sections vined for HEE to visualize intilwared
celis with Klilver Barrera (Luxol fast blue combined with periodic acid
Schiff) stoining myelln and myclin deprodution products and  with
Biclsehowsky silver impregnation stulming wens, The degree of demyeli-
nution (prrcent loss of total white matter? was quantibed on Kliver Bar-
reru-stiined spinal cord cross sections (16-21) using an ocular morpho-
metric pric. The degree of inflammation was expressed as an inflammatory
index. ie.. the number of inflamed Mlood vesacls per spinal cord cross
section (10-15 scetions). Immunocytochemistry was performed with a bi-
otin-pvidin system. T cebls were stained with anfi-humun CD3 Aby (Do-
kopates, Copenhepen. Denmark). Macrophoges were detected by staining
with the Abs 27E10Q and MRP14, which are both commercially svailable
from BMA Biomedicals (Switzerland). Myelin and olipodendrocytes were

nined with Abs recognizing 27,3 cychic nucleotide 3’-phosphodiesternse
(Afliniti Rescarch, Deven, UK.}, PLP-¥I {Serotec, Oxford, U.K.). and
MOG (provided by Dr. 8. Piddlesden, University of Carcifl, Cardifl, U5}
I depesitions in the ieslons were detected using biotinylated anti-thumun)
Ie {Amersham) as o primary Ab.

Results

Clinical course

The cight monkeys were mndomly distributed over two groups of
four monkeys and received Injections of chSD12 at 5 mgrkg body
weight or the same volume of PBS two or three times per week for
a period of 50 days. Immunization with rhMOG/CFA was pet-
formed | day after the first dose administration. Fig. 1 shows that
all animals in the placebo group had developed clinical signs of
EAE by doy 41 (discase onsct on days 30, 34, 38, and 31), Tn
centrast, all ch5D12-treated animals remained free of clinical signs
{or the compicte 50-day treatment period. In the placebo-treated
group, two animals were sacrificed befere day 50 according o
Institutional Animal Care and Uss Commines regulations, because
of the severity of their disease. At the end of the 50-day treatment
period. the remaining two animals of the control group and two
blindly choscn ch5D12-treated animals were sacrificed for neuro-
pathologic examination and posmmertem MRI analysis. The two
other ¢hSD12-treated animals (QN and QQ) were {urther followed
for possible occurrence of rebound disease. Ammal QO developed
EAE 9 days after cessation of treatment and was terminated with
stage 3 EAE on day 65 after immunization (15 days after cessation
of weatment with ¢hSDI2). Animal QN remained asymptomatic
for 100 days after cessation of reatment. Then a short episode of
visual problems cccurred {maximum score. 2.0). which fully re-
mitted. Only after 200 days did this monkey finally develop signs
of incomplete paralysis (seore of 2.5), at which stage the monkey
was sacrificed for neuropathelofme examination.

Coaring of CDH0 on circulating B cclis and scrum levels of
ch5DI2 and anti-chdDI2 Abs

Throughout the study, the saturation of CD40 on PEMC by
chSD12 was monitored by flow cytomerric analysis. Before day 27
all CD40 on CD20™ B cells wis gcompletely samerated. B cell

placebo ch3DI12

FIGURE 1. chSDi2 peevents EAE in marmoset
monkeys. EAE score {ranging from O to 5) is shown for
placebo-treated (feff) and chSD12-treated (7ighr) mar-
moset monkeys. Treatment of ¢h3D12 was performed
every 2-4 days for 4 period of 50 days. Individual un-

imuly are identified by the code in the apper gl cor-
ner. Asterisks Indicute the time o sycritice <ue to the
sevenity of EAE.
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CD40 molecules in animal QN remained fully coated for the du-
ration of weatment. However, it wos observed that the chSD12
coating in vivo decreased in the three other animals on day 27
(data not shown). To determine whether this wax due 1 low serum
Tevels of chSD12 or to o decrease in B cell CD40 expression, a
parallel incubation of PBMC pulsed with exwa ch$DI2 was in-
cluded. All animals showed posive staining for CD40 oo CD20™
B cells (data not shown). Thus, on day 27 chSD12 serum levels in
animals QO, QF. and QT were insufficient to saturate all CDS0
molecules. Therefore, the dosing frequency was increased to three
times per week for all animals from day 28 coward. The increased
dosing frequency did not completely restore the CDA0 coating of
B ¢ells, The serum levels of free ¢hSD12 paralleled the incomplete
saturation of CD40 (Fig. 2). Serum concentrations of ch3DI12
ranged from 10 to 40 pg/ml during the first 2 wk and subsequently
dropped below 10 ug/mt in QO. QF, and QT. Sustained circulanng
¢hSD12 concentrations > 10 pm/ml could be meastred only in QN.
probably explaining the continuous CD40 saturation on CD20™ B
cells with ckSD12 in this animal. Apparently, a serum concenta-
tion of 10 pg/ml is a threshold for CD40 sawration. Increasing the
desing frequency resulted tn only a siight restormtion of circulating
<hSD12 concentrations in QO. QP. and QT. probably becausc at
that time neatralizing Abs were already being formed (see below).
Treatment with chSD12 had no effect on the percentage of either
CD4™ or D&Y T cells (data not shown), A wransient decrease in
the percentage of CD20™ B cells from peripheral blood was ob-
served. In three of four animals anti-ch5D12 Abs develaped (see
below). indicating the functional integrity of thymus-dependent B
cell responses in chSD12-treated animals. Anti-chSD12 IpM Abs
were not detectable throughour the study. In menkeys QO, QP. and
QT anti-ch5D12 TaG Abs were first detectable between days 17
and 27. A comrelation was found between the circulating chSD12
concentration. saturation of CD40 with ch5D12, and the develop-
ment of un anti-chSDI2 IgG response (Fig. 2). The correlation
between the mapnitude of the anti<h3D12 response and the area
undet the gurve during the first 3 wk of the study sagpests a dose-
vesponse relationship. Whereas monkeys QO, QP, and QT devel-
oped anti-chSD12 IgG Abs in the same order at the time when their
<hSD12 levels dropped below the 10 pp/ml threshold, monkey QN
failed 10 develop an anti-chSDI2 response after cessation of
<h3D12 treatment on day 50 until day 200.

Posimorient MRF and immunohistologic analvsis, and
neurepathology of marmoset bruin

To assess whether chSD12 treatment affccts CNS lesion load, an-
imals were analyzed by postmortera MRI and immunohistochem-

istry {Table I). The two animals in the placebe group that were
sactificed during the 50-day period due to the severity of their
disense, hod a very high lesion load in the NS and overt demy-
elination in the spinal cord. Also. the two animals from the placebo
group that were sacrificed at the end of treatment peried day 50
had a very high lesion lond in both immanohistechemicnl and MRI
analysis. indicating high inflammatory activity in the CNS. Demy-
elinatfon was present mainly in the spinad cord, but it wos less
severe than i the two placebo-treated animals that were sacrificed
before day 50 (Table I). These observations were in sharp contrast
to those in the two animals from the chSDI12 group (QT and QP)
that were sucrificed at the end of the treatment pericd according to
protocol. These two animals that had the lowest chSD12 serum
levels had only micor inflamrnatory lesions in MRI analysis. In the
immunohistochemical analtysis ne infiltrates were observed 1 an-
inal QT besides the inflammation, some Limited demyelination in
spinal cord and brain was found (Table I). Becouse chSD12 levels
were higher in the other two animals of the ¢h$D12 group that
were kept alive (QO and Q). this may sugpest thar the Iesion load
i these two animals on day 50 was comparable to or less than that
in animals QT and QP. Animal QO that developed EAE shortly
after cessation of treatment and was sacrificed due 1o severity of
disense had o lesion load comparzble to that of the placebo-treated
animals, Immunopathology revealed that in this animal large de-
myelinating infiltrates were present. These infiltrates consisted of
T cells and actively demyelinating macrophages and were identical
with the early infiloates in placebo animnls QG and QR. indicating
that a rebound EAE developed after cexsation of ¢h5D12 weamment
on day 50. There was a complete absence of lesions and demyeli-
nation in animal QN.

MOG-specific collular response, anti-MOG Ab response, isotvpe
distribution, and peptide specificity

To ¢ontrol for the presence of a cellular autoimmune reaction in
both groups. MOG- and MBP-specific cellular responses were
measured in cultures isolated from peripheral lymph nodes col-
lected at necropsy. Although ne response was detectable against
MBP, clear T cell proliferative responses against MOG were do-
tected in all placebo- and chSD12-treated animals (Fig. 3).

Fig. 4 shows that with the exception of monkey QP, treatment
with chSD12 resulted in lower levels of uati-MOG IgM Abs. In
the placebo-treated animals anti-MOG IgM Abs first became
detectable on day 16 after immunization and remained above
background level throughout the mearment period in all ani-
mals. Although in rthe ¢h5D12-reated animals a small increase
in anti-MOG IaM Abs was observed on day 16. the magnitude

FIGURE 2. Scrum levels of chSDIZ and nnbi-
chSD12, Serum levels of chSD12 were delermined at
difficrent time points after immunization with MOG
and wre depicted on the fgb y-mds. Samples were
token just before the next mAb rdministration; thete-

fore, serum levels in the figures indieate trouph levels

of chiD12. Anti-chD12 responses were determined
by seriai dilution and are depicted on the rigfif y-uxis
and are expeessed as the dilution factor netessary to
reduce the anti-hSD12 sipral below 2 times absor-
bonce readings of preimmunizotion serum. Aows
indlente the incrense in mAb dosing frequency (rom

chSD12 in serum {pg/ml)
» .

two to three times per week.
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Table I chSDI2 prevents lesion formation in MOG-induced EAL!

Spingl Cord Brun
Treatment Anlmal Day of Socrlfice Demyellnation (%) Puthology* MR
Placebo QG 33 436 +++ +++
Placzbo QR 38 41.2 +++ Rt
Placebo Q1 50 %4 +++ +++
Placebo QK 50 a6 ++ +++
ehsDI2 QP 50 33 + +
ch3D{2 Qr 30 0o + -+
chSD12 Q0 65 30.3 +++ +++
ch5D12 oN 200 0.0 — -

“ Animuly ace ied by treatment and time of follow-up. Leslon foad m the €NS was asessed using MRT analysis, and

Immunohistechemical analysls,
#Pathology: —. No

-.

ne
pervicular demy - and d

no demyelinagon; ++, Inflammation und romme
plogucs,

* MRI: —, No'lesions detcctable; +. mited number of fex

of this response overall remained lower than that in the placebo
group. Treatment with ch3D12 deloyed the appearnnce of the
anti-MOG IgG response in ail animals (Fig. 5). However, from
day 38 onward. most treated animals developed MOG-specitic
1gG levels comparable to placebo-treated animals. The reduc-
tion of anti-MOG IgM and [2G responses demonstrated in vivo
functional biological activity of ¢hSD12 on humoral immunity
as predicted by the crucial role of CD40-CDY0L interaction in
thymus-dependent B cell responses.

To assess the effect of ¢hSDI2 treamment on intramolecular
cpitope spreading. the reactivity of an-MOG Abs with MOG pro-
tein and MOG peptides was determined in a dot-blot assay. Fig. 6
shows the renctivity of sera with intact thMOG and 2 set of 23-mer
peptides overlapping by 10, spanning residues 1-116 of the N-
terminal extrogellular prot of human MOG. All monkeys from both
groups showed reactivity against thMOG. confirming the ELISA
data. In necropsy scra of three of four monkeys from the placebo
group, broad reactivity with the peptide panel was found (Fig. 6}
as deseribed previously (22). Only in monkey O, which was the
first to develop severe EAE and was sacrificed on day 35, was 10

- e
-3

"

"

\

. v T ol gt

‘ o« o = (=9 H L= L=l o ar 1
Placeby [ HSPIZ

FIGURE 3. MOG-specitic collular response at necropsy. Paoled mono-
nuclear cells isotated from the axillary and inguinal lymph nodey exciked
ut necrapsy were probed for prolifertive response in culture with chMOG
(10 pg/mi: B or hMBP (25 pg/ml: &), Plucebo-trented monkeys were QQ.
QR. QL ond QK. Mankeys treated with chSDI2 were QN, QO, QP, wnd
QT. The apecific proliferative renctivities are expressed as the stimulation
index. being the connts per minute in cultures with Ag divided by counts
per minute in culurey withous Ag.

dony presents 4+, lewdons presents + + +, extensive lenlons preseat.

reactivity with the overlapping peptides found, sugpesting that
epitope spreading takes place thereafter, In three of four chSD12-
treated animals no reactivity with the peptide pamel was found
(Fig. 6). Interestingly. the only ch3D12-treated animal (QP) that
showed reactivity in its necropsy serum against some of the pep~
tides was also the only chSD12-treated animal that developed high
anti-MOG [gM responses during treatment. Possibly this monkey
has escaped from the immunosuppressive effects of chSDI12.
which is confirmed by the carly development of an anti-chSD12
response. These results demenstrate that chSDHI weamnent not
only sippresses sani-MOG Ab production, but glso prevents in-
tramolecular spreading of the peptide reactivity of anti-MOG Abs,

Discussion

We have previously demonswated that interruption of CD40-
CD40L. interaction by antagonist mAbs is an effective target of
therapy in mice (13} This study was undertaken (o tost the efficacy
of a clinically relevant mAb in an animal model closely reflecting
MS. The chosen animal model was thMOG-induced EAE in the
common marmoset, a well-established nenhuman primate model
in terms of elmical, neuropatholomic, and immunologic featurgs
{22). This model is a valid preclinical mode] of inflammatory de-
myclination of the CNS: therefore. it enabled us not only 1o obtain
proof of our concept that interruption of CD40-CD40L interaction
is 2 feasible immunctherapy of MS, but also to collect data on the
possible mechanism of action of ¢<hSDI2 treatment.

Within the 50-dny treatment period. all animals that received
placebo had developed clinical EAE, whereas all chSDi2-treated
mimals were devoid of any climical signs. However, induction of
clinical sigms wis observed after withdrawal of the eamment, but
ouly after 2 weeks in one monkey (QO) and after =20 wk in the
other (QN). The sustained absence of serious clinical sigms in mon-
key QN undl 100 days after the arrest of treatment is certainty
impressive. Qur results demonstrate that despite the suboptimal
dosing for complete saturation of B ¢¢ll CD40, inhibition of the
CD40-CD40L interaction with chSD12 effectively prevents dis-
emse symptoms of EAE in marmoset monkeys. The postmortem
MR imapes and neuropathologic examination confirm the benefi-
cial effect of the Ab with suppression of inflammation and
demyelinization.

The results of this study clearly show the therapeutic potential of
chSD12 in EAE. Importantly, although treatment with chSD12 was
started before the immunization, the similar MOG-specific cellular
Tesponses at necropsy i both groups of animals clearly demon-
strate that the therapeutic cffect is not due a general immune sup-
pression. The absence of clinical symptoms of EAE appears to be
associated with reduced anti-MOG IgM and [gG responses. In an
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placebo treated
@Ol @OK DGR DGA

chSDI2 sreated

[eT 2GP 200 can|

FIGURE 4, EffcctofchSD 2eflcetivelyonanti-
MOG TgM cesponse. Anti-MOG IgM respoises
were deteomined at different time points after im-
munizotion with MOG. Valucs shown arc absor-
bance of postimmunization serum/nbsorbance of
preimmunization serum at 1/50 dilution. Placcbo
animals are depicted in A and ch$12-trented oo~
ttrils are depleted in B, Animals are indieated by
different bars, and respective codes.

s5ti-MOQ (fold merease)

animal that hod sustained elevated anti-MOG IgM Ab levels. in-
tramolecular epitope spreading in Ab responses against MOG and
lesions in the CNS were observed. In the chSD12-trented animals
in which anti-MOG IgM Abs were reduced, elinieal sipns, CNS
white matter lesions, and epitope spreading were lacking. Tt is
lempting to hypothesize a causal relution between these
phenomena.

The altered profile of anti-MOG Ab reactivity in ch5D12-treated
monkeys is of particular interest in view of the important role of
this Ab specificity in the fagilitation of demyelination (18, i9). The
pathogenic mechanism by which anti-MOG Abs mediate demy-
clination is thought to be mediated by complement actvation and
subsequent immune activation (23, 24). Anti-MOG mAbs can me-
diate opsonization of myehn dependent on the Isotype, the recog-
nized epitope, and the ability to fix complement (23). Notably. IgM
Abs are particularly capuble of classical route complement fixa-
tion, Therefore, the abolishment of anti-MOG IgM Abs associated
with the absence of clinical signs in ehSID12-treated monkeys may
explain the absence of chinical signs. We have found a similar
mechanism in another primate autoimmune discase model, namely
the rhesus monkey model of collagen-induced arthritis. We have
demonstrated that disense susceptibility is directly correluted to the
<apacity 10 produce anti-type I collagen [gM auvtoantibodies (26.
27). In addition to the altered isotype distribution of anti-MOG

placcbo treated

‘_IQ\IQK DOR CQaQ =

anti-MOG (foM increase)

e &b

34

days after immunization with MOG

45 50 o G

W o\ m

Abs. we found a different reactivity of the necropsy sera with the
peptide panel between placebo- and chSD12-trented monkeys.

‘What do the modulatory effects of chSD12 on ant-MOG auto-
antibodies ang the suppression of clinienl and pathological aspegts
in the marmoset moedel of EAE imply for the possible future treat-
mcnt of M3 patients? The higher incidence of MOG-specific T cell
and Ab reactvity in MS compared with non-MS patients or
healthy individuals (21, 28, 29} and the localization of and-MOG
Abs it MS$ brain areas with myelin disintepration underiine the
relevance of ant-MOG awoimmunity for the MS pathogenesis
(29. 30). An ssue that is receiving increasing interest in MS is the
progressive broadening of the anti-myelin T and B cell reactivizty,
o phenomenon called epitope spreading, A causal relation between
the cheonicity of MS and epitope spreading has been sugpested
(31). Cur present results show that the broad serum reactivity with
the pane! of MOG peptides found in placebo-treated monkeys is
absent in the majority of chSTH 2-treated animals, Although this
assay does not provide formal proof of epitope spreading. the re-
sults at least suggest that induction of B cell neoreuctivity is ubol-
ished in ch5D12-treated monkeys.

The ew therapeutic chSI 2 was generated 10 increase the se-
rum half-life of the mAD and to reduce its polential immunoge-
nicity in humnns (11). However, it was abserved in this swdy that
the serum half-life of chSD12 was snexpectedly low nnd was only

cir3PDI2 ereated
K GP 000 OON

210G (fold increase)

anti-MOG (fold fncrease)

28 0

s 50 G 1

days after immunization with MOG

FIGURE 5. Effect of chSDI2 on ant-MOG
1gG respense. Anti-MOG IgG responses were de-
termined ut different time polnes alter immuniza-
tion with MOG by serial diludon of the samples.
Values Indicate the dilution factor that is neces-
sury o decrease the sagnal below 2 times buack-
ground absorbunee. Plagebo wnimals are depicted
in A, and chS12-wrcured animain are depicted in B.
Aniruls are Indicated by diferent birs and re-
speetive codes.

)
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Suerificed after impunnIaion
with MOG an dar

FIGURE 6, Efcet of chSD1Z on in-
umelecular epitope spreadiag of Ab re-
activity. Sera were obtained frem animals
at the dme of neeropsy. The presence of
Abs against {ull-leapth raMOG and linewr
MOG peptides wan snalyzed using a ~lot-
blot mway (20). Recombinant MOG,
MOG peptidew. or controls were louded
omte the blot, indicated by number 1-14:
1) thMOG: 7) pd-26: 3) pla-36:4) p24—
463 5) pI4—56; 6) pdd~66; 7) p54-76; §)
pol-86; 91 pT4-96: 10) paa-106: L)
po4-116: 12) OVA (negative control
Ag)i 13) thesus MBP: 14) thesus 150 (et
fWa spots] or none (rigly two spols]. At

Placebo

numbers 1-13 ot the lafr two spots 5 pr
wan loeded. while ut the right two spots
2.5 pup wan loaded.

slightly improved compared with that of muSDI2 in marmoset
monkeys. This maoy be due to insuificient recognition of the human
1£G4 backbone of chSD12 by the Ig-recycling system of the max-
moset that uses the FeRn receptor for binding of endogenous Abs

and prevents fast chimination of these Abs (32). This is o relevant
observation, 2s marmoset monkeys are increasangly used in sofery,

tolerability. and pharmacckinetic analyses of therapeutic mAbs be-
tore the clinical test phase. On the basis of our recent pharmaco-
Kinetic analysis of chSD12 in cynomolgus monkeys, an Old World
primate species more closely related 1o hamans, we expect that the
peak serum levels and the half-life of ¢h3D12 are significantdy
higher in humans than in marmasets. To compensate for the fast
climination rate of chSDI2 in the marmoset EAE modcl. frequent
administration of Migh doses of chSDI2 was needed 1o achieve
complete coating of circulating CD20™ B ¢ell. However, from day
27 onward the coating of circulating B cells became incomplete m
three of fowr monkeys as serum levels dropped below s presumed
threshold concentmation of 10 pg/ml, and neutralizing Abs were
formed. AL persisient serum levels of chSD12 above this thresheld
in mnimal QN, complete coating of circulating CD20™ B ¢ell could
be maintained, mnd induction of an anti-chSD12 response was

prevented.

In conclusion. in the presence of adequate serum levels of ad-
ministered chSD12 (10 pgml). the expression of clinical und
pathological signs of EAE in outbred marmosct monkeys is pre-
vented. The protective effeet of the Ab is probably not duc te a
generalized immune suppressien, as similar MOG-specific cellular
respenses could be detected at necropsy 1 placebo- and Ab-treated
monkeys. After the arrest of treatment. induction of discase muy
occur, but only after a variable period of time. CD40-expressing
macrophages are sbundant In kesions (17, 20), an observation that
is indicative for the involvement of macrophores as effector cells
in le«.ion\ and the rele of chSDI12 for treatment of extablished le-

SIORK.”

* In addition, it was observed that the mAb pains access not

only to secondary lymphoid organs, but also to the CNS. These
observations clearly demonstrate the therapeutic value of chSD2

*J. 0, Laman, B. A. "t Hare, H. £, M. Brok, M. vah Meusy, A Kovun, L. Soon, 1. Baver,

M. de Boer.and J. L. Ceuppens. Protection of marmosct monkeyy against EAE by trent-
ment with o murine antibady blockne CDMO (muSDHD). Submiited for publication.
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in this nonhuman primate model. Extrapolation of thexe results to
MS, indicates that chSD12 may be effective to reduce the dumtion
and severity of exagerbatiens and, furthermore, maay inhibit pro-
gression of the discase by preventing the indietion of nrecautore-

activitics. Thus. disease exacerbations and the concomtunt pro-
gressive decline of neurological {unctions may be arrested.
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Abstract

The experimental autoimmune encephalomyelitis (EAE) model in the common
marmoset approximates the human disease multiple sclerosis (MS) with regard to its
clinical presentation, as well as neuropathological and radiological aspects of the
lesions in the brain and spinal cord. IL-12 is a pro-inflammatory cytokine that is
produced by APC and promotes differentiation of Thl effector cells. IL-12 is
produced in the developing lesions of patients with MS as well as in EAE affected
animals. Previously it was shown that interference in IL-12 pathways effectively
prevents EAE in rodents. In this study we report on the beneficial effect of
CNTO1275, a fully human IgGlk mAb against human I1.-12p40, in the myelin-
induced EAE model in common marmosets. Treatment was initiated well after
immunization {day 14) and the mAb remained active throughout the treatment period
of 72 days. During this period no peutralizing Ab responses against CNTC1275 could
be detected. We demonstrate that CNTO1275 treatment has a protective effect on the
neurological dysfunction as well as on neurcpathological changes normally observed
in the brain and spinal cord of EAE affected individuals, stressing its potential for the
treatment of MS,

Introduction

Multiple sclerosis (MSY is a chronic inflammatory demyelinating disease of
the CNS. The pathological hallmark of MS is the CNS white-matter lesion, a
focal area of infiltrated mononuclear cells with a variable degree of
demyelination, axonal loss and gliosis. Although susceptibility to MS is
thought to be a multifactorial trait, it is generally accepted that disease
progression is driven by autoimmune reactions directed against antigens of
the CNS white matter (1, 2). A broad pathological analysis revealed that in
MS at least four fundamentally different neuropathological patterns can be
discerned (3). Pattern I and pattern II lesion pathology are modeled in the
current virus- and autoimmune-based animal models of encephalomyelitis
that have been established in susceptible rodent strains (4-6) or non-human
primates (7).

IL-12 is the predominant cytokine for triggering Thl-mediated (autoimmune)
responses and is induced when CD4™ T-cells and APC interact (8-10) and
abrogated when CD40-CD154 ligation is disturbed (11-13). Evidence is
accumulating that IL-12 plays a pivotal role in the induction of the critical
autoimmune responses involved in the initiation of experimental autoimmune
encephalomyelitis (EAE), lesion formation, and the progression of the disease
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(11-22). Therapies directed at the neutralization of IL-12 or prevention of
production by abrogation of CD40-CD154 interaction have proven to be
effective in rodent (20, 21, 23-28) as well as in marmoset models of EAE
(29), while excess of IL-12 reverses these effects and enhances EAE severity
(15-17, 22, 28, 30). Furthermore, local expression of IL-12 within the CNS of
rodents (14, 31, 32) and common marmosets (33) during active EAE has been
demonstrated.

Although the situation is less clear in MS, IL-12 is locally expressed within
the CNS of affected individuals (34-36), and levels of IL-12 in CSF and
plasma are increased during active disease (37-39). Moreover, it has been
argued that the beneficial effect of IFIN-f on MS is exerted via suppression of
IL-12 production (40-42). Finally, lower base-line levels of IL-12p335 and p40
mRNNA seem to predict clinical responsiveness to IFN-f treatment (43, 44).

In its radiological and neuropathological presentation, the chronic progressive
EAE model in the common marmoset approximates the most prevalent lesion
type, being pattern II, in MS patients (7, 45, 46). These aspects, added to the
MS-like clinical expression of the disease (7, 47} and the close immunological
similarity with humans (48-50), make the model an excellent test system for
preclinical evaluation of new therapies for chronic MS. The model is
particularly important for the safety and effectivity testing of
biotechnologically engineered reagents, which by their species-specificity can
not be evaluated in rodent EAE models. The present study demonstrates the
therapeutic effects of mAb CNTO1275, a fully human IgG; molecule directed
against human IL-12p40, on the clinical features of EAE. Our results show a
reduction of the lesion load, as detected with magnetic resonance imaging
(MRI) as well as by neuropathological examination.

Materials and Metheds

Animals

Ten non-related healthy common marmosets (Callithrix jacchus) were selected from
the experimental stock of the Biomedical Primate Research Centre (Rijswijk, The
Netherlands). Before the monkeys entered the experiment a full physical,
hematological and biochemical check-up was performed. Individual data of the
monkeys, which were identified with an implanted transponder, are summarized in
table I

Ethical regulations limit the total blood volume that can be collected and the
frequency of MR imaging. Hence, the monkeys were randomly paired and assigned to
the groups receiving placebo or CNTO1275 treatment before the immunization (see
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table I). Paired individuals were handled identically throughout the experiment. The
time points for collection of larger blood volumes for immunological tests and MR
imaging were determined on the basis of the clinical stage of EAE in one of both
individuals of each pair.

During the experiments, the monkeys were individually housed in spacious cages
with padded shelters provided at the bottom of the cage and were under constant
veterinary care. The daily diet consisted of commercial food pellets for New World
monkeys (Special Diet Services, Witham, Essex, England), supplemented with rice,
raisins, peanuts, marshmallows, biscuits and fresh fruit. Drinking water was provided
ad Hbitum. According to the Dutch law on animal experimentation, the protocol of
this study was reviewed and approved by the Institute's Animal Care and User
Cormnmittee.

Disease induction and clinical read-out

EAE was induced by a single immunization with 300 pi human myelin in water (10
mg/m]) emulsified with 300 ul CFA (Difco Laboratories, Detroit, MI) under ketamin
anesthesia (6 mg/kg; AST Farma, Oudewater, The Netherlands) as described
previously (51). Bordetella pertussis was not used for reasons discussed elsewhere
(51).

Twice daijly clinical signs of EAE were scored blind by a trained observer using a
previously described semi-quantitative scale (51): 0, no clinical signs; 0.5, apathy,
loss of appetite and altered walking pattern without ataxia; 1, lethargy and/or
anorexia; 2, ataxia, sensory loss/blindness; 2.5, hemi- or paraparesis; 3, hemi- or
paraplegia; 4, quadriplegia; 5, spontaneous death attributable to EAE. Body weights
were determined once weekly as a surrogate disease marker. Monkeys were sacrificed
for ethical reasons once a monkey had reached EAE score 3.0, or at day 86 after
immunization, being the planned end-point of the study.

Reactivity, dosing regimen, plasma levels, biedistribution and immanogenicity of
CNTO1275

The test substance was produced by clone C379B and purified using standard
techniques. CNTO1275 is a fully human IgG,x mAb specific for the p40 subunit of
human IL-12. The effectivity of CNTO1275 in neutralizing marmoset IL-12 was
tested using lipopolysaccharide (LPS) stimulated cells. Briefly, plastic adherent cells
from common marmosets and human PBMC were stimulated for 24 h with LPS (1
pg/ml). Cell free supernatant was collected and titrated onto 4 day PHA-stimulated
human T-cell blasts. After 24 h, [FN-y levels were determined using standard ELISA
techniques. An ECy stimulation level was determined for each preparation and used
at this concentration for titration of CNTO1275 to determine the ICsq of
neutralization.

The animals were treated with antibody between day 14 and day 86 after
immunization (a..). Five animals received once weekly iv. injections of 10 mg/kg
CNTOI1275 in saline into the vena saphena under ketamin anesthesia. Control animals
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{n=3) received once weekly i.v. injections with sterile PBS (1 ml/kg) as placebo
treatment.

At 3 days after each dosing, serum was collected and stored frozem until
determination of CNTQ1275 levels with ELISA. Briefly, recombinant human TL-12
(10 pg/ml) was coated on 96-well plates (Costar Corning, New York, NY). Thawed
serum samples were incubated for 1 h and, after washing, CNTO1275 was detected
by mouse-anti-homan Fc Ab, grown from cell line HP6017 (ATCC, Manasas, VA).
The Ab was purified via protein A, coupled with sulfo-N-hydroxysuccinimide LC
biotin (Pierce, Rockford, IL}, and detected using horseradish peroxidase-conjugated
streptavidin (SA-HRP; Jackson ImmunoResearch Laboratories, West Grove, MA).
Concentrations were calculated using a standard curve prepared with CNTO1275.
Anti-CNTOQ1275 Ab levels were determined by a sandwich ELISA using CNTO1275
binding to the plate and detected with biotinylated CNTQ1275 (CNTO1275-biotin)
and SA-HRP as described above.

Magnetic Resonance Imaging

High-resolution MRI experiments were performed on a 4.7 T horizontal bore Varian
NMR. spectrometer (Varian, Palo Alto, CA), equipped with a high-performance
gradient insert (11 cm inner diameter, maximum gradient strength 220 mT/m). For in
vivo MRI, animals were anesthetized with 30 mg/kg ketamin in combination with 1
meg/ke valium (Diazepam; Kombivet BV, Etten-Leur, The Netherlands). MRI data
sets were collected for Ti-weighted (T1-w) and T2-w images. A bird cage volume
coil (diameter 9 cm) was used for radio frequency transmission and signal reception.
For all sequences the field of view was 4x4 cm (matrix 128x128: zero filled to
256x256; in plane resolution 312x312 pm). Post-contrast T1-w images were made
after i.v. injection of 0.3 mmol’kg gadolinium-diethylene-triaminepentaacetic acid
{Gd-DTPA; Magnevist, Schering AG, Berlin Germany). Post-mortem high contrast
T2-w images were made of formalin-fixed brains. A solenoidal-coil {4 windings;
diameter 35 mm) was used for radio frequency transmission and signal reception
(field of view 3x3 cm: matrix 128x128; zero-filling 256x256; in plane resolution
240x240 pm). The in vivo and post-mortem MRI scores were calculated as proposed
by Jordan and coworkers (51). More specific: score 0 = no visible lesions; score 1 =
one to five lesions on T2 scans; score 2: siX to ten lesions on T2 scans; score 3 =11 to
20 lesions on T2 scans; score 4: more than 21 lesions or diffuse white matter
abnormalities on T2 scans. A score 0.5 is added for one gadolinium-enhancing lesion
and a score | for two or more enhancing lesions. It should be emphasized here that
this scoring is based on the number of lesions, rather than that they provide
information on the size or the pathomorphological aspects. The data sets were
analyzed on an Apple MacIntosh I-MAC G3 (Apple Computer, Cupertino, CA) using
the public domain National Institute of Health Program (NIH Image 1.52).



Neuropathological examination

After formalin fixation, parts of the brain, spinal cord and peripheral nerves were
embedded in paraffin and processed as described previously (29). In brief, the
cerebrum and cerebellum were divided into seven or eight coronally cut parts and the
spinal cord was dissected transversely. The extent of inflammation, demyelination
and axonal pathology was evaluated on 3-5 pm tissue sections stained with
hematoxylin and eosin (HE) to visualize infiltrated cells, Kliiver Barrera luxol fast
blue (LFB) combined with periodic acid schiff (PAS) for myelin and myelin
degradation products, and with Bielschowsky silver impregnation for axons. The
degree of inflammation was expressed as an index, representing the average number
of inflamed blood vessels per spinal cord section {n = 10 to 15 sections). Furtbermore,
the surface area of demyelination was quantified on 10 to 15 spinal cord fields using a
monomorphic grid. Macrophages were visualized using mouse anti-human mAb
MRP14 (BMA Biomedicals, Augst, Switzerland), while mAb M4 was used to detect
amyloid precursor protein (APP; Boehringer Mannheim, Mannheim, Germany).

Expression profiles of pathogenic effector molecules in the CNS
Immunohistochemistry was performed essentially as previously described (33, 533)
with minor modifications. Frozen sections of 6 pm thickness were cut, thaw-mounted
on glass slides, and kept overnight at room temperature (RT) in humidified
atmosphere. After air-drying for 1 h, slides were fixed in fresh acetone containing
0.02% H,0; (v/v), air-dried for 10 min, washed with PBS, and incubated overnight at
4°C with primary Ab. Incubations with secondary and tertiary reagents were
performed for 1 h at RT. Between the incubation steps slides were washed twice with
PBS. Detection of primary unlabeled mouse Ab was performed with rabbit anti-
mouse Ig HRP (Dako, Glostrup, Denmark), or in the case of a three-step staining with
rabbit anti-mouse Ig biotin (Dako) and HRP Ilabeled avidin-biotin-complex
{ABC/HRP; Dako). Rabbit polyclonal Ab was detected with biotin labeled donkey-
anti-rabbit-Ig (Amersham, Little Chalfond, United Kingdom) as a second step. HRP
activity was revealed by incubation for 10 min at RT with 3-amino-9-ethyl-carbazole
(AEC; Sigma, Zwijndrecht, The Netherlands), resulting in a bright red translucent
precipitate.

For detection of IFN-y and TNF-¢t, mAb MD-2 and 61E71 were used respectively (U-
Cytech, Utrecht, The Netherlands). MAb against IL-4 and 1L-6 were obtained from
Genzyme {(Cambridge, MA). C8.6, a mouse Ab for the detection of 1L-12p40, was
from Pharmingen (San Diego, CA). IL-10 was visualized using the B-S1¢ mAb
(Instruchemie, Hilversum, The Netherlands). The Ab against IL-18, M318, was
obtained from R&D Systems (Abingdon, United Kingdom). 2D9. a mouse mAb
against matrix metalloprotease 9 (MMP-9; gelatinase B), was a kind gift from Dr. G.
Opdenakker (REGA. Institute, Leuven, Belgium). Rabbit polyclonal Ab against CD3
and iINOS were from Dako and Calbiochem (San Diego, CA), respectively. Finally,
CD40 was detected using a mouse anti-human CD40 mAb (mAb 5D12; Tanox
Pharma Inc., Houston, TX) kaown to be crossreactive with marmoset CD40 (29, 33).
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In situ detection of CNT Q1275 injected i.v.

To determine whether intravenous CNTOQO12753 traverses the blood-brain-barrier and
gains access to the lesions in the CNS, 1 mg of CNT(O1275-biotin was i.v. injected
into a PBS-treated monkey with an EAE score of 3.0 (Mi-031). At 1 h after injection
of the antibody the monkey was sacrificed. For detection of CNTO1275-biotin frozen
tissue sections of brain and spleen were incubated with SA-HRP (Jackson) for 1 h at
RT, followed by tyramide signal amplification (TSA; NEN Life Science Products,
Boston, MA). HRP-activity was revealed as described above. To assess whether
CNTO1275 binds to IL-12p40 produced by astrocytes, tissue sections were double
stained using the C8.6 mAb against IL-12p40 and donkey-anti-human polyclonal Ab
(Sanbio) directed towards glial fibrillary acidic protein {GFAP) characteristic for
astrocytes. A combination of HRP and alkaline phosphatase (AP)-labeled conjugates
was used, giving a red precipitate for AEC and a bright blue precipitate using Fast
Blue BB base and napthol AS-MX phosphate for AP, as described in detail previously
(33, 53).

T- and B-cell functions

Just prior to necropsy, heparinized venous blood was drawn via a needle puncture
from the vena saphena. after which PBMC were isolated using lymphocyte separation
medium (LSM", ICN Biomedical Inc., Aurora, OH). Cell suspensions were prepared
from aseptically removed lymph nede (LNC) and spleen (SC) and cultured in the
presence of recombinant buman myelin oligodendrocyte glycoprotein (thMOG: 10
pg/ml} or human myelin basic protein (hWWMBP; 25 pg/ml) (47).

Serum was isolated from venous blood collected without coagulant. Sera were
collected from paired animals at the pre-immunization stage, when one of both
monkeys in a pair displayed EAE score 2.0, and at the time of necropsy. Standard
ELISA assays were used to determine IgM and IgG Ab levels directed against MBP
and MOG as described (29).

Statistics

The ¥ -test was used to determine statistically significant treatment-related effects on
the progression to EAE score 3.0; MannWhitney-U test for anti-MOG and anti-MBP
Ab levels and for MRI-scores. In all cases, p<0.05 was considered statistically
significant.



Results

Effect of CNT01275 on clinical EAE

The EAE course in placebo- and antibody-treated monkeys are given as the
days of disease onset, when animals showed clear neurological signs (EAE
score 2.0), and when the disease score of 3.0 was reached (table I). The
percentages of maximal weight loss during the experiment are depicted in the
same table. The results show a beneficial effect of CNTO1275 treatment on
both aspects of clinical EAE. Four PBS-treated monkeys developed severe
progressive EAE and one had a period of mild EAE during the observation
period of 86 days. In the CNTQ1275-treated group only one monkey, Mi-019,
developed clinical signs of EAE (p<0.001 vs. PBS treatment; % *-test). It
should be noted, however, that the time interval between disease onset and
EAE score of 3.0 in this animal was considerably longer than in the placebo-
treated monkeys (see table I).

Legend to Table 1 (page 161)

Clinical signs of EAE were scored as: 0, no clinical signs; 0.3, apathy, loss of appetite and
altered walking pattern without ataxia; 1.0, lethargy and/or anorexia: 2.0, ataxia, sensory
loss/blindness; 2.5, hemi- or paraparesis: 3.0, hemi- or paraplegia; 4.0, quadriplegia; 5.0,
spontaneous death attributable to EAE. Body weight was determined at the day of dosing as a
surrogate disease marker. The maximal weight loss during the experiment is expressed as a
percentage of the starting weight. Animals were treated from day 14 after immunization (a.i.)
onwards and either sacrificed when a EAE-score 3.0 was reached or at the end of the study
period (day 86 a.i.). Tl-w (pre- and post-contrast) and T2-w MRI data sets were acquired and
scored as described in materials and methods. MRI were made once one of the animals had
reached EAE score 2.0 (ataxia), irrespective of the clinical condition of the second monkey.
Because of the acute onset of the disease in Mi-032 and Mi-043, both animals were euthamzed
for ethical reasons before an in vivo MRI could be made. Consequently, the in vive MRI of Mi-
026 and Mi-023 was recorded at day 35 a.i.. n.d.: not done. The number of infiltrates in the
brain were quantified using immunchistochemistry. The number of infiltrates per section were
scored as: -, no infiltrates; +, 1-3 infiltrates; ++, 4-10 infiltrates; +++, >10 infilirates. Results
represent the mean of two sections. The size of the largest infiltrate found in two sections was
scored as: -+, small (< 30 celis); ++, medivm (>30 cells); +++, large (>100 cells). The
inflammatory index (Infl. Index) in the spinal cord was quantified as being the average number
of inflamed blood vessels per spinal cord cross-section (10 to 15 sections). Furthermore, the
surface area of demyelination (%) was quantified on 10-15 spinal cerd cross sections using a
monemorphic grid. In-flammation and demyelination in the brain is expressed as present {(+) or
absent (-).
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Table I: Characteristics of the animals

Animali Gender| Pair| Birth | Weight | Disease | EAE 2.0 | Day of |Clinical
code (mo-y)| loss (%) onset (z.i.) (a.i.} sacrifice [score
PBS
Mi-036( F 1 dec-96] 20 21 21 22 3
Mi-032( M 2 dec-92| 6.5 43 46 53 3
Mi-043 | M 3 nov-97| 9.1 52 52 53 3
Mi-331( M 4 nov-26| 11.1 61 64 71 3
Mi-038| M 5 ayg-97| 11.6 63 - 86 1
CNTO
1275
Mi-319( M 1 aug-98{ 13.0 56 64 86 25
Mi-026( M 2 jul-97 { 0.6 - - 86 0
Mi-023( M 3 mar-98 6.3 - - 86 0
Mi-024 M 4 apr-98 | 2.8 - - 36 0
Mi-(03 | M 5 jun-98 | 3.4 - - 86 0
Animal | In vive | Post Infiltrates SPINAL CORD BRAIN
code MRI mortem; in the brain infl. | demyeli- inflam- | demyeli-
MRI number| size | index| nation (%) | mation nation
PBS
Mi-036 | 4 4 || 66 36 + +
Mi-032 ] nd 4 ++ ++ 23 56 - -
Mi-043 | nd 3 ++ ++ 35 41 + +
Mi-031 3 0-1 ++ ++ 1.7 30 + +
Mi-038 | 2.5 3 ++ ++ 0.23 1 - +
CNTO
1275
Mi-019 1 3 + +F 1.3 23 + +
Mi-026 | 2.5 0-1 + + 0 0 - -
Mi-023 | 2 1 - - 0 0 - -
Mi-024 | 4 1 At + 2.1 22 + +
Mi-003 | 2 2 + o 0 - -
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Cross-reactivity, serum levels and anti-Ab responses of CNTO1275

As shown in Fig. 1, the IFN-v inducing properties of conditioned medium
derived from LPS-stimulated marmoset adherent cells were neutralized by
CNTO1275. The ICs; was comparable with conditioned media from human
cells. The antibody levels measured at 3 days after each administration of
CNTOI1275 were generally maintajned at a concentration of 50 to 75 pg/ml
throughout the observation period of 86 days (Fig. 2). This is approximately a
50-fold excess of the ICsy determined in vifro. In one animal (Mi-026) an
unexplained disappearance and subsequent reappearance of CNTOI1275
serum levels was observed. No Ab responses directed against CNTO1275
were detectable and no alterations in hematological and biochemical
parameters were observed during the study period.

Inhibition (S0Y

CNTO 1275 (ng/ml}

Figure 1. CNTQ1275 neutralizes marmoset IL-12

We tested the capacity of CNTO1275 to neutralize IL-12 in culture supematant obtained from
LPS-stimulated marmoset or human PBMC. As shown, the IL-12 neutralization profiles by
CNTOI1275 in conditioned media of marmoset and human origin were comparable.
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Figure 2. Serum levels of CNTO1275

Animals were intravenously injected with 10 mg/ml/kg CNTO1275 (treatment) or 1 ml/kg PBS
(not shown) at 1 week time nterval from day 14 until day 84 afier immunization. Sera were
collected at 3 days after each dosing and CNTO12735 levels were determined using ELISA.

In vivo and pest mortem MRI

The a priori condition set before the experiment was to subject paired
monkeys to MRI analysis once one of the animals had reached EAFE score 2.0
(ataxia), irrespective of the clinical condition of the second monkey. Because
of the acute onset of the disease in Mi-032 and Mi-(43, both animals had to
be euthanized for ethical reasons before an in vivo MRI could be made.

The characteristic feature of myelin-induced EAE is a strong periventricular
inflammatory reaction that appears as a hyperintense area in T2-w brain MR-
images, which is hypointense on T1-w images. Fig. 3 depicts as representative
examples for both test groups the MRI-detectable changes in the brains of pair
4, In monkey Mi-031, which had EAE score 2.0 at the time of scanning, large
hyperintense areas were found around the ventral horns of both lateral
ventricles (A). Such abnormalities, which are typical for this model, were
completely absent in the clinically normal CNTO1275-treated monkey Mi-
024 which was scanned on the same day (B). Scores of in vivo and post-
mortem MRI are given in tabular form. The table shows that post-mortem
MRI scores of CNTO1275-treated animals tended to be lower when compared
to the scores of control animals (p=0.08; Mann-Whitney U-test).
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Mi- 031 (placebo) Mi-024 (CNTC1275)

Figure 3. CNT01275 reduces MRI detectable alterations

T2-w brain images of paired monkeys were recorded at the time that the PBS-treated monkey
displayed ataxia (EAE-score 2.0) and the antibody-treated monkey was asymptomatic. The two
equivalent slices show in the placebo monkey strong hyperintense areas at the ventral arm of
the lateral ventricles (white arrows), indicating periventricular inflammation. which were
absent in the paired CNTO1275-treated monkey. This difference is representative for all
monkey pairs.

Neurcpathology

All PBS-treated control animals displayed cellular infiltrates in the brain and
spinal cord. Four PBS-treated animals showed extensive demyelination which
was mainly localized in the spinal cord, while in the animal with the mild
EAE {(Mi-038) the CNS pathology was mainly localized in the brain (see table
I). Aithough inflammation and demyelination of the CNS were detected in
two CNTO1275-treated individuals, three animals (Mi-003; Mi-023; Mi-026)
were completely devoid of CNS pathology in the spinal cord and the brain
(p=0.03 for inflammation and demyelination; Mann-Whitney U-test). Fig. 4
shows monkey pair 2 as representative example. The PBS-treated animal Mi-
032 displayed large areas with infiltrated mononuclear cells and specific
demyelination of the CNS in the spinal cord (Fig. 4A and 4C), while no such
pathological changes were observed in the CNTQO1275-treated animal of this
pair, Mi-026 (Fig. 4B and 4D). Macrophages actively involved in
demyelination were present in the lesions as shown in Fig. 4E and 4F, while
B- and T-cells also could be detected (Fig 4G and 4H, respectively). The
immunoreactivity for APP points at degeneration of the demyelinated axons
(Fig 4l).
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CNS lesion load and expression of pathegenic molecules

Immunological aspects of the brain lesions were assessed in cryosections on
the basis of the number and size of the infiltrates as defined by hematoxylin
counter staining, as well as the expression of the pan-T-cell marker CD3, and
of acid phosphatase as a marker of infiltrating macrophages. Both the number
and the size of infiltrates in the brains of CNTO1275-treated animals were
markedly reduced compared to control animals (table ). While CD3" T-cells
were present in the cellular infiltrates of all EAFE affected monkeys, these
were undetectable in the brains of three out of four CNTO1275-treated
animals that remained asymptomatic. Together these data indicate that
neutralization of IL-12p40 affects recruitment of mononuclear cells from the
circulation into the CNS.

Next we assessed whether treatment with CNTO1275 interferes with CNS
expression of Thl or Th2 cytokines (IFN-y, IL-4, IL-10, IL-12p40, IL-18,
TNF-0)) or the inflammatory mediators iNOS, and MMP-9. IL-12p40 was
expressed by some mononuclear cells within brain infiltrates, and by many
astrocytes (Fig. SA and 5B). The number of IL-12p40-expressing astrocytes
decreased with distance from the infiltrates. IL-12p40 was similarly expressed
in both groups of animals (Fig. 5A vs. 5B). This could be expected, since
mAb treatment captures released TL-12p40 but likely does not interfere with
intracellular synthesis of this factor. Note that in naive animals or after
immunization with ovalbumin emulsified in CFA no IL-12p40 was detectable
within the CNS (Fig. 5C).

The staining is specific, as controls omitting the specific antibody step were
shown to be negative (Fig. 5D). Mononuclear cell infiltrates in the brain of
PBS-treated animals displayed clear expression of IL-4, TNF-¢t and MMP-9
(Fig. 5E.G,J). In asymptomatic CNTO1275-treated animals the CNS
expression of IL-4, TNF-ct and MMP-9 was substantially reduced (Fig.
5F.H.J). IFN-y was also expressed at lower frequency in non-affected mAb-
treated animals (data not shown). The two CNTO1275-treated animals that
showed CNS inflammation with histology displayed staining patterns similar
as the EAE-affected animals in the PBS-treated group. No marked effect of
the antibody treatment on the numbers of IL-6, IL-10, IL-18, and iNOS
expressing cells was observed (results not shown).
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Access of CNT(Q1275 to lesions in the CNS

We agsessed whether intravenously administered CNTO1275 extravasates
into CNS lesions, allowing the capture of locally produced IL-12p40. To this
end, CNTO1275-biotin was injected i.v. into two PBS-treated animals with
clinically manifest EAE (score 3.0} at 1 h before sacrifice. The subsequent
immunohistochemical analysis revealed granular staining adjacent to the
ventricles, as well as in the cellular nfiltrates within the brain of animals
injected with the antibody (Fig. 6A and 6B). No such staining was detected in
the brains of naive animals (Fig. 6C), or ovalbumin/CFA-immunized
marmosets {not shown). CNTOI1275-biotin was found attached to the
astrocytes in the immediate environment of the inflammatory infiltrates. This
is in conformity with the immunohistochemical demonstration of IL-12p40 by
brain astrocytes in EAE-affected animals (Fig. 5A and 5B).

Anti-myelin T-cell reactivity

To investigate the effect of CNTC1275 on anti-myelin T-cell activity we
determined the proliferative responses of PBMC, SC and LNC against
rhMOG and hMBP in CNTO1275- and placebo-treated animals. The results
in Fig. 7 show that in all cases the T-cell response towards MBP was low,
while high responses were found against thMOG (MOG vs. MBP: p<0.01;
Mann-Whitney U-test). In the animals which developed EAE relatively early
after disease induction, significant proliferative responses to rhMOG were
detectable in SC as well as LNC (Fig. 7A to 7C). In contrast, in all animals
sacrificed at the end-point of the study (both PBS- and CNTO1275-treated
animals), proliferative responses were mainly restricted to the spleen, while
those in LNC were very low or undetectable (Fig. 7E to 7J). As a similar
profile was found in the placebo monkey of pair 5, we assume that the
number of autoreactive T-cells in the spleen is not affected by the CNTO1275
treatment.

Anti-myelin B-cell reactivity

A critical role of anti-MOG Ab in the marmoset EAE model, mediating
demyelination in particular, has been reported (45, 54-57). We therefore
determined the serum levels of anti-MBP and anti-MOG Ab in PBS- and
CNTO1275-treated animals using ELISA. Anti-MOG and anti-MBP IgM Ab
were hardly detectable in the sera of the animals from both groups at any of
the evaluated time points. As shown in Fig. 8, increased anti-MOG (A) and
anti-MBP (B) IgG serum levels were found in PBS-treated animals at EAE-
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score 2.0 when compared with IgG Ab levels in sera from the paired
CNTO1275-treated amimals (p=0.05; Mann Whitney U-test). At necropsy,
only serum levels of MBP-specific IgG were significantly reduced in the
asymptomatic CNTO1275-treated amimals (p=0.03). Taken together,
treatment with CNTO1275 seems to have suppressive effect on the
production of auto Ab.
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Discussion

In this article we report on the beneficial effects of CNTO1275, a human
IgG )k antibody specific for human I[L12p40, on EAE in the common
marmoset. The non-human primate disease model was chosen because of the
mmsufficient cross-reactivity of CNTO1275 with rodents. To our knowledge
this report is the first documented evidence that human Ab produced in
transgenic mice are effective in a non-human primate autoimmune disease
model.

CNTO1275 shows a comparable bioneutralization profile of marmoset and
buman IL-12 im vitro. An important result from our study is that the
marmosets did not develop a neutralizing Ab response towards the
therapeutic Ab. Although the induction of anti-idiotype Ab cannot be
excluded, the remarkably stable CNTO1275 serum levels throughout the
treatment period of 72 days strongly indicate that the mAb is not or only
marginally immunogenic in vivo. This is an important result for the
application of therapeutic Ab for chronic diseases. In the past years we have
tested a variety of humanized antibodies in non-human primate models of
autoimmune arthritis and encephalomyelitis. Although by extensive
engineering often up to 99% of the original mouse back bone had been
replaced with human Ig sequences the neutralizing immune response towards
the remaining 1% mouse part of the molecule formed a limiting factor for a
long-standing therapeuntic effect. For example, treatment of EAE-affected
marmosets with a chimeric anti-CD40 antibody had already resulted in
substantial neutralizing Ab activity within two weeks after the Afirst
administration (29). Similar findings have been published by other groups
(58, 59, 60). All PBS-treated monkeys in this study developed clinical EAE.
In contrast, four out of five CNTOI1275-treated animals remained
asymptomatic. The disease progression in the one CNTO1275-treated animal
that developed clinical EAE was substantially delayed compared to the PBS-
treated monkeys. Cur results also show a diminution of MRI-detectable
changes in the CNS white matter in CNTO1275-treated when compared to
the paired placebo-treated monkeys. A clear effect of the treatment was that
the periventricular mnflammatory reactions as observed in all PBS-treated
monkeys, were absent in all CNTO1275-treated monkeys, when tested at the
same time point. Our observation that a clear beneficial effect of the
CNTO1275 treatment on the overall in vivo MRI score was not detectable,
requires further explanation. T2-w MR images are very sensitive to water.
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The fact that all pathological changes in the CNS are associated with altered
tissue distribution of water explains that each lesion stage in the common
marmoset EAE model has a similar appearance on T2-w images (51). Thus,
more sophisticated MRI parameters are needed to reveal the beneficial effects
of therapy in vivo. Quantitative MRI parameters are now being developed
and implemented for serial imaging, in particular T1-, T2- and MTR maps
(manuscript in preparation). That CNTO1275 treatment positively affects
structural alterations of CNS white matter was visualized in high contrast T2-
w images made of fixed brains. This post-mortem MRI analysis shows
clearly reduced MRI scores in the CNTO1275-treated monkeys (with the
exception of Mi-019) comparad to the placebo group (table I). The beneficial
effect of CNTO1275 was confirmed with histology; three out of five
CNTO1275-treated monkeys remained completely devoid of CNS infiltration
by CD3" T-cells, while inflammation and demyelination were also prevented.

IL-12 is expressed at sites where T-cells and APC interact (8-10). In the
commoen marmoset EAE model such sites are the secondary lymphoid organs
and the developing lesions within the CNS white matter (33, 53). Although
microglia are an important source of IL-12 within the CNS (10, 61), our
results demonstrate that astrocytes also express intracellular IL-12p40.
Intravenously injected CNTOQI1275-biotin was retrieved at peripheral
(spleen/lymph nodes) as well as central (brain) locations, confirming our
previous finding that during active disease the blood-brain-barrier is
permeable for large molecules like IgG (29). This allows the local action of
CNTQ1275 within the CNS at locations where infiltrating T-cells interact
with resident APC or infiltrating macrophages. As the time needed for I mm
diffusion of a 20kD protein into unaffected CNS parenchyma has been
estimated at about 3 days (62), we assume that the activity range of iv.
injected CNTO1275 (50 kD) inside the CNS is limited to the perivascular
space (Virchows Robin space) and the lesion.

In view of the 100% susceptibility of outbred common marmosets to myelin-
induced EAE (7, 45) it is highly unlikely that the observed beneficial effects
of CNTO1275 can be explained by the possibility that the antibody-treated
monkeys that remained asymptomatic were all non-responders to the disease
induction. Hence, the conclusion is warranted that treatment with CNTO1275
protects marmoset monkeys immunized with human myelin in CFA against
the clinical and neuropathological expression of EAE. Our present results
suggest that (part of) the therapeutic effect of CNTOI1275 is exerted via
modulation of the autoimmune reaction. Interestingly, recent in vitro studies
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revealed that CNTO1275 neutralizes not only human IT-12, but also human
IL-23 (D. Peritt, unpublished data). IL-23 seems to play a pivotal role in the
activation of memory CD4 CD45RB (low) T-cells (63) and may therefore be
an important target for therapy in MS.

Anti-myelin Ab are considered a critical factor in the marmoset EAE model
as mediators of CNS demyelination (45, 54-57). It is therefore of great
interest that during development of EAE circulating auto Ab levels were
consistently lower in CNTO1275-treated animals than in the paired PBS-
treated animals. This suggests that, besides preventing T-cell recruitment into
the CNS, part of the beneficial effect of CNTO1275 is due to modulation of
the auto-Ab reaction as well. Similar observations have been made in
marmosets that were protected from EAE by anti-CD40 mAb treatment. In
that study the protective effect of the mAb to clinical EAE was associated
with abrogation of broadening of the epitope response against MOG (29).

The different reactivity patterns of T-cells present in PBMC, LNC and SC to
MBP and MOG between PBS- and CNTO1275-treated monkeys can be
explained by the different disease duration. Our data are in line with
observations by Targoni and coworkers (64) that T-cell autoreactivity in mice
wanes in time from draining lymph nodes and the circulation during EAE
development, but persist in the spleen. All CNTO1275-treated monkeys
displayed a similar reaction pattern as the one PBS-treated monkey sacrificed
at the same time point (day 86). We assume therefore that CNTO1275
treatment modulates the development of autoreactive T-cells vet does not
interfere with cell circulation kinetics.

A likely result of CNTO1275 treatment is deviation of the encephalitogenic
myelin-reactive T-cells into the Th2 direction as was observed in mice (21).
However, we are presently unable to prove this, since reagents for specific
detection of Th2 cytokines in common marmosets with ELISA are lacking.
Instead, using immunostaining we determined cytokine expression patterns
within the CNS of both groups of monkeys.

In three out of five CNTQO1275-treated animals neither T-cell infiltrates nor
IFN-y or IL-4 producing cells could be detected. Moreover, inflammatory
mediators like TNF-o and MMP-9 were not expressed in the brains of these
monkeys. In contrast, in all PBS-treated animals we found brain infiltrates
expressing each of the tested inflammatory mediators. The patterns of
intracellular IL-12p40 expression within the CNS white matter did not differ
between PBS- and CNTO1275-treated animals.

In conclusion, CNTO1275 has direct access to secondary lymphoid organs
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and the CNS. Since antibody treatment was initiated at a late stage (day 14
after immunization), it is less likely that CNTO1275 interferss with initial
activation of autoreactive T- and B-cells. However, by neutralization of APC-
derived IL-12, it affects the influx of autoreactive T-cells into the CNS,
inhibits the inflammatory response, and suppresses the auto Ab response
against myelin proteins resulting in prevention of EAE development. This,
together with the low immunogenicity of CNTO1275, warrants further testing
of this mAb as a potential new therapy for MS.
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Figure 4. CNTO1275 reduces neuropathological alterations in brain and spinal cord
(page 177)

A histological comparison of the spinal cord of Mi-032 (PBS-treated) and Mi-026
(CNTO1275-treated). A: HE-staining of spinal cord section of animal Mi-032 showing
infiltration of mononuclear cells. Arrows indicate perivascular cuffs (x29). B: HE-staining of
spinal cord section of animal Mi-026 with no inflammation present (x29). C: KLB-staining of
Mi-032 showing severe demyelination (myelin stained as blue/green), while D: no
demyelination was observed in CNTO1275-treated animal Mi-026 (both x29). E: MRP14
staining shows the presence of actively demyelinating macrophages (brown) in the spinal cord
of Mi-032. F: Enlargement of E (x308). G: infiltration of CD3" T-cells (brown) (x308), as well
as H: CD20" B-cells (brown) (x161) in the spinal cord of Mi-032 {enlargement of area box in
A). I Axonal degeneration as shown by staining for APP (brown) reveals the presence of
axonal spheroids in Mi-032 (x308).

Figure 5. CNTO1275 reduces the expression of pathogenic meolecules in the CNS

(page 178)

Comparison of PBS-treated animals (Mi-032; left colummn) with CNTO1275-reated animals
(Mi-026; right column) for a number of cytokines and enzymes involved in T-cell activation,
inflammation and tissue damage. A-B: Similar expression of IL-12p40 (red) in astrocytes
around ventricles, by astrocytes around infilirates and cells within infiltrates. C: Expression of
[1.-12p40 (red) in a naive marmoset monkey. D: control staining omisting the first incubation
step. E-F: Reduced expression of [L-4 by celis within infiltrates in weated animals (both x250).
G-H: Reduced expression of TNF-T in treated animals (both x160). I-J: Reduced expression of
MMP-9 in treated animals (both x160).
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Figure 6. Access of CNTO1275 to CNS lesions

PBS-treated monkey Mi-031 was injected iv. with 1 mg of CNTO1275-biotin 1 h before
sacrifice. Double staining for CNTQ1275 (red} and GFAP characteristic for astrocytes (blug)
was performed on frozen sections, indicating that upon in vivo administration CNTOI1275
binds to astrocytes apparently producing IL-12p40. A: 160x, B: 630x. C: Contro] staining in a
naive marmoset.
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Figure 7. Proliferative responses to MOG and MBP of mononuclear cells (MNC) from
lymph podes (LNC), spleen (SC) or peripheral blood (PBMC)

Proliferation of LNC, SC and PBMC was determined by adding *H-thymidine during the final
18 hof a 72 h culture. Cells were cultured without additives (white bars) or in the presence of
thMOG (10 pg/mi; black bars) or hMBP (25 pg/ml; gray bars). Animals sacrificed early after
disease induction showed proliferative responses to MOG in both SC and LNC (AB.C). In
animals that were sacrificed two weeks before (D) or at the end-point of the study (E.F.G.H.LT)
(both PBS- and CNTO1275-treated animals), MNC proliferation tend to localize primarily in
the spleen, while LNC responses wane. n.d.: not done.
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Sera from PBS-treated (closed symbols) and CNTQ1275-treated animals (open symbols) were
screened for the presence of anti-MOG (A) and anti-MBP (B) IgG antibodies using ELISA. A:
pair 1: &: pair 2; %: pair 3; @: pair 4; ¥: pair 5. % Mi-019 at EAE score: 2.0. Sera were
collected from paired animals just before immunization (pre-immune), when the PBS-treated
animal of a pair presented clear neurological dysfunction EAE score 2.0 (ataxia) and at time of
EAE score 3.0 or at day 86 a.i. (necropsy). Sera from PBS-treated monkeys collected at the
manifestation of score 2.0 contained significantly higher anti-MBP and anti-MOG IgG Ab-
levels than sera from the paired CNTO1275-treated animals (P=0.05; Mann-Whitney U-test).
At the time of EAE score 3.0 the levels of anti-MBP IgG, but not of anti-MOG [gG remained
significantly higher than in the paired CNTO1275-treated animals which were sacrificed much

later (P=0.03).
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A new primate model for multiple
sclerosis in the common marmoset

Bert A. “t Hart, Marjan van Meurs, Herbert BM. Brok, Luca Massacesi,
Jan Bauer, Louis Boon, Ronald E. Bontrop and jon D. Laman

A ultiple sclerosis (MS) is
cgerded as an auto-
immune disease caused
by CO4* T cells reactlve
with myelin proteins and with a T helper 1
({Thi}-pattern of evtokine necretion. This con-
cept is based on data from animal models of
experimental autoimumune encephalomyelitis
(EAL). Epidemiclogical and experimental
evidence imply that MS resuits fromy come
plox interactions between environmental and
host genetic factors, which are difficult to
mirie in experimental animals. For instance,
becawse most models require immunization
with myelin antigens or adoptive transfer of
sensitized CD4* T cells, it is difficult to as-
sess whether defeets in antigen-prosenting
cells (APCw) precede T-cell reactivity.

Findings supporting an autcimmune
anti-myelin erigin of M8 include the ansociation with certain major
histocornpatibility complex (MHC) genes, the prodominant lecaliz-
ation of lexions in CNS white matter, the local presence of T-and B
cells and their products, and the clinleal and pathological similarides
with various EAE moduls. However, there iw also evidence against
an sutoimmune origin of M3, such as the fact that myelin protein-
reactive T cells are found at similar frequencies in healthy subjects
and M$ patients and that, to date, no single autoantigen has been
excluslvely identfied in patients, Morcover, in MS it has not yet been
powsible to fully substantiate the concept of sequential Thi discase-
promoting activity and Th2 downreguelatory actlvity as developed in
EAE models, and the validity of the Th1/Th2 concept as the basis for
immunotherapy in M5 has been challenged (reviewed in Refs 1, 2).

The alm of this review in to discuss the new EAE model in the
common marmoset monkey (Callithrix jacchus), and to compare it
with existing rhesus monkey and redent EAE models, as well as M8
in humans. Morcoves, we highlight recent findings with respect to
MHC restrictlon of pathogenic autoreactivity and immunetherapy
targeting cosdmulatory molecules, which have immunological
implications beyond EAE and MS.

EAE models in nohhuman primates
EAE models in nonhuman primates offer unique features for research
inte CNS autoimmunity due te their close evolutionary relationship
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Experimental autoimmunc
cuecphalomyclitis (EAE) in
outhred marmoset monkeys
(Callithrix jacchus) is @ recently
deocloped nonhuman primaic
weodel of muitiple sclerosis. Here,
Bert 't Hart and colleagies compare
this model to EAE in rinesus
monkeys, lighlighting autoimmune
micchanistes in CNS inflammation
and demyelination, including the
role of major histocompatibility
complex restriction and preclinical
cvaluation of innovative

immunotherapics.

with humarns. Nonhuman primate colonies
are outbred. The large size and structural
complexity of the nonhuman primate brain
allows in pivo analysis of levion development
using magnetic resonance imaging (MRI).
The strong degree of similarity betwoen
MHC and T-cell recoptor (TCR) genes of
higher primate species enables elucidation of
T-cell peptide specifidty, wing human-spe-
cific reagents. Finally, nonhuman primates
are important for preclinical evaluation
of blotechnelogy-derived pharmaceuticals
which, owing to their specifidty, are only
reactive in primates’. As specified by
the FDA [Preclinical safety evaluaton of
biotechnology-derived pharmaceuticals (S6);
httpz/ Swww.fda.gov/cber/publications htm],
relevant species for safety testing of a new
drug should be sensltive to the drug’s spedific
phammacological functons.

EAE In nonhuman primates is induced with protocols very simi-
lar to thowe used in rodents® (e Table 1). Commonly used methods
include actlve immunization with brain and spinal cord ho-
mogenates, purtfied myelin preparations or myelin proteins, such as
myclin basic proteln (MBF), proteollpid protein (PLP) or myclin
cligodendracyte glycoprotein (MOG). Dependent on the wpecies,
antigen and mumunization protocol, a wide array of clinical signs
can be found similar to those in MS patients, including monophasic
acute, refapsing-remitting, primary progressive and secondary pro-
gressive disease courses. Neuropathological presentation covers a
wide spectrum including inflammation, demyelination, remyeli-
nakion, axon loss, ghosis and, in certain cases, necrosis. In contrast to
the Inbred rodent models, monkeys show much mote ndividual
variation within treatment groups. This may be attributable to their
outbred nature and microbiclogieal status. Nenhuman primates are
susceptble to infection with many human neursinvasive agents and
can carry latent infections with several B-type herpesviruses [eg.
Epsteln-Barr virus (EBV), human herpesvirus § (HHV-3), HHV-6]
that have been associated with demyelinating discase,

EAE in Old World monkeys
Cynomelgus {Macaca fascicularia) and rhesus monkeys (Macaca mulatia)
have been wsed in EAE rescarch. The relatively close phylogenctic
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Fig. 1. Hislopathology of  hyperacute lesion in riesus monkey cxperimental autoimumune cncephalomyclitis (EAE). EAE twas induced by immunization
with a recombirant version of the N-termzinal cxtracelluiar fg-tive domain of eman MOG frkMOGY; 100 pg; in complete Freund's edfuvant). Hypera-
cute EAE developed after four weeks, at which point the animal was secrificed. (a) Kliver-Barrera stain {bliuc) for myclin shiows 7 demyclinated lesion in
the brain. Arrowheads indicaie the edge of the lesion. Luxol-Fast-Blue (LFB)-positive and Peripdic-Acid-Schiff {PAS)-positive (pink) mychin degradation
products are present in the lesion {magmification = 1615, (b) Hematoxylin staining (dark pink) shows the presence of numcrous neutrophilic granulo-
cytes (2460, (c) In addition, masy lesfons confain cosinophis (arrowheed) (308X). (d) Staining for CD3 (light brown) reveals the presence of low
numbers of T colls (24630, (e} The neerotic charecter of lyperacute EAE & revealed by Bickschowsky staining (Wack) showing an almost complete
disruption of axenal structures. The arrocheads point at some surciving axons (388 ).

distance between macoques and humans, estimated at 35 million
years, s reflected by a high degree of rimilarity between the Immune
systems of both primate species®.

The first reports on EAE in macaquies date back to 1933 (Ref. 6). In
the past decades, EAE models in macaques have been used for the
study of genetic, immunological, pathelogical and radiological features
of MS (including MRI) and for therapy evaluation™".

EAE in rhesus monkeys

In its cllnical and pathological presentation this EAE more closely
resembles post-infectious encephalomyelitis than chronic MS, The
disease usually follows an acute course, which may start with con-
vudsions and apathy and leads to death of the animals within two

days™. By application of immunosuppressive treatiment, a refapuing-
remitting course can be cstablished’. At necropsy, large mainly
haemerrhagic or necrotic brain lesions can be found that at histo-
pathological examination show predominance of neutrophil infil-
trates and dramatic destruction of axons (Fig. ). This pathological
aspect huggests that Jesions are formed by severe inflammatory
necrosis rather than by selective demyelination. However, inhibitlon
experiments using ang-CR4 antibodies and autologous adoptive
transfer experiments showed that myelin-reactive CD4* T cells are
involved in EAE induction™, A unique feature of this EAE model
is that, in certaln MHC class E-compatible combinations, APCs from
Pumans and rthesus monkeys ¢an prosent the same opitopes from
MBP and MOG antigens to their own CD4* T eells as well as to T
cells of the other species™ . This provides the unique possibility of
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investigating whether APCs from MS pa-
tients can alter the encephalitogenic poten-
tal of myelin-specific CD4* rthesus monkey
T cells.

Susceptibility of macaques to EAE

To date, a satisfactory explanation for the
high susceptbility of macaquen to EAE is
lacking, but it appears to depend on genetic
factors and on the mode of disease induc-
tion. The presence of the MheMamu (from
Macacs mulatta) class I allele Mawru-
DPEI1 is Unked with susceptibility to EAE
induced with bovine MBP or human myelin
in complete Freund's adjuvant (CFA)*
However, no linkage wan found with EAE
induced with a recomblnant version of the
N-terminal extracellular Ig-tike domain of
human MOG (thMOG™) in CFA (N. Kerlere
de Resbo, unpublished). Whereas immu-
nization of Mantu-0PB1701-positive monkeys
with thvOGH induced acute fatal EAE,
repeated immunization with a synthetic
peptde encompassing amino aclds 34-56 of
thMOGH (MOG34-56) induced a relapring-
remitting EAE. By contrast, monkeys lacking
Mamu-DFI*01 developed acute fatal BEAE
upon immunizotion with thMOGY or
MOG34-56. Susceptibility to MS ix aswod-
ated with HLA-DR and -DQ alleles, whereas
for HLA-DF, a linkage with disease chrenicity
and epitope spreading has been proposed™.

EAE in New World monkeys
EAE models in ewl monkeys (otus spp.)
and squirrel monkeys (Saimiri spp.) have
been reported in the carly 1970s, but they re-
semble the macaque models in many respoects.
In 1995, Hauser and colleagues reported on a
new MS model in the common marmonet
{(Callithrix jacchus), which approximates MS
in its clinleal and pathological expression’?.
The common marmoset is 8 small-slzed
monkey, with an adult welght of 300200 g
and an evolutionary distance from humans
of 55 million years'. Several biological char-

Fig. 2. Histopathelogy of & magnetic resomance imaging (MRI)-deteetable lesion in cormition
marmosets. Clronic experimental autoitmune cnccphalontyelitia wos indwced by immunizabion with
huwan myelin cmulsifiod in complete Freund's adfuvent, The monkcy was secrificed at 34 weeks after
Trprmtizationt at the stage of ataxi. (a) A coronal slice of . T2-weichicd MRJ recorded post mortem
shows at least tiree MRI-detectable lesions (top; magnification = 2.52¢). The lesion indicated with e
arrewhead was processed for tistology. (b) Klilver—Barrera staining visualizes myelin in blue, showing
atrong demyclination (99 X3 (o) In Hie same Iesion, exonal structures were sigined with Bicischotwsky
siloer fmprosmation, showing axonal conservation (99 X). The presence of numerous 27E10-positive
macrophages (brown) (d) and CO3™ (1) cells (browm) (e) classifies thr lesion as lale-avtive (246 x).
Figures reproduced, with permission, front Ref. 22,

acteristics make the marmoset an attractive model for sutoimmune
dlscanes, Marmosets give birth to one or two genetlcally non-identi-
cal sebs of twin or triplet siblings per year, which are full bone mar-
row chimeras as they share the placental blood dreulatlon. Because
bone-marrow-derived T cells from both siblings have been educated
in the same thymic micoenvironment, an alloimmune responsc

between fraternal siblings s absent. This unique feature has allewed
transfer of EAE between twin siblings with MBP-specific CO4* T
celly, confirming thelr central role in the discase!™.

A second attractive featuze b the lmited polymorphism of Mhe-
Caja (from Callithrix jacchus) class I reglon genes, These encods the
evelutonary equivalents of humar HLA-DR and -DQ melecules,
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but Caja-DP genes were not found. The Cafa-DR region contains only
three lodl, two of which {Caje-DRE*WIZ and -DRE"WIE) have no
known equivalent in macaques and humans. By contrast, several
members of the MHC-DRE1*03 allekic Incage are shared betwoen
marmasets, macaques and humans™™*, The Caje-DRE*WI2 locus In
common marmouets contains only one allele Coje-DRE*WI1201,
which is present in all individuals tested from our own and other
centres (n > 100)™".

TCR genes in marmosets

Anumber of rearranged T-cell repertoire B~chain genes were ident-
fied {2 TCRBC, 13 Bf, 2 BD and 15 BV genes). The high similarity
between human and marmoset V-D-[-CB chain gene sequences
(82.6-93.4%) iy in line with their close phylogenetic relationship. The

Fig. 3. In situ analysis of costimulation in g typical carly lesion in common
marmoscts, Crypsections of @ marmosct brain affrcted with exprrimenial
autoimmune cncephalomyelitis weve stained with menoclonal antibody
mu3l12, g mowse antibody directed against human CD40 and crossreac-
tioe with nonkuntan privtates. CD40 membrane cxpression is wisualized in
blug; ackivity of acid phosphatase, a Rypsosomal ensyme abundanily present
in the cytoplaset of macrophages, is shown in red. (2) High cxpression of
CD40 by colls ls sheim within and around two early lesions (1302¢). (b) At
FKigher magmification (650 ), CDH0 can be seen expressed by macrophages
tblue rtembrane and red cytoplasm) and cells without acid phosphatase
activity (possibly B cells). () This shows the eo-localization of cells ex-
pressing COM0 fred) and gelatinase B tmatrix metalloproteinase 8, in bluc),
an cnzyme fnvolved in cefl migration end Hssee destruction (1300x).
Beeouse CO40 ligation in vitro tan induee gelatinase B production, these
results suggest tat Jocal CD40-COHOL interactions induce pathogenic
cffector functions within lesions. Fig. 3b is reproduced, with permission,

Sfrom Ref. 24.

length of the COR3 region is also similar to that in humans, averag-
ing ten amine acids™. Framework regions were conserved to a high
extent. Thus, TCR genes are very stable across primate swpecion, and
marmosets expresy a diverte TCRB repertoire, despite their Umited
polymorphism of MHC class I genes.

Clinical and pathologica! presentation of EAE in
common marmeosets

EAE develops in 100% of common marmosets immunized with
whole myelin or myelln proteins in CFA. Transfer of anti-myelin
CD4* T cells Induces CNS inflammation but, for extensive demyeli-
natien, ce-transfer of antl-myelin antibodies Is needed, confirming
the role of plasma cells in EAE (Refs 20, 21). The dlinical and patho-
logical expression can be varied by medification of the discase in-
duction procedure. The time of disease onset Is variable and clinical
slpnes fellow a relapsing-remitting or primary progressive couse. It
cant be shown with serial i vive MRI that Jesiens first oceur around
the lateral ventricles. At later stages, hrgc demyelinated arcas
formed by confluency of smaller perivascular lesions are found in
the parenchyma of the white matter. This resembles the situation in
MS. Levions with a similar MRI appearance represent distinet pathe-
logical stages with different degrees of inflammation, demyelination,
remyelination and axonal pathology™. Intravenous administration
of Bordetella pertussis particles in addition te immunization with
myelin/CFA causes simultancous onset of the first clinical signs and
a mainly relapsing-remitting discase course™, Pathological exami-
nation shows a similar topography of smaller-sized lesions in the
Birain and some larger onior, that may show destruction of anons=,
The apparent aggravation of Inflammatory reactions in the lesions s
consistent with the enhancement of proinflammatory Thl rosponses
by B. pertussis.

Eswentally; all dinical and pathological features of myelin-induced
EAE can be found in animals immunized with thMOGSS in CFA.
“The single shared spectficity of T-cell lines generated from different
MOG-immunized animals is MOG14-36. Activation of these T-cell
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lines is restricted by Caje-DRE*W1201 molecules. All marmosets
immunized with MOG14-36 develop clinical and pathological EAE
with spreading of T~ and B-ccll reactivity to other MOG epitopes™.
Becouse the Caje-DRE"WI1201 allele is present in 21l our commen
marmosets, the 100% incidence of demyelinating EAE in our outbred
coleny can be explaned by o uniform EAE-initating tmmune
response to a single MOG epitope!™,

In sitr analysis of immunological activity within lesions
The systematic MRI-pulded histopathological and immunological
stage-characterization of levions in the marmoset EAE model has
provided the opportunity to relate iz pive data to ex vive and i situ
findings™ (Flg. 2). Immumohistological characterization of carly
perivascular CNS lesions in EAE-affected marmosets shows that
these are areas of significant immunological activity™. Similar to
EAE in mice, activated macrophages expressing costimulatory
D40 molecules are dominant in the lesion (Fig. 3), whereas T cells
exprewsing CD40 ligand (CD40L} are prosent at much lower fre-
quency™™¥. Myelin-immunized marmosets treated with a mouse
ant-human CD40 antagonist antbody {muSD12) remalned free of
clinical signs during the treatment period (see below), indicating that
the expression of clinical signs is causally related to the peripheral
and local humoral and eellular immune reactions.

In witro interaction of CDAAL* T cells with CD40* macrophages,
dendritic cells or B cells induces several proinflammatery factors
with a possible role in EAE pathogenesis. For example, gelatinase B,
which is produced by macrophages upon CD40 crosslinking in 2itro
and might be responsible for the inareased blood-brain bartier per-
meability in carly lesions, is expressed in marmoset EAE lesions
(Fig. 3). The co-localization of Thi- and Th2-type cytokings in the
cartiost lesion stages might explain why active inflammation and de-
myelination are present within the same lesion in this modet™. This
in clearly different from many rodent EAE models, which show a
polarized and sequential Thl/Th reactivity. As a representative ex-
ample, the expression of the interleukin 12 (fL-12) p35 sebunit in an
carly lesion is shown in Fig. 4. Such carly lesions appear surrounded
by astroeytes with strong intra-cytoplasmatic staining of the anti-
inflammatory cytokine IL-10, pointng ata possible counter-regulatory
activity towards the oxpanding lesion.

Preclinical evaluation of immunotherapy

An ipcreasing number of new experimental therapies for auto-
immune discases are species spedfic’. This mplies that for the pre-
clinical testing of safety and efficacy, disease models in nonhuman
primate specics are obligatory. Below, some examples are discussed
of distinct immunotherapeutical approaches that have been evaluated
n rarmoset EAE.

Ambinflammatary therapy
The complete inhibiton of myelin-induced EAE in marmoncts by
Rolipram, & phosphodiestetase inhibitor suppressing tumeur necrosis

Fig. 4. Expression of pro- and anti-mflammatory cytokines in levions of
common starmoscli. Cryosectiorss of early lestons fn experimental auto-
immune crcephalonyelitis (EAE-affected marmosct brain were slained
with antibodics against human cytokines. {a) Locally restricted cxpression
of interleukin 12 (IL-12) p35 chain within an carly icvion (red). IL-12 &
regarded as a pivotal T helper 1(Th1-derived proinflammatory cytokine in
EAL devclopment (magmificationn = 325x). (b) Expression of IL-10 {rcd}
by ceils of astrocute morphology i1 the immediate Ticinity of @ perivascular
infilteate {200X). This demonstrates that expression of pro- and anti-
inflammatory mediators can occur simullancousty. Figures reproduced.
with permdssion, front Ref. 24

factor o (TNF-a) production, indicates that Thl cells play an impor-
tant role in this model™. Interferon B (IFN-B) 1s the most widely used
biologieal therapeutic i MS, but little is known about the actual
working mechanism. In the marmeset model, human IFN-B pro-
vides seme clinical benefit, implying that functional effects of IFN-B
in humans can be investigated in this model, In Lewis rats, recombi-
nant rat IFN-B offectvely prevented EAE development, but with-
drawal induced fatal exacerbation™. Howoever, this effect wan not
obrerved In common marmosets (B.AL “t Hart ot al., unpublished).
Hence, compared with Lewis rat EAE, the response to IFN-B brear-
ment in the marmeset EAE model more closely tesembles the
response in MS.

Tolergnce-based therapy

In rodent EAE models, modulation of the antd-myelin T-cell revponse
from a Thi to a Th2 profile was found to be a safe and effective ap-
proach. Because MOG is a likely primary taxget of the autoimmune
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reactivity in MS {Ref. 30), on¢ might assume that deviation of the
pathogenic MOG-specitic Thl activity to a protective Th2 activity s
beneficial to MS. Although marmosets tolerized to MOG were
protected against the acute phase of EAE, they developed an unex-
pected fatal antibody-dependent demyelinating disease several
wacks later™, It was concluded that immune deviation can promote
Thi-driven anti-MOG antibody responses that exacerbate disease.
Detailed examination of the antigen-specificity of the antibody mol-
ecules that can be found attached to the myelin sheaths in carly ac-
tive lesions have revealed that these are probably directed towards
MOG and MBP (Refs 32, 33).

Costimulation-targeted therapy
The advantage of therapy aimed at blocking costimulatory interac-
tons between APCs and T or B eclls ever antigen-specific therapies
i that the {(auto-) antigens invelved do not need to be knowr. Blodk-
ing of CD4OL on activated CD4* T cells prevents EAE in mice™, To
demeonstrate that blocking APC functions with ant-CD40 antibody
provides clinical benefit, marmosets weere treated for 28 days with a
moure anti-human CDA0 antagonist antibody {(muSDL2™ starting
14 or 25 days after EAE induction, allowing ampie time for T-cell
priming to occur. All animals remained free of clinical signs during
freatment, but exacerbabons occurred in some animals aftor eon-
ation of therapy: The appearance of marmesct ant-mouse antibodies
limited the cffective treatment peried (1D, Laman of af., unpub-
lished}. Prevention of thMOGY-induced EAE with chimeric antag-
onist ant-CD40 monodenal antibedy {mAb} showed complete
protection agalnst EAE, In addition, ant-MOG antibody responses
were dramatically reduced, indicating inhibition of T-B interactions
{J. Boon ¢t 4l., unpublished).

Collectively, these data show that manmoset EAE bs an excellent
model for the preclinleal validation of inmunotherapeutic concepts
for which proof of principle has been obtained in rodents.

Perspectives

There are ebvious limitations to the use of nonhuman primatoes for
rescarch i terms of ethics, avadability and cost. Compared with the
rhesus monkey and rodents, the marmoset EAE mode] offers a series
of highly useful mmunclogic and practical features. Its small size
and relative case of breeding and handling in captivity fadilitate
experimentation and reduce the amount of therapeutic agent needed
by a factor of 20, compared with rhesus monkeys. The immune tol-
erance among chimerice twins allows adoptive transfer experiments
assessing relative contributions of T and B cells to pathogenesis.
Marmoset MHC typing and characterizaton of the TCR permit
detailed clucidation of epitope specificity. Widespread primary
demyelination, the hallmark of MS, occurs [ the marmoset CNS.
The susceptibility of mammosets te similar neuroinvasive infective
agenty an humans enables further investigation of eavivonmental
factors promoting CNS inflammation, for example by melecular
mimiery. Finally, epitope spreading on the B~ and T-cell lovel can
be studied in relation te redistribution of CNS myclin antigens to

draining secondary lymphold ocgans where primary T-cell activation

coeun™,
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Non-human primate models of
multiple sclerosis

Summary: The phylogenetic proximity between non-human primate spe-
cles and humans #s reflected by 2 high degree of tmmunclogical slo-
larlty Non-buman primaies therefore provide lmportant expenimental
models for disorders In the human population that are caused by the
imrnune sysiem, such as autolmmune diseaves. In this paper we describe
non-human primate models of multiple sclerosis, a chronie inflummatory
and demyelinating disease of the human cenral nervous system. While
reviewing data from the lUrerarure and our own research we will discuss
the unique role of such models in the research of basle disease mechan-
Isms and the development of new therapies.

Introduction

‘There Is an increasing need for non-hueman primates in the
safery and effectivity testing of biotechnology-based theraples
that are being developed for the treatment of dlinical dis-
orders in the human populadon. The minimum requlrement
for a relevant animal model for preclintcal safety tesdng of a
new therapeutde agent is that the specles is sensitlve to the
drug’s specific pharmacological funcdons. Disease models are
important, however, when the target molecules of the therapy
are expressed in vital organs only under pathologieal con-
ditions. As most biotechnology-based therapentics are exclus-
1vely reactive in primates, non-human primates provide the
most useful disease models for this purpose.

The chimpanzee is the closest living relative of man [
namure. These specles share 98.6% identity of their genome
and shared an ancestor about 5 million years ago. Chimpan-
zees would therefors be the animal medel of cholce, but the
usage of thls highly endangered specles for experimental re-
search s Umilted by ethical constraines. Useful multiple scler-
osis {MS) models have been developed in Old and New World
maonkeys. such as the experimental autelmmune e¢ncephalo-
myelitis (EAE} models in rhesus monkeys (Macaca mulatte) and
common marmosets {Callithrix jacchus}. The implications of the
dose generic and immunological simlarity of these specles
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with humans for the research on fundaumnentad pathophysi-
ological processes In autolmmune disease has been well docu-
mented {1, 2).

Muitiple sclerosis and

experimenal autoimmune encephalomyelitis

Apart from being a valid experimental model of MS, EAE is
one of the most Intensively studled experimental models in
basic immunology. Concepts developed in the model have
taught us a lot about T and B-cell autoimrmmity and the
pathogenesis of organ-specific autotmmune discases. EAE has
been successfully induced in each mammalian species tested
thus far, including mice, rats, guinea pigs, rabbits and non-
human primates, although mterindividual (in the case of our-
bred species) and interstrain (ln the case of inbred specles)
differences with respect 1o the disease susceptbility do exdst.
EAE can be induced by inoculation of emulsions containing
a strong adjuvant such as complete Freund’s adjuvant (CFA)
and a preparation from the central nervous system {CNS),
such as brain or spinal cord homogenate. seml-purified my-
elin or pure myelin anrgens, etther as a purified or as a re-
combinant protein as well as encephalitogenic peptides
withln these protelns.

The pathological hallmark of MS$ and EAE and the most
likely cause of the neurclogical deficit Is the lesion, a demar-
cated area of myelln loss in the CNS white matter wilth a
variable degree of inflammarton, axonal pathology and aste-
cytic scar formadon. On the basis of the varlable pathomer-
phological aspects of MS lesions, four patterns of demy-
elination have been discerned (3). Ondy two patterns closely
resemble the EAE models where lesions are formed by T-cell-
mediated {type 1} or T-cell~ plus antibody-mediated (type )
antmyelin autoreactivity. In the other two patterns (type 1
and IV}, which have no experimental counterparts yet. the
primary cause of lesion formadon is more likely oligedendro-
cyte Joss caused by direct microblal infecton or exposure to
cytotoxdc agents. As the leslon types found within an Indtvid-
ual patient are uniform but can differ berween padent groups,
1t has been suggested thar they may represent different types
of M3

In rodent models the concept has been developed that EAE
Is initated by the activation of a pre-existing repertoire of
myclin-reactive CD4* T cells In peripheral lymphold organs.
The activated cells are thought to migrate through the blood—
brain—barrler (BBB) using adhesion molecules and specific
enzymies 1o split the deht junctions between endothelial cells.
At histologleal examinadon such infilirated cells appear or-

ganised In perivascular cuffs. The capaciry of the infilorated T
cells to enter the CNS parenchyma depends on the interaction
with local APC (antgen-presenting cells), presentng the my-
clin antdgens to which the T cells were originally sensitised
in the periphery. Cells that do not encounter thelr specific
antigen are drained from the CNS or are locally eliminated
(4—6). This mechanism is probably the same In primate
models of EAE (7, 8) and MS.

For a long time the dogma has held that demyelination is
the main cause of the neurological deficits In MS patlents as
axonal steactures were thought w be (nidally) spared. How-
ever, on close examinaden axenal damage and manssection
are consistently found in MS lestons, while the extent of
axona! pathology correlates with the degree of influnmadon
(9). The pathological findings have been now confirmed in
viw with magmetic resonance (MR) spectroscopy (10).

Primate models of EAE

Of the plethora of transgenlc, viral and autoimmune models
of MS In laboratory stralns of mice and rats, only a few have
been explored ln non-human primates, Tnital atempts t©
evoke an MS-Hke syndrome In chimpanzess by inoculadon of
MS brain materlal have yielded Intriguing results on the viral
origin of M§ {11-14). Hawever, these experiments have re-
celved litde follow-up In later years, probably for reasons of
high costs and ethical constraints.

Currendy, the most investigated non-human primate
medels of MS are the autormmune EAE models 1n rhesus
monkeys and COmMmMOn rmarmosets. An imporant aspect of
both medels is that the patterns of neurological deficits are
less stereorypical than in rodents and resemble more the ¢lin-
ical and neuropathological heterogeneiry seen in M$ patients.
However, the two models differ fundamentally In thelr clin-
ical and pathomorphelogleal presentation: and possibly repre-
sent different forms of MS.

Macaques

The Cld World monkey genus Macges comprises medinm-
sized monkeys having thelr natural habitat in Souch-East Asla,
with the excepion of isolated populatons of Barbary ma-
eaques in North-West Afrlca and Gibraltar The relatively large
adult male monkeys can weigh more than 10 kg, and their
aggressive nature Is a dsadvantage of thls model as the men-
keys have to be sedated for almost every handling.

Macaques have an estmared evolutionary distance to
hurmans of 35 millon years. Twe species In pardeular are
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Elg. 1. Imaging of the EAB-affected rhesus monkey brain. (A) A
mid-sagittal corenal secnon of the brain of a mycln-unmunlived
thesus monkey showing a large confluent area of hemorrhagie/
necrotle and demyellnating wihite marrer (black arrows). {2) T1.
welphted and (€) T2-welghted MRE scans show a heterogeneous
slgmal Intensity, indicatag that the area in A comsists of TWo séparate
lestons, The dashed arex mdicates 4 demyecllnating lelon,
hyperintenve on T1- and hypolniense on T2-weighted image. The
solld arrow mdlcates a hemorrhagic/necrotic leslon, hypointense on
T1- and hyperintense on T2-weighred bmage. The lesions ane
confined to the white matter, sparing the grey matter (copled with
purmbslon of the edwor from: Pollant et al., Human Geoe Therapy
2001;12:505-510).

regularly involved Ln biomedical research, namely the rhesus
(M. mulaa) and the cynomolgus monkey (M. fescleuleris). The
presence of similar major histocomparibility complex (MHC)-
DR and MHC-D@ allelic lineages In humans and macaques has
been described and is of great interest because products of
both loci have been identified as major regularory slements
of susceptibllity to MS In the human population (15, 16).
Sarre MHC-DR3 lineage memnbers in humans and macagues
select the same epitopes from andgens lke mycobacterlal
purified protein derivative (PPD). bovine myelln basic protein
(MBP) or hwman myelin/oligodendrocyte glycoproteln
{MOG) and can cven present them to T-cell clones of the
other species (17-19). This observation not only demon-
strates the evolutlonary conservaton of allelle lneages and
their peptide-binding capacities, but also illustrates the high
degree of similarity of the human and macaque MHC and T
cell recepror (TCR) gene repertolres. A comparative analysis
of TCR-Vp family members in humans, chimpanzees and ma-
cagues has indeed revealed that their genomic and expressed

reperioires do not diverge substantadly (1). Another import-
aat fearure of the macaque as a model of MS is that these
species are susceptible to infectlon with several viruses stmilar
to the ones that have been implicated as possible causes of
M5 ln humans, such as type A and B herpesviruses (20).

In conclusion. an MHC-ryped and pedigreed macaque col-
ony, such as the one present at BPRC, provides an unique
possibility w0 Investigate the activaton of immunopathogenic
parhways leading 1o autolmnune encephalomyelits in a con-
wolled setting and a slmilar genetie and wirologleal back-
pround as o MS padents.

Macaque medels of EAE

The first documented EAE case was In monkeys which de-
veloped mneurological deficit assoclated with CNS Inflam-
mation after injection with healthy CNS tissue {21, 22). Based
on this finding, reproduclble EAE models have been estab-
lished In several macaque species for the smdy of genetic,
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Tig. 7. Characterixdic histological presentation of EAE in the rhesus
mozkey brain. (a) Hematexyln/eosin staning of the cerebellar white
matter of a thewos memkey affected by shMOG-Induced EAE shows a
large hemorrhagle/ necrotc lesdon. Arrows polnt 10 small persvaseular
infilrares of Jeucocytes. The Infiltrates consast mainly of granulocytes
with few monoeuclear ¢ells (b and ¢). Piesure d shows the margls of
the lesion (rectangle (n prcture A} at hugher magrification (Tuxol fast

immuncpathological and radiologieal features of MS (includ-
ing mageneric resenance imaging (MRI)) (23, 24).

Of three Macaca spectes tested, M. mulatta appeared more
susceptible than M. fosciculais to EAE Induced with whole brain
homogenate or myelin basic proteln, while M. nemetrizs was
found to be relatvely resistant. MBP-induced EAE in M. mulaita
and M. foscicularts responds differendy 10 treatment with com-
binations of autclogous MBE antlbioncs. steroids and copoly-
mer 1, pointng to possibly different immuncpathogenic
mechanisms (25). Moreover, some evidence was obtaned
that these outbred specics respond 1o different encephalitog-
entc fragments of MBP (26).

EAE in myelin-immunised rhesus monkeys usnally follows
an acute eourse, although in some unpredictable cases an MS-
ke chronle disease pattern can be found. The characreristic

biue and perlodle acld-Schuff staning for myelin). The capizal M Is
placed In an area of oedematous myelin. Io the centre of the lesion
depicted In (d) axemal structures {(Bielschownkl stalnleg In (2]} and
astrocytes (GEAP walning n ()} have completely dlsappeared. The
arrowhead In (¢) indicates an axon wath spherolds and rhat In (£), 2
remaining asorocyte.

histological aspect of the model ls the presence of large
lesions with infilzration of abundant neurrophils, and serlous
destrucdon of white marter. affecting both myelin and axons
(24, 27). Serial MR images recorded at 24-h time intervals
show that 1o mest antmals, witin 4 days after onset large
lesions can develop that at neuropathological examination ap-
pear haemorrhagic/necrotic (24). Representative examples of
lesions found observed In histology and MBI is depleted in
Flgs 1 and 2. The severe inflammatory aspect suggeses that the
leslons In this model are formed by an acute pathologlcal
event causing severe Inflamumitory necrosis rather than selec-
uve demyelination. EAE in the rhesus monkey therefore most
resernbles the acute fulminant forms of MS, such as post-
infectious leuco-encephalomyelitls, rather than the more
commaon chronie forms of MS.
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Tobie 1. Clinical and pathological heterogeneity of autocimmune encephalemyelitis in rhesus monkeys fmmunised

with pMOG34—56/CFA
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Acute EAE in rhesus mankeys

On basis of the atypical pathomorphologleal presentadon, the
question can be asked whether acute EAE In rhesus monkeys
represents an auroimmune disease. The MHC class T associ-
ation of EAE susceptibility (28), the protective cffect of
T-cell-depleting therapy (29-32) and the possiblliy of in-
duclng EAE by (autclogous) mansfer of an MBP-specific type
1 helper T (Th1) cell line (13) all polnt to a central role of
autoreactive T cells In the cthiopathogenests of the disease.
Several MBP T-cell epitopes have been identified thus far:
namely, MBP 2984 (28). MBP 61-82 and MBP 80105 (26)
and MBF 170-186 (33).

The course of EAE in rhesus monkeys is dearly influenced
by genetic factors depending on the mode of disease Induc-
ten. The presence of the Mamu-BEE1*01 allele was found as-
sociated with Increased susceptibility to EAE induced with
bovine MBP In CFA (28). However, no effect was found In
EAE Induced with recombinant human MOG (amino acids 1—
125; thMOG) In CFA (19). Compared 1o HLA-DR and -DQ,
Lttle s known about the Involvement of HLA-DP molecules
in M8, burt a role in cpitope spreading, a phenomencon that ls
thought to determine the disease course after clinlcal onset,
has been proposed {3+4). No dat are wvadlable on the tofu-
ence of non-MHC genes on the EAE course in rhesus monkeys.

A remarkable aspect of the rhesus monkey EAE model ls
thar the clinical and pathological presentation is to some ex-
tent independent of the antigen preparation used for disease
inductlon. Whereas to our knowledge In all other species im-
munisation with myelin, MBP or MOG evokes clearly dlffer-
ent disease patterns as In rodent and common marmoset

models, this seems not to be the case in rhesus monkeys. In
all three cases a similar acute EAE with haemorrhagic/necrotic
lesions are formed. This Intriguing observation prompred us
1o investigate the immunopathogenesis of EAE in this species
in more detail, focussing on the role of MOG, which is quan-
ttadvely one of the minor myeln andgens {35) bur Lkely
takes 1 cenral position m the EAE pathogenesis.

MOG-induced EAE in rhesus menkeys

By the dlrect exposure on the myelin surface, MOG bas now
emerged a5 1 potential primary target of the autolmmune
reacdon In MS patients. This assumption is strengthened by
the increased cellidar and huerad ang-MOG reactiviry of M3
patients compared o healthy conols er parents with unre-
lared neurological diseases (36—38).

The T-cell reactivity of maonkeys immunised with rhMOG
Is at least dlrected 1o three main epitopes encompassed within
amineo acids 4+-20, 35-50 and 94-116 (19), of which the
first two are also mmmunodominant epliopes in M$ patients
(36). The former paper shows also that the maln antlbody
reactlvity In the monkey sera ocours with two reglons of the
MOG molecule, namely amino aclds 4—+6 and 44-76. As
MOG peptide 34-36 Is clearly encephalitogenle in several
strains of rats and mice, we chose to test the encephalliogenic
potentlal of this particular peptide in rhesus monkeys. To our
surprise, all motkeys evenmually developed FAF, although a
dearly heterogeneous clinical pattern was found (Toble 1).

Four out of 12 monkeys developed clinical signs after a
single immunisation with pMOG34-56/CFA; severe clinical
slens were hyperacute In three monkeys and remained mild
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in one monkey. Elght monkeys were still asymptoratic at 28
duys after Imrounisation; six were given a challenge lmmun-
Isaden with pMQG34-56 in incomplete Freunds adjuvanc
(IFA) and two a challenge with an irrelevant peptide
{pMCG4-26) in IFA. Three monkeys developed acute clinical
signs within 7 days after the homologous challenge, whereas
the two morkeys challenged with the heterologous peptide
remained asympromatic. The three remalning monkeys de-
veloped clinical FAE only after one or two additional chal-
lenges with the homologous peptide.

Table I shows that the clinteal heterogeneity is reflected by a
vartable degree of CNS Inflammation and demyelinadon. The
immunological basis of the hyperacute and acute cases is still
poorly understood. Treatment with the andviral drug gancy-
clovir suppresses the expression of clinleal signs In these cases,
pointing ro the possibility thar the disease isinltlated by an antl-
viral immune reactlon superimposed on an atolmmune reac-
tion to MOG {unpublished resuits). The pathological aspect of
the lesions in the monkeys developing late stage EAE resembles
the chronic EAF rype in common marmesers.

It is of potentlal interest that whereas no Influence of
Mamu-BPRI*01 on MOG-tnduced EAE was found, both mon-
keys developing chronic EAR are positlve for this allele. Inltal
experiments show that in monkeys with chronic EAE, bue not
in those wirth acute EAE. 1 substantal diversificadon of the
T and B-cell reactivity wkes place. Hence, the possibility
exdsts that Marnu-DPB*0 1 molecules serve as a permissive risk
factor determining the outcome of EAE by the presentadon
of spreading epitopes. A similar mechanism has been postu-
lated for patients with chronic MS (39).

The common marmoset as disease modaf

Cornmon marmosets (Callithrix jacchus) are small neotropical
primates weighing berween 300 and 500 g when adult. Mar-
mosets breed eastly in caprvity, giving birth to one or two
non-identleal sets of owin or triplet siblings per year. As fra-
ternal siblings have shared the placental blood clreulation in
urero, bone-marrow-derived elements developing In 4 twin or
wiplet are equally distributed over the siblings. This namral
chimerism induces in each monkey perrnanent tolerance to-
wards Its fraternal sibling’s allo-antigens. Hence, it is possible
10 test the pathogenic rele of autoreactve T cells by adeptive
mansfer experiments between such siblings (40).

The sipuilarity of the humar and common marmoser Tn-
mune systems has been well-documented. A high degree of
similarity of human and common marmeset TCRBV-D-J-C
gene sequences has been observed (41). MHC-Caje class I

region genes were found 1o encode the evolutionary equiva-
lents of HLA-DR and -DQ molecules (42). Thus far the com-
mon marmoset is the only higher primate species in which
the existence of HLA-DPB1-like sequences could not be dem-
onstrated. All common marmaesets from four different centres
were found to share the menomorphle Caje-DRE*W 1201 al-
lele. The other Ceje-DRB sequences cluster lnto two polymor-
phic lineages, namely Caja-DRBI*03, comprising at least seven
aileles, and -DRB*W16, comprising at least 13 alleles (2).

The marmoset EAE model

In lts clinical presentation and the radiological and patholog-
ical aspects of the leslons, BAE in the common marmoset is
an excellent model of chironic MS (43, 44). The characteristic
lesion type resembles closely the pattern II of active M§S
Tesions, which s the most prominent type in chronle MS (3,
45, 46). The common marmoset s highly susceprible to EAE.
Upon a single immunisaden with human myelin or recom-
blnant human MOG o complete adjuvant, cach monkey
wsted thus far has developed EAE. although the individual
dlsease course varies. We have collected evidence thar this
high susceptibility can be attributed to a uniform T-cell re-
sponse of all marmeosets to MOG in the lnidation phase of
EAE. Although MOG is quantitatively only a minor constim-
ent of CNS myelin {<<0.1% of the myelin proteins) a domi-
nant T- and B-cell reactivity towards this antigen was found
in myelin-immunised marmosets {unpublished results). Data
published by McFarland et al. demonstrate that the presence
of an autolmmune reaction to MOG Is a4 key factor In the
EAL pathogenests in common marmosets (47). After having
established that all common marmosets share the Cojo-
DRE*W1201 allele {42), we were able to demonstrate that the
monomorphic Caja-DRE*W1201 molecule Is 2 major restrle-
ton element for the activatlon of CD4~ cells specific for the
encephalltogenic peptide pMOG14-36 (48).

As far as the major myelin andgens are concerned, MBP
turned out 1o be a surprisingly poor antigen and weak ence-
phalitogen in common marmosess (48). This observation
contrasts with the findings of Massacesi et al., who have re-
ported thar clinical EAE can be induced when mmunisation
with human MEP in complete adjuvane s comblned with
Intravenous adminlstration of Bordetella pertussls partictes, which
is used for permeabilization of the BBB (40). However, we
prefer not to use such srong adjuvants as tese not otly mask
the variable dlsease course between individual monkeys, but
also aggravate pathomorphological aspects of the lesions.
More specifically, administration of Bordetella pertussls t¢ mon-
keys immunised with human myelin in CFA causes a

198



synchronlsed onser of clinical signs with severe mfamma-
tory/necroric CNS white maner lesions {46).

The heterogeneous lesion pathology in marmasets
Serta]l MRI is a powerful technique 10 examine the brun white
matter lesion development in common marmosets (9). Qur
own studies have revealed that at a glven time point, lesions
of various differentiation stages are present within the CNS
{363, As an lustratien. one slice of an MR-brain image with

Fig. 3. MR and histological fearures of
leslons io murmosets bnunised with
hymas myelin/CPA- ) & T2-welghted
brain MR image showing three confluent
lesisns The myelin statnmg m b, € and 4
shown thar all chree leslons are derayelinsred.
The fine chamcteriaton In ref <6 show tha
b Iy an Inactve leslon with substantlal
rermyelloation, that ¢ = 2 confluence of an
actlve demyelinadon upper part and an
Inacelve lower part. Leson d 15 an actlve
demyellnating leslon, with reduced denslity
of axons due to oedema. fe) Spherowds are
absent, Indlcanng sparing of axons (h). The
perpvascular Infilerates In lesion d comslst
maloly of lympbocytes and macrophages,
but scutrophlls are absent (£ hematoxylin/
eosn stalning). Many CD37 T cells are
present (g).

three different leslons, which by newrepathological character-
isarion turned out to represent different stages, is shown in
Flg. 3. The continuous formation of new lesions flustrates the
chronic nature of myelin-lnduced EAE in thls species.

The obvious advantage of a disease model in non-human
primates s that the same reagents can be used for the
immunohistological analysis of tssues from MS patlents and
EAE-affected monkeys. On closer examinarion, lesions with
active inflammation and demyelinadon also appear immuno-
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Fig. 4. Clinical hererogeneity in xhMOG-Imzouaised D2moscts.

A total of 26 marmosets of elther sex and between 2 and 5 years of age
were immunised with 100 pg thMOG 1n CFA. The dimleal scores
represent: 0.5 =apathy, loss of appetite; 1.0=letharyy, anerexta, Saccid

logically active. Tis is iJustrared by the presence n active
lesions of activated {CD40*) APC i close conjunction with
actvated (CD154%) T cells (50). At the same locadons, high
numbers of cells staining positively with antibodies direcred
to cytokines and marrlx metalloproteases were found. Admin-
istratton of antibodies which block CD40—CD154 interaction
(51) or neutalise interleukin (IL}-12 abrogate clinical disease
and lesion formaton, llustrating that the local imnmmelog-
ical interactions mediate the lesion formadon (H. P M. Brok,
M. van Meurs, E. Blezer, A. Schantz, D. Peritt, G. Treacy, ]. D.
Laman, J. Bauer, B. A. 't Hart. submitted for publicadon).
Neuropathological evidence of axomal damage, intense
statming of axons with antibody directed to §-amyloid precur-
sor protein {~APF), has been found n rdee (52, maws (53),
common marmosets (54} and MS pattents (53). In the mar-
mosets as well a5 in MS patlents the highest density of wxons
with accurnulared B-APP was found in leslons with active in~
flammatory activity, pointing ar a possible causal reladon be-
tween disturbance of axonal transport and inflimmadon. A
key o the underlylng mechanlsm of the axonal pathology
may be the assoctation between inhibidon of axonal wansport
and cytosollc adenosine 5'-mriphosphate (ATP) depletion as
observed in patients with mitochondrial impairment (55). It

tall: 2.0=ataxda, sensory loss, blindness; 2.5=1ncomplete paralysls one-
(bhemi-) or two-nided (paraparesis): 3.0=complete paralysis hind past of
the body {bems-/paraplegla); 4.0=complete paralysis whole body=
quadriplegia,

is of Interest n this comtext that severad pathophystological
condidons considered to be involved In formaton of MS
lesions ¢an also cause reduced cellar ATP levels, such as
metabolic stress (56), oxddadve stress (57) and ischaemia
(58).

Imrunopathogenesis of myelin-induced EAE in marmosets
The data ohrained thus far show that the EAE pathogenesis in
marmosets bears a much closer resemblance 1o the sluaton
in the mafority of MS patieats and rodent EAE models than
the rhesus monkey model does. It Is becoming clear that the
formation of lesions in auteimmune models of nflamratory
demyelinaton in mice (59), rats (60) and marmosets (61)
is caused by a sindlar synergistic action of a T-cell-mediated
pathrway, leading to inflammation, and 1n andbody-mediated
pathway, leading to demyelination of the CNS whire marter.
As an example, by active immunizaton of common mar-
mosets with MBP/CEA or passtve wansfer of MBP-specific T
cells, only CNS inflanmadon is induced. CN$ depyelination
is dependent on the co-zansfer of and-MOG antbodies (61).
The presence In MS and EAF-affected marmosets of similar
depositions of MOG-specific autoantbedies in dose Interac-
tion with myelin sheaths In white marter areas of myelin dis-
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Tl-w + MT pulse

T2-map

Fig. 5. Nearopathological heterogencity in rhMOG-immunised
marmosets. At an pterval of 10=14 days after immunization with 100
pg rhMOG/CFA, MR images were recorded on @ .7 T honzontal bore
Varlan NMR specrometer (Vartan, Pale Alto, CA, USA}, equipped wath 4
high-performance gradient tnsert (11 cm ioner dlameter, madmum
gradlent srengrh 120 mT/m). The fgure shows repeesentarlve examples

integradon and lesion formadon Indicates that MOG may
have an equally important role as a target of the attoimmune
pracess in both disorders (62, 63).

Clinical and pathological heterogeneity of MOG-induced
EAE in common marmesets
Immunization with rAMOG induces a heterogeneous clinical
and pathologlcal disease pattern in monkeys from the cutbred
colony at BPRC. Although the climleal course ls mainly pro-
gresslve, the time of onset of clinical signs differs consider-
ably (Fig. 4). The neuropathologlcal heterogeneity is illus-

MTR map A contrast T1-w

of lmages collected durlng climcal EAE (score 2 or 3). Column 13
Tl-welghted Images with MT pulve; column 2: T2 maps; column 3:
magnetisation Tratsfer ratlo maps; eodumi 4 sabttacuon of
Tl-welghted Images recorded after and before conrrast enhancement by
mravenous gadoinium-DTPA.

wated in Fig. 5, dlsplaying three different lesion patterns in
brain MR Images recorded ar the height of the disease. The
mest commonly observed pantern on T2-welghted images,
which are routinely recorded te assess the total number of
lesions and thelr spatial dlstribution. Is deplcted n Fig. 5C.
This pattern s characterised by the presence of many focal
lesions (C1), which are found scattered through the brain
white matter, and which dlsplay seme contast enhancerent
due to 2 leaky BBB (C4). The reduced magnetizaton wansfer
rato {MTR) values of the lesions (C3) polnt to cedema or
loss of tssue mass due to demyelination. The reason that such
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lesions are hardly visible on T2 maps (C2) is thar the T2-
weighted signal intensities between lesions and surrounding
normal-appearing white matter differ only marginally (an-
published results). Pattern A, with large inflacumatory leslons
(note the focal T2 enhancements in A2 and the inrense con-
trast exhancements ln A4), Is seen much less often. Pattern B
was only recentdy observed for the first dme when we applled
newly developed quantitative MR strategies, which plot the
real nuclear magnetic resonmance (NMR) signal intensitles per
pixel. This unusual pathological pattern possibly represents
ublquitous vesicidarizatlon of white marter due 10 depositlon
of pathogenle and-MOG antibodies (62).

Histologleal examination of MOG-immunised monkeys
shows large arcas of Inflimmation and demyelinadon in the
white matter and cortex of the CNS. The myelin sheaths of the
peripheral nervous system, however, are not affected (48).

Imrunopathogenesis of MOG-induced EAE in marmosets

As was discussed above, the most likely EAE-Initiadng evenc
in marmosets Is the Caja-DRB¥W 1201 -restricted activatlon of
CD4™ T cells specific for the cncephalitogenic peptide
PMOG14—36. However, cells and sera from monkeys with
chronic EAE display a broad reactvity with a panel of 22-
mer pepides covering the N-terminal rhMOG domatn (48),
indicating that intramolecular diversification of the autoim-
mune reactivity {determinant spreading) has tken place. De-
terminant spreading Is thowght 1o be a major conibutor o
the chronicity of MS and EAE (64). As already discussed
above, the exact mechanlsm s unknown, but may imvolve
the actvadon of T and B eells specific for spreading/<ryptic
epitopes. As cryprlc epitopes have escaped olerance nduction
due to inadequate processing and presentation during normal
development, they are highly immunogenle (85, 66).

The queston of where epltope spreacing in EAE tikes place
has been addressed In the marmoset EAE model. Recendy
submitted data from the lab of co-author J.D.L. indicate that
the cervical lymph nodes (CLN) that dradn the braln may play
a central role In ephtope spreading in primartes. In the T and
B-cell areas of CIN of MOG-immunised marmosets and rhe-
sus monkeys, activated APC are present contalnlng myelin
proteins (MBP and proteclipid protein (PLP)) and expressing
co-stimulation molecules on their surface. The fact that such
cells were absent in the CLN of control monkeys snd monkeys
with an unrelared autoimmune disease (collagen-induced ar-
thritis) and that inhibition of demyelination with an antagen-
Ist anti-CD40 antibody also abrogates epltope spreading (517,
points W a possible causal relatden between demyelination
and cpitope spreading The simplest explinaton of these

findings is that after phagocytosing myelin within the lesions,
activated macrophages migrate to the CLN where they wigger
an expanded repertoire of myelin-specific T and B cells. Ex-
periments in rats show that myelin released from a aryolesion
in the (NS leads to T-cell priming within the CIN. The
primed T cells were found 10 home preferentlally to the brain
of an EAE-affected animal from the same stain, and proved
1o enhance ongoing EAE (67, 63).

It is unknown whether a similar mechamism exists in MS.
However, because of the clese immunological and geoete
similarity with bumans, the outbred character of the species
and the posstbility of mansferring cells between fraternal
siblings, common marmosets provide an  experimental
model ‘par excellence’ to test whether the concepts hold in
primates.

Concluding remarks

Because of thelr penetic and bnmuneloglcal proximiry to
hurnans, non-human primates provide useful models of Ms.
The two most invesdgated models are EAE in rhesus monkeys
and comumon marmesets. An as-yet Wixesolved issue s thar
rhesus monkeys immunised with myelin or myelin andgens
develop a disease resembling acute forms of MS, whereas
marmosets morunised follewing the identical protecols de-
velop a disease resembling chronic MS. We believe that a de-
tailed examination of the pathogenic mechanlsms n these
madels will shed Hght on the mechanisms that cause the clin-
ical and pathogenic heterogeneity in MS patlents. A particu-
luly amractive aspect of non-human primares as disease
models s that pathogenic processes can be investigated
against a similar genede and virological background to that
of 1 human padent.

The non-human primate EAE models are of particular irn-
portance for the safery and effectivity testing of new biotech-
nology-derlved therapentles for MS which, because of their
species-specificlty. do not work sufficientdy well in species
more distnet from humans. Examples are therapeutical
monoclonal antibodles (62, 70) and vacelnes (71). Questons
concernlng the mmunogenicity of blological therapeurics
have alse been addressed in non-human primates (71, 72).
Many therapeutle strategles, developed with the dm of reat-
Ly M8, have been lovestpated In rodenss, such as antl-TINF-
o antibodies {73, 74), altered pepude ligands (75) and and-
CD4 andbodles (76). Although these experimental therapies
were very effectdve in controlling EAE in rodents, they are
only partally effective in M$ patients and In some cases oven
derrimental (77-80). The question therefore arises whether
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the redent models are ‘close encugh to MS™ 1o be sufficientdly
predictive for the success of 4 new therapeuntic strategy. The
observation that MOG-based tolerizaton completely protects
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The Major Histocompatibility Complex
Influences the Ethiopathogenesis of
MS-Like Disease in Primates at

Multiple Levels

Bert A. 't Hart, Herbert P. M. Brok, Sandra Amor,

and Ronald E. Bontrop

ABSTRACT: Mulriple sclerosis (MS) is a chronic inflam-
marory demyelinaring disease primarily affeccing che cen-
teal nervous system. OF the many candidate polymotphic
major histocomparibility complex (MHC} and non-MHC
genes contributing to disease susceptibility, including
those cncoding effector {cytokines and chemokines) or
receptor melecules within che immupe system (MEHC,
TCR, Ig or FcR), human leukocyte antigen (HLA) class 1T
genes have the most significant influence. In this article
we put forwnrd the hypothesis that the influence of HLA
genes on the risk to develop MS i3 aceually the sum of
multiple antigen presenting cell (APC) and T-cell inter-

ABBREVIATIONS
APC antigen presenting cell

BBB blood- bmin bartier

CILN cervical lymph nede

CINS central nervous system

EAE experimenral autoimmune
encephalomyelitis

HiA human leukocyte ancigen

Ie immunoglobulin

INTRODUCTION

Multiple sclerosis (MS) is generally regarded as an anto-
immune disease that develops in genetically susceptible
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acrions involving HLA class I and class I molecules. This
article will also discuss rhat, because of the genetic and
immunologic similartity to humuns, autcimmune models
of MS in non-human primates are the experimeneal mod-
els “par excellence” to test this hypothesis.  Humar Im-
munology 62, 1371-1387 (2007}, © American Society for
Histocompatibilicy and Immunogenecics, 2001, Pub-
lished by Elsevier Science Inc.

KEYWORDS: experimental avtoimmune encephalomy-
cliris; mulriple sclerosis; primates; immunology

MBP myelin basic protein

MHC major histocompatibility complex
MOG myelin/oligodendracyte glycoprotein

MS mulriple sclerosis

PLP proteclipid protein

TCR T—cell tecpror

TMEV Theiler's murine encephalomyelitis virus
SFV Semliki Forest Virus

individuals. MS is typically characterized by lesions in
the central nervous system (CNS), which are formed by
chronic inflammatory demyelination, leading to progres-
sive loss of neurologic functions, MS affecrs abour 1 per
1000 individuals in the moderace climate areas of Eu-
rope. the USA. and Southern Austealia {11

The cause of M8 and the genetic and immunelogic
mechanisms that concrol disease progression are poorly
understood. The subsrantial heterogeneity in clinical
course and CNS pathology berween MS parients suggests
a multifacrorial disense cause. More specifically, four
main lesion pacterns were found in a large number CNS
sarmples from MS patients collected in three different
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centers from Austria, Germany, and the USA [2] Two
patterns reveal close similaricy to the T-cell mediared
(type I} or T<ell and antibody-induced (type II} enceph-
alomyeliris ohserved in experimental animal systems. In
these types a central role of (zuto)immune reactions in
lesion formartion is likely. In pacterns I and IV oligo-
dendrocyte loss by viral infection or exposure to toxic
agents seems a more likely primary cavse of lesion for-
mation. The fact thar all lesions within ene patient fall
within one category suggeses that the four lesion types
may represent different forms of MS.

To date, it is not known wherher MS patients have
inherent neurologic abnormalities or immunologic defi-
ciencies that can explain cheir susceptibility to the dis-
ease. It has been hypothesized that an autoimmune dis-
case, such as MS, may rather be caused by "a high
responsivenass to the excess release of antigens from
damaged rissue by an anrecedent parhological event” 131,
Two cbvicus cote questions in this “primary lesion hy-
pothesis” are as follows: (1) which genes make M3 po-
tients high responders; and (2) towards which antigen(s)
is the high responsiveness directed?

This arcicle will discuss that the chance to develop MS
may be the sum of several risk factors operating at
multiple levels of antigen presenting cell (APC)-T inter-
action involving myelin as well as non-myelin antigens.
While reviewing literature data supporting chis hypoch+
esis, this article will alse discuss che possibilities offered
by the presently existing MS-like models in non-human
primates in order o investigate whether this is indeed
the case.

CLINICAL HETEROGENEITY IN M$S

In abour 80% of MS patients the discase has a chronic
relapsing-remicting course. With time. and after a vari-
able number of relapses, z secondary progressive phase
starts in most cases in which full remission no longer
occurs and progressive neurologic deficit develops. MS in
another 15% of patients is progressive from the onser,
with and without episedes of relapses, on a background
of chronic progressive neurologic deficir (so-called pri-
mary progressive MS). Acute forms of MS, with o rapidly
progressing course and severe inflammatory pathology,
are relacively rare.

The etiology of relapsing remirting/secondary pro-
gressive M3 s highly complex and likely involves a
combined activity of genetic, endocrine, environmental,
and immunobielogic factors. Evidence for a genetic con-
tribution to the disease susceptibility comes from the
substantiaily higher MS concordance berween identical
(25%) than non-identical (3%) ctwins {1]. Among the
candidate genes. the influence exerted by HLA class 1T
renes seems the most significant; the swongest generic

association in people of Northern European descent be-
ing with the HLA-DR2/Dw2, DQG6 (DRB1¥1501,
DQA1*0102, DQB1¥0602) haplotype [1, 4-6]. Poly-
morphisms in non-MHC genes, such as those encoding
cytokines, cyrokine receprors, Fo receptors, and chemo-
kines, scem to have a less important contribution to
disease suscepribility bue have a considerable influence
the clinical manifestations of MS 4, 7-10}. The facrs
that females are approximarely 1.5 times more suscepri-
ble to MS than men and that pregnancy reduces the
relapse rate indicaces 2 hormonal influence on the disease.
Migration studies and reports of epidemics of M$ 1ndi-
cate a role for environmental influences, viral or bacre-
riologic infection in particular {11, The dependence on
external facrors may explain why the disease concordance
is lacking in a significane propertion of identical twins.
In addition ro the epidemiologic and demographic re-
ports, clinical and experimental studies poine to infection
with microbial pathogens as a possible trigger for the
disease [1, 11}, Although the etiologic agent in MS is
unknows, it 15 inctriguing thac all the demyelinating
diseases in which che etiologic agent is known are caused
by a virus.

The general premise thar MS is an autoimmune dis-
ease is mainly based on the findings that ancibodies, T
cells, and macrophages are abundant in M$ lesions {12,
137 and that experimentally induced anctimyelin reactiv-
ity in certain experimental animal models gives rise to
similar neurologic deficirs as in MS (see below). How-
ever, the presence of these factors in the MS brain and
spinal cord does not necessarily imply thar auroreactivicy
i the primary cause of the disease. Autorenctive T cells
and antibodies may also be formed as a reaction to the
{massive) myelin release by viral infections of the CINS or
oligodendrocyte deach.

Experimental Autoimmune Encephalomyelitis

Most current concepts of the immunologic mechanisms
that regulare the initiation and progression of MS have
been based on rodent and primare models of experimen-
tal autoimmune encephalomyelitis (EAE) {14, 15]. Stud-
ies In primates report a similar clinical and parhologic
heterogeneity in EAE models as in MS, which depends
on the immunization protocel. the myelln preparation
used, and the animal species in which the disease is
induced 12, 16},

In classical EAE models in inbred rodent strains neu-
rologic disease is iniriared by the CNS immigration of
myelin~teactive CD4-- T cells with a pro-inflammatory
helper 1 (Thl) phenotype actoss the blood—brain barrier
(BBB). The interaction of these T cells with residens
APC, which locally express the myelin antigen(s) to
which the infiltrating T cells were originally sensitized
o in the periphery. induces 2 sequence of events that



leads to inflammation and damage to myelin and axonal
strucires. In some models the disease is acute, whersas
in others a chronic course is observed. Further, some
animmal models display an MS-like relapsing remitting
disease in which, after several discase episodes, chronic
unremiteing neurologic deficit is observed.

Mapy therapeutic strategies, with the aim of treating
M3 have been Investigated in animals, such as anci-
TNF-o antibodies {17, 18]. altered pepride ligands {191,
and anti-CD4 ancibodies {20} Although these wers
found very effective in controlling EAE in redents, they
are only partially effective in MS patients and in some
cases even detrimental [21-24}. Therefore, the question
is raised whether the nspects of MS thar are actually
represented by the auroimmune models of MS are “close
enough to MS™ to be useful for developing cherapeutic
serategies,

MULTISTEP IMMUNOPATHOGENESIS OF
CHRONIC M5

For this article the complex cascade of events, which
leads to the lesion formation and neurclogic dysfunction
in chronic MS, has been separated into different phases.
Phase 1 represents the initiation of autoreactivity to-
wards myelin antigens; phase 2 demonstrates the CNS
infiltration of autoreactive cells and molecules; phase 3
describes the induction of inflammazory demyelination;
and phase 4 characterizes the expansion of the auroreac-
uviry rowards myelin a5 well a5 non-myelin auroanti-
rens. These phases are not necessarily separated in time,
but can coexist ac the same time in the CNS of a given
MS patient, for example in lesions of differenc age. This
study postulares that in cach phase one of more APC—
T-cell interactions can occur, which adds a risk factor
enhancing the chance to develop clinical MS.

Phase 1: The Initiation of Antimyelin Reactivity

The autoimmune reactions in MS are initiated by the
activation of a pre-existing repertoire of T and B cells
specific for components of the CNS white marrer. It has
been well established that myelin specific and potentially
encephalitogenic T cells are part of the normal immu-
nologic repertoire of rodents {25] and non-human pri-
mate species, such as the common marmoset [26] and the
rhesus macaque {27} Myeclin-reactive T cells are also
present in the immune system of healthy humans ac
frequencies that are comparable with those found in MS
patients {28], However, the porential of human T cells to
incite eacephalomyelitis cannor be tested in transfer ex-
periments, as suitable recipients are lacking for obvious
ethical reasons.

The potentially aucoreactive T cells are normaily kept
in a resting state bur become activated in MS by envi-

ronmental triggers, such as viral infection or stress for
example. The activation from the resting state requires
interaction with "professional” APC, which should not
only present che relevant antigen in the context of self
MHC-DR molecules, but also provide essencial costimu-
larory signals without which naive T cells are nor acri-
vated bur anergized instead {297, Several resident cells in
the CNS have the capacity to present antigens. such as
microgia cells, astrocytes, and endothelial cells. Resi-
dent CNS microglia cells in M$ have an activated ap-
pearance, expressing the three major MHC class IT mol-
ecules (HLA-DR, -DQ, and -DP [301) and several
costimulatory molecules {31, 321 Likewise, in eatly
stages of acute EAE in animals, che residenc APC have
acquired an activated appearance {32, 331

A variety of viruses have been associzred with MS,
including measles virus, rubella virus, infleenza virus,
respiratory corona virus, and a variety of herpes viruses,
such as herpes simplex virus 1, cytomegalovirus, human
herpesvizus type 6, Epstein-Barr virus, and Marek's dis-
ease virus. However, none of these have been identified as
exclusive trigrer of MS. Virwses may induce myelin
damage through a number of mechanisms either directly
or indirectly 134, 35k An example of o neuroinvasive
viras thar directly infects and damapes oligodendrocytes
and myelin is JC virus {36]. Other viruses may incorpo-
rate host cell antigens, such as myelin proreins, into the
viral etvelope thereby allowing the peripheral immune
recognition of CNS restricted antigens [37]. A thitd
possible mechanism is that the suroreactive T cells re-
spond o mimicry motfs of myelin antigens in viral
proteins {38]. As a general reaction to tissue damage,
including cytolyric viral infecrion, myelin is phagocy-
tosed and processed either locally {38] or carried ro the
cervical lymph nodes (CLN), which drain the cerebrospi-
nal and incerstitial fluids of the bmin, where myelin-
reactive T cells and B cells are activated de mows {39 -411

Many viral infections of animals have been used as
models of MS but it is often difficuls to dissect the exact
mechanisms that lead to myelin damage. The most use-
ful mouse models to investigate the activation of myelin-
reactive T cells during a virus infection are Theiler's
encephalomyelitis virus (TMEV) and Semnliki Forest vi-
rus (SFV) [42, 43]. In both models demyelination is
immune mediated, alchough myelin-reactive T cells play
a major but not exclusive role in the pathogenesis of
discase. The pathogenic mechanisms in these models
include the persistence of virus within the CNS and the
induction of myelin-reacrive T cells and ancibodies via
molecular mimicry. The specificities and functions (pro-
or anti-inflammarory) of the repertoire of activared
CD4+ and CD8+ T cells is determined by the interac-
tion of multiple genes. These include genes encoding the
MHC class I and II molecules that select and present



viral antigens and genes encoding cytokines and cytokine
reCeplons.

Phase 2: The CNS Infilcration of Cells

and Molecules

Primed T cells that have encountered their antigen in
peripheral lymph nodes are thought to be less dependent
on costimularory molecules than naive cells and, there-
fore, can be activared by antigen without the need of
coscimulacion {44]. It is chought thar the relative inde-
pendence of autoreactive T cells of costimularion rescues
them from apoprotic cell death [44, 45].

During transmigration across the BBB, T cells en-
counter brain endochelisl cells, astrocyres, and pericytes,
all of which have rhe potential to act as APC {46, 471.
The function of the BBB is mainly affected by the
endothelial cells, which are joined by tight junctons of
high electrical resistance and lack of fluid-phase endocy-
tosis. In healthy individuals this barrier limits the pas-
sage of proteins and cells from the blood. However,
during inflammarion many changes rake place on the
surfaces of activated lymphocytes, monocytes, and rhe
endothelial cells themselves [48, 49). These all act to
allow transmigracion of leukocyres through the vascular
endochelium and into the CNS parenchyma. Activated T
cells also express proteases and glycosidases, which aug-
ment migration and open the endothelial barcier, allow-
ing the passage of not only addidional cell types, such as
macrophages. but also various effector molecules (cyto-
kines, complement factors, and antibodies). The trans-
migrated cells collect in the petivascular Virchow-Rubin
space as a characreristic cuff of mononuclear cells. Only T
cells recognizing the epitopes to which they were sensi-
tized in the periphery or 2 mimicry motif thereof, pre-
sented by local APC, migrate further into the brain
parenchyma {46, 49, 307,

This phase of the disease has been extensively modeled
in inbred scrains of rodents where EAE is induced by
adoptive transfer of myelin-specific T helper 1 cells from
immunized animals into naive syngeneic recipients. In
the present model, the selecrion and presentation by the
local APC of mimicry motifs shared by myelin and viral
antigens for recognition by infilemring CD4+ T cells is
an important faccor in the EAE pathopgenesis. The success
sate of EAE induction by adoptive ctransfer of MBP-
specific T helper 1 cells in nonhuman primates is high in
commeon marmosets [26], bur it is much lower in thesus
monkeys {27]. One explanation may be thac, due to che
much higher degree of polymorphism of MEC class IT
genes in the latrer species (see below), only in some
animals does local presentation of a mimicry epitope take
place.

Phase 3: Induction of Inflammarory Demyelinarion

Thus far. no abnormalities in the CNS of MS patienrs
have been demonstrated prior to initiation of the st
lesion. We assume, therefore, that the first infilerating T
cells encounter intact myelin sheaths and inactive local
APC, which likely present low levels of myelin antigens
released during normal myelin tursover. This is not an
optimal envitonment for T-cell activation as ‘T cells are
usyally inactivated under such conditions. It is nor clear
by which mechanisms resident APC become activated,
Infiltration of cells thar were activated in peripheral
lymphoid organs can stimulate APC via the release of
cytokines, such as IL-12, IFNY, and TNFa [491. More-
over, various products from cell destruction {cell debris,
DNA} or viruses and bacreria (double-stranded RINA or
cell wall constiruents) can dirserly acrivare APC via
Toll-like receprors [31].

T-cell derived, pro-inflammarory cytokines and che-
rookines will induce locally enhanced permeability of the
BBB, thus facilitating infilration of B cells, antibodies,
and macrophages. Whereas the actual mechanisms in-
volved in the initial myelin damage are unknown, solu-
ble facrors such as TNFer are known to induce abnor-
malities during myelin formation fn wire [532] and
myelin damage #» wive [53]. The initial local descruction
of white matter may subsequently lead ro increased re-
lease of free myelin antigens and further triggering of
new T- and B-cell specificiries.

The inivial damage to the myelin shearhs in chronic
M5 likely involves a complement-dependent arcack of
antibodies binding to antigens exposed on the myelin
sutface [547. Molecules of the size of anribodies and
complement factors can gain access 1o the CINS via the
vasogenic edema at sites where the BBB leaks {551
Ameong the various myelin and non-myelin ancigens that
have been implicated in the MS immuno-parhogenesis,
the minor myelin protein myclin/oligodendrocyte glyco-
protein (MOG) has now emerged as a likely primary
targer of the autoimmune reaction. MOG is exclusively
locared in the CNS where, by its exposure on the cuter
surface of myelin sheaths and oligodendrocytes, the pro-
tein is directly accessible to infiltrating T cells and
antibodies. $everal groups have reported an increased
ipcidence and more persistent activity of anti-MOG T
cells or antibodies in M$ than in patients with ocher
inflammatory neurologic diseases or healthy centrols. In
a variery of animal species (mice, rats, and primares)
experimentally-induced auroimmune reactions o MOG
give rise to similar clinical and newroparhologic features
as found in MS [56. $71. In both MS and the marmoser
model of EAE. anti-MOQG antibodies were found local-
ized in areas where pathologic changes of white martcer
occur {58}. Moreover, 1 pathogenic role for anti-MOG



antibodies has been demenstrated in rats {$9], mice
[60}. and marmosets {61]. In all three studies it was
found that, whereas cransfer of antimyelin T cells in-
duces €NS inflammation, the induction of demyelina-
tion likely requires the presence of anti-MOG antibod-
ies binding to conformartional epitopes on the MOG
molecule ({62} and own unpublished observations). It
can be envisaged that ence an initial lesion has been
formed normally sequestered myelin antigens, such as
MBP and PLP, become exposed and accessible for an-
tibody binding.

It is unclear by what mechanism(s) anti-MOG anti-
bodies are induced prior to the induction of the first
demyelinated lesion. MOG is exclusively localized in the
CINS, where it constitures only a quantitatively minox
component of myelin. Ir is difficulc ro envisage chac
sufficient quantities of MOG reach the secondary lym-
phoid organs. One mechanism thar may induce anti-
MOG antibodies is a similer molecular mimicry mech-
anism, a5 discussed above foc T cells, namely chat protein
conformations in a virus induce antibodies to similar
conformations in MOG {63]. However, we regard chis
unlikely because, in that case, the MS-inducing virus
showld concain o linear T-cell mimiery epitope as well as
a conformational B-cell mimicry epitope.

Recent experiments in rheses monkeys indicate thar a
Trojan horse type of mechanism may take place in che
initiation of M8, as wuos described in AIDS-associared
dementia {64). In brief, CD4+ T cells activated ic the
periphery by infection with o hetpesvirus. may transfer
thar virus across the BBB into the CN§ by virtze of
cross-reactivity with myelin antigens. We have recently
found 2 candidate mimicry motif shared by dominant
epitopes of MOG and ¢ytomegalovirus (manuscripr in
preparation), Preliminary data indicate thar the virus is
locally released from the infilcrated cells and infecrs CNS
cells, We hypothesize chat the trfected CNS cells are
destroyed by infiltrating anti-viral cytotoxic T cells and
antibodies. Such o mechenism would explun che chus far
unexplained dominance of CD8+ over CD4+ T lym-
phacytes in MS lesions {65, 661

The described mechanism of lesion initiation implies
MHC class I restricred cyroroxic reaction of infiltrared
antivicdl CD8+ve T cells rowards virus-infected CINS
white martter cells as an addirional risk facter to develop
MS. It can be concluded from the TMEV moedel of MS
thar chronic inflammatory demyelinacion within the
CNS can be the result of a persistent infecrion of the
brain {42]. Therefore, the question can be asked to what
extent the MHC-associated incapacicy to effectively clear
virus from the CNS may concribute to MS suscepribility
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Phase 4: The Expansion of Antimyelin
Auroimmune Reactions

Progression of MS seems associated with che appearance
in the circulation of T- and B-cell necreactivities to a
variery of myelin and nonmyelin anrigens, including
stress proteins {68, 69]. The phenomenon that T cells
involved in the initiation of disease are specific to 2
narrow tange of myelin epitopes/antigens, but during the
later stages of disease T cells respond to a broad variety
of myelin epitopes and antigens, is known as epitope
spreading. The TMEV model demonstrates thar such
diversification of the repertoire may also occur after a
neurotropic virus infection that leads to subsequent ep-
isodes of myelin damage and myslin-specific auroreac-
tivity £423.

In several mouse models of EAE the potentially patho-
genic role of T-cell neoreactivity to spreading epitopes
has been well established {7072}, In these models the
necreactivities even overgrow the T-cell nutoreactiviries
thar injtiated the disease [73]. The activarion of a naive
repertoire of T cells responding to spreading epitopes/
antigens likely rakes place ourside the brain, as T cells
activared within the CNS do not likely escape to the
circulation [74, 731 It lins been well established in racs
that myelin antigens released from an experimenrally
induced cryolesion in the brain white matter are drained
o the T- and B-cell arcas of the CLN, which drain the
cerebrospinal and intersrivial fluids from the brain {39,
40]. In the cryolesion model, myelin-reactive T' cells
activated within CLN were found to preferencially home
to the brain and to enhance MBP-induced EAE in syn-
reneic rats [76]. This suggests that during their priming
within CLN {antimyelin} T cells may receive instructions
to traffic to the CNS white marter and enhance inflam-
matory demyelination. In this context che finding that
the CLN of EAE-affecred marmosets and rhesus monkeys
contain significant numbers of APC loaded with immu-
noreactive myelin antigens (MBP and PLP) is of partic-
ular interest {41]. Such activated myelin-loaded APC
were lacking in the CLIN of monkeys with a nonrelated
auteimmune disease, such as collagen-induced arthriris.

The processing of phagecytosed myelin by macro-
phages within lesiens implies that a broad spectrum of
previously sequestered antigens and crypric epitopes be-
comes available for recognition by the immune system.
Also, neoantigens that are induced under pathologic
conditions will become available, such as aB-crystallin.
This stress protein was found ro be expressed in MS
lesions and to represent a potential autoantigen in MS
{70} In our model, myelin damage caused by different
pathogenic mechanisms, including an anti-viml immune
respotise or an autoimmune arcack, may all give rise to
the CEN immigration of activated APC, The APC are



not only localized in the CLN areas where T- and B-cell
priming <ap take place bur also express high levels of
MHC and costimularory molecules. Therefore, we as-
swme that the APC can potentially induce T- and Bucell
neoreactivities directed to the score of myelin and nen-
myelin antigens in the white matrer macerial that they
have phagocytosed during CNS demyelination.

The iz vien divessification of the antoimmune T-cell
repertoire has been assumed te coneribure mainly o
woletance induction, However, certain MHC class I spec-
ificities may instead propagate autoreactivity and disease
progression by presenration of spreading/crypric epitopes
to the immune syscem [77].

MODELING THE MS PATHOGENESIS IN
NONHUMAN PRIMATES

To be able to model the complex sequence of events
conrributing to the MS pathogenesis, lab animals, com-~
prised of a comparable genetic complexity as humans, ace
needed. Qurbred colonies of rhesus monkeys and com-
mon marmosets qualify in this respect and valid EAE
models have been developed in both species {15, 16]. It
has been well established rhat humans and chesus mon-
keys share not only MHC-DP, -DR, and -DQ loci, but
also allelic lineages {78, 791. The sharing of allelic lin-
cages of the MHC-DRB locus has clear functional im-
plications, us was demonstrated by antigen presentation
across the species barrier {80, 81].

The susceptibility to myelin-induced EAE in the rhe-
sus monkey colony at che BPRC maps, at least partially,
to the Mamu-DP locus; overlapping MHC-DP lineages
in rhesus monkeys and humans have not been found [82,
53} An important additional argument for the use of
rhesus monkeys is thar this species not only conrains
narural infections with the equivalent versions of human
herpesviruses but also that infections fellow a similar
course a5 in humans, for example in the case of herpes
simplex virus 1 [843 and cytomegalovirus 1851 Thus, the
rhesus monkey provides a potentially interesting model
ro unravel how viruses (similar co those found in humans)
ace involved in the induction of inflimmarery demyeli-
nation of the CINS and how they may influence the course
of EAE.

The CINS white martcer lesions in the rhesus monkey
model of EAE mainly resemble those in the MS type 1,
which is characterized by strong inflammarion and lim-
ited demyelinarion [2]. This is a remarkable species-
reloted difference with the EAE model in common mar-
mosets. Rhesus monkeys immunized with recombinant
human MOG (hMOG) In complete adjuvant develop
acure clinical BAE with predominantly hemorthagic/
necrotic brain lesions {86} However, the identical im-
munization procedure in common marmosets induces

chronic EAE with lesions formed by selective demyeli-
nation of brain and spinal cord {57]. The pathologic
pattern resembles the type 2 lesions of chronic MS {2].
We are currently investigating whether this strikingly
different disease pattern has a genetic and/or immune-
logic explanacion.

A much mote M3-like type of EAE can be induced in
rhesis monkeys by immunization with pMOG34-56. a
synchetic peptide representing amino acids 34-%6 of the
extracellular domain of thMOG (manuseript in prepar-
tion). An intriguing finding in thar study was that in a
randomly collecred group of 13 rhesus monkeys sensi-
tized to this MOG peptide a variable disease pattern
develops, which ranges from an acute to o chronic re-
lapsing/remitting course,

EAE in the common marmoser 15 an excellent model
of chronic MS because strong similarities between the
clinical and pachologic aspects of the model and the
haman disease exist {14, 87, 85]. However, immunolog-
ically, the marmoser stands somewhac more distincr from
the humans than rhesus monkeys [791. The model is
unique in a number of respects. Although we deal here
with an outbred species, 100% of mndomly selected
animals from two independent colonjes housed at the
primate centers in Rijswijk (The Netherlands) and Gée-
tingen {Germany), were found to develop EAE after
immunization with human myelin in complete adjuvanz,
but the disease course varies between individual animals
(n > 50). The most likely explanation for the high
disease susceptibility is thar EAE initation in all animals
depends on the same event. namely the Caja-
DRB*W1201-restricted activation of CD4+ T cells spe-
cific for the encephalitogenic MOG  pepride
pMOGL4-36 {57]. This monomorphic MHC class I
molecule is expressed in all marmosets rested chus far
[891. The time of discase onset and che pattern of ¢linical
signs, however, differ berween individual animals. We
are now investigating whether the clinical heterogeneiry
is relared to a differenc regularory role of Caja-DR moi-
ecules encoded by the two polymorphic MHC class 11
loci Caja-DRB1%03 and -DRB1*W16. An indication
thar this may indeed be the case comes from monkeys
immunized with the thMQG protein. In the few mon-
keys thar did develop acure EAE the Twcell reactivity
remained limited to pMOG14-36, whereas T cells from
monkeys wich chronic EAE responded to 2 much broader
range of MCG peptides, We hypothesize thar the acri-
vation of T cells specific for different “spreading
epitopes.” presented in the context of different Caja-DR
molecules, gives rise to the varisble disease pattern,
Marmosets provide a unique system to directly test this
hypothesis as T-cell ransfer berween (nonidencical) fra-
ternal siblings cap be performed. The patural bone mar-
row chimerism between twin animals ascertaing rhay



TABLE 1

A byperhetical multistep model of the MS pathogenesis

Seep 1t

MS is initiated by a vird infection. The specific virul epitopes presented ro CD4 and CD8 cells in periphernd lymph

nodes are selecred at the level of Mhc-class [ uad I polymorphisms,

Seep 2:

All activated T-cells transmigrate the blood brain barrier, bat only those recognising the epirope to which chey were

primed in peripheral lymph nodes, of a mimicry cpitope thereof in myelin antigens, penetrate into the CNS. The
specific myelin epiropes presented by residene APC to infiltrated T-cells arc selected at the level of Mhc class I and I

polymarphisms,
Stepr 31

CN3 infilerating CD4+ Tcells or co-infilerating macrophages., carey (herpes)viruses across the blood bruin barrier into

the CN3 whicte macrer. Shedded virus locelly infects white matrer cells, inciuding endothelium, olipodendrecytes,

aRtracytes etc.
Swep 42

The initial ateack ro the myelin sheaths (Wilkin's “primary fesion™ involves che Ml chiss I restricred cytoroxic killing

of virally infeeted white matter by infileraring CDS cells. Insufficient clearance of the virus may lead to pemsistent

infection of the CNS.
Sip 52

The intre-CNS activation of infiltrated CD4 cells involves Mhe class 1l-resericeed intemetion with resident APC inducing

relense of fucrors cytokines thar enbance BBB permeability, such as cytokines (IL-1, TNF-0r) and marrix
mctalloproteinases. Sevetal of these facrors are encoded by polymorphic penes.

Sup 6:

The APC-mediared transport or passive drinage of myelin from the "primary lesions” ro the cervical lvmph nodes

triggers o broad reperroire of auroreuctive T- and B-cells in susceprible individuals.

Seep 72
penetrate the CNS ro enhance the encephalicis.

Pathogenic Tcells and ancibodies specific for cryptic andfor spreading myelin epitopes are relemed in the circulation and

Discase remission is determined by the pacienc's capacity ro contrel the activation of autorcactive T- and B-cells.

transferred cells are not rejecred despite the generic dis-
parity [90L

Concluding Remarks

In conclusion, we postulate that during the pachogenesis
of MS multiple APC and T-cell interactions take place
(summarized in Table 1). MHC polymorphisms operat-
ing at each interaction may either enhance or reduce the
chance to develop clinical MS, On top of rhis. polymor-
phisms in regulatory genes. such as chose encoding for
cyrokines/chemokines and their receptors, may enhanee
pachogenic and reduce protective activities of the im-
mune system [7—-10]. We hypochesize, therefore, char the
susceptibility of an individual to MS is determined by
the sum of chese risk factors.

In our model each renewed exposure to the virus that
has infriated MS con induce initial myelin destruction
and subsequent autoimmune reactions, giving rise to the
exacerbation of clinical signs. We think thar remissions
are induced by the patients capacity o control che
autoimmune reactions. Several of the viruses chat have
been implicated in MS cause a latenc infection in hu-
mans, which can be reactivated without a ¢lear external
cause, For example, activation of latent herpes simplex
virus 1 or cytomegalovirus infection can occur associared
with apparently uncelated events, such as immunosup-
pression, fever, and stress. Conceprually, activation of a
latent infeccion in individuals with a genetic risk phe-
notype may exacerbare M3 via T cells thar respond, for
example, 1o 4 mimicry motif shared by herpes simplex
virus 1 and MBP [91] or one shared by cytomegalovirus
and MOG ('t Hart ¢f 2/, manuscript in preparation).
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Chapter IV

Summary and

future perspectives






Multiple sclerosis (MS) is a major cause of disability in young adults
affecting approximately 15,000 people in The Netherlands. Critical aspects of
the disease have been modeled by experimental autoimmune
encephalomyelitis (EAE) in animals. The vast majority of investigators use
rats and mice for the unraveling of the MS immunopathogenesis and for the
development of new therapies. However, despite decades of intensive
research, the primary cause of MS is still unknown and no curative treatment
exists.

With the development of EAE in the common marmoset, a new nonhuman
primate model for MS has become available that seemed superior to the
existing rodent and nonhuman primate models in many aspects (Massacesi.
1993). The first experiments performed at the BPRC confirmed this view (r
Hart. 1998). The ethical constraints for using nonhuman primates demand that
such a model is used only for purposes that can not be investigated otherwise.
The prime rationale for nonhuman primate models of human disease is the
possibility to evaluate potentially effective therapies that do not sufficiently
work i rodents. At the time that our studies were started, only the EAE
model in rhesus monkeys could be regarded as being of sufficient scientific
maturity. However, both clinically and neuropathologically this model did not
sufficiently resemble chronic MS. It was therefore decided to further develop
the marmoset EAE model and to scientifically explore whether this model
can substantially contribute to our knowledge on the ethiopathogenesis of MS
and to the development of new therapeutics for this disease.

The aims of the studies described in this thesis were:

1. To investigate the immunopathogenic mechanisms leading to the specific
inflammatory demyelination of the central nervous system (CNS).

2. To investigate the genetic basis of the 100% disease incidence observed in
our outbred colony.

3. To validate the model for therapeutic purposes using antibody-mediated
intervention in pathogenic pathways.



The genetic regulation of EAE in common marmosets

Cellular responses

The common marmoset colony at the BPRC is fully outbred. As described in
chapter I1.1.1, all monkeys functionally express the monomorphic MHC class
II molecule, Caja-DRB*WI2(1, 2 phenomenon that has not been described in
any other vertebrate species thus far. This monomorphic allele is likely a
major susceptibility element for demyelinating EAE as potentially
encephalitogenic pMOGa, 3¢-specific T-cells are activated via this DR-like
molecule. This observation explains most likeiy the 100% disease incidence
in the outbred colony of common marmosets as the same autoimmune
reaction induces the disease in all animals (Chapters I1.2.1 and 11.2.2). This
feature provides us with the possibility to study the influence of
environmental factors on disease susceptibility and progression in an outbred
species. This 1s particularly true in situations where molecules exerting their
effect on cells of the hematopoietic system are evaluated since siblings of
chimeric twins can serve as each other’s control.

Several studies have demonstrated the existence of autoreactive T-cells
directed towards myelin proteins in the naive repertoire of various monkey
species and of human volunteers (Marsin 1890; Jingwu, 1992; Genain, 1994 Meinl,
1997, Linder:, 1999: Diaz-Villoslada, 1999: Goebels, 2000: Uccelli, 2001; Helfings, 2001).
T-cells reactive to epitopes within pMOGa;.4 are present at a remarkable high
frequency in non-immunized marmosets (Villoslada, 2001). It is unlikely that the
physiological function of these potentially encephalitogenic cells is their
autoreactivity towards MOG, a protein exclusively localized in the CNS. As
was already demonstrated by Martin and colleagues, highly specific T-cells
can recognize completely unrelated peptide sequences in a comparable
fashion (Gran, 1999).

Having determined a useful panel of mAb for phenotyping of marmoset cells
(Chapter I1.1.2) we were able to characterize our pMOG; 4 35-specific T-cell
lines (TCL) in more detail. Although of polyclonal origin, all TCL were
found to share the Thy,-like phenotype, including TCL derived from
pMOG, 35-immunized animals (Chapter [1.2.2). In addition, the TCL also
expressed CD56 while being negative for CD16. The subpopulation of
CD3"CD4"CD8CD16 CD356" T-cells has been described in humans 15 years
ago for the first time (Lanier, 1986: 1987: 1989), after which their functional
characteristics were published (Lu, 1994; Barnaba. 1994; Vergelli, 1996; Antel. 1998).
This subpopulation was found to: (1) proliferate in a MHC class Ii restricted,
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antigen dependent fashion; (2) display MHC class II restricted, antigen
dependent lysis of target cells; (3) induce MHC non-restricted, antigen
independent lysis of target cells that was at least partly mediated through
interactions of CD56 with a still elusive ligand (Vergelli, 1996; Antel, 1998).

CD356 (neural cell adhesion molecule (NCAM)) plays a role in the adhesion
between neural and glial cells and seems to be involved in myelination and
remyelination of axons (Bhar. 1998: Charles, 2000). Oligodendrocytes do not
normally express MHC class II molecules on their surface but are positive for
CD356 and are susceptible for lysis by CD4"CD356™ effector cells (Vergelli, 1996;
Antel, 1998). This indicates that CD3'CD4'CD8CDI16CD56" T-cells can
directly cause CNS demyelination without involvement of antibodies (Ab). T-
cells having functional properties of both Thy cells and NK cells, to date only
reported in man, could shed new light on the role of encephalitogenic
pMOG, .s¢-reactive T-cells in the marmoset EAE model.

The data in chapter [1.2.2 demonstrate that, although pMOG 43, reactivity is
the driving force in disease initiation upon immunization with MOG™, new
pMOG-specific T-cell reactivities emerge during progression of the disease, a
phenomenon known as epitope spreading. The activation of myelin-specific
T-cells is thought to occur locally in the CNS by resident antigen presenting
cells (APC) (Cserr, 1992; Katz-Levy, 1999; Harling-Berg, 1999). However, it is less
likely that these new specificities leave the brain to emerge in the circulation
(Schmied. 1993).

In Chapter 11.2.3 we provide evidence that the cervical lymph nodes (cLN)
are a more likely anatomical site of naive T-cell priming. Myelin loaded
professional APC are present at substantially higher numbers in T- and B-cell
areas of cLN from EAE affected animals compared to animals with a non-
neurological autoimmune disease. Therapeutic compounds as big as IgG can
cross the blood-brain-barrier and end up in the lesion (Chapters 11.3.1 and
I1.3.3). Cervical lymph nodes can be targeted with small molecules applied
via the nasal epithelium to induce tolerance (Cserr. 1992). This therapeutic
approach can be tested in the marmoset EAE model by using for example
blocking peptides for pMOG  4.3¢.

The variable broadening of the T-cell reactivity is possibly associated with
the heterogeneous disease course in different animals. Further
characterization of these T-cell specificities, of which the peptides are likely
to be presented by MHC class II molecules of the polymorphic Caja-
DRB1*#03 and Caja-DRB*W16 lineages, is of interest since these pMOG
reactivities also have been found in MS patients (Keriero de Rosbo, 1997: 1998).
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Autoantibody responses

Clinical EAE can be induced in common marmosets by immunization with
myelin basic protein (MBP) or proteolipid protein (PLP) but strong
adjuvantia are needed (Genain, 1996). Clinical EAE can also be induced by
immunizing marmosets with pMOG)4.3¢ (Chapters 11.2.1 and [1.2.2) or other
linear peptide sequences of MOG (Genain, 2001). However, the relevance of
these models for chronic MS can be disputed since clear demyelination is
absent, although anti-MOG Ab reactivity can be present. In chapter I1.2.2 we
provide evidence that Ab reactivities towards discontinuous MOG epitopes
are a prerequisite for CNS demyelination in the marmoset EAE model. These
data gain strength by studies of McFarland who demonstrated that
demyelinating EAE only occurs in monkeys forming anti-MOG Ab
(MeFariand, 1999). In addition, as in rodents, demyelinating EAE is only
induced when in addition to adoptive transfer of myelin reactive T-cells anti-
MOG Ig are administered as well (felesias, 2001; Von Bidingen, 2601b; Genain,
2000). In the MOG™ model anti-MOG Ab reactivities directed towards linear
amino acid sequences are accumulating in time and with disease progression.
However, the relevance of this epitope spreading is probably limited since no
direct relation of the broadness of the Ab reactivity with disease progression
could be demonstrated {Chapter I1.2.2). Our resuits show that immunization
with MBP or linear pMOG sequences does not generate Ab responses
towards discontinuous MOG epitopes which are critical to disease induction
(Chapters I1.2.1 and 11.2.2). The possibility that only Ab reactivity towards
certain pMOG boost the disease remains to be investigated. As specific
reagents are lacking, the IgG subclass distribution of the Ab reactivities
towards the different linear as well as discontinuous epitopes in the course of
the EAE can not be determined. In addition, for technical reasons detailed
analysis of the cerebrospinal fluid (CSF) and isolation of the Ab producing
cells within lesions could not be performed thus far.
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EAE in the common marmoset: pro’s and con’s

Compared with Old World monkeys, common marmosets are relatively easy
to handle and the breeding costs are low. Moreover, due to their small size,
only small amounts of test material are needed which can be relevant for
preclinical evaluation of potential therapeutics when large amounts of the
drug are mnot (yet) available. The additional value of the use of common
marmosets to MS research is that most biotechnology-derived
pharmaceuticals show good cross-reactivity in marmosets, while they are
often not reactive in more distantly related species such as rodents (Pro). On
the other hand, sufficient quantities of CSF can not be easily obtained and the
maximum amount of blood that can be frequently sampled is, due to the small
size of the monkey, often not sufficient to run the desired number of tests
(Con). To compensate for inter-individual variation, commonly observed in
outbred animal models, future preclinical trials in the marmoset EAE model
should take advantage of the fact that marmoset twins are full bone marrow
chimeras. Hence, they share essentially identical immune systems. By
treating one animal with the experimental drug and the other sibling with a
placebo, one may compensate to some extent for immunological differences
that are present between individuals in an outbred population (Pro).

Although the evolutionary distance of man to marmoset is greater than to Old
World monkeys, a high similarity at the levels of T-cell receptor (TCR) genes
(Uccelli, 1997), MHC class I genes (Chapter II.1.1), cell surface structures
(Chapter 1L1.2), cytokines (Villoslada, 2000), 1gVy reperioire (Fon Bidingen,
2001a), effector molecules (Villinger. 2001, and myelin proteins (Pham-Dink,
personal communication: Della Gaspera, 2001: Mesleh 2062) has been reported
between the two primate species (Pro). However, data on important effector
mechanisms such as the complement systern, the Ig classes and subclasses,
the MHC class I repertoire and MHC class II haplotypes, T-cell subsets, APC
subsets as well as their intracellular signaling pathways are still lacking
{Con).

As documented in chapter 11.3.1, alterations in tissue water content of the
brain, indicative for inflammation, can already be visualized by MRI within
three weeks after EAE induction, 1.e. weeks or even months before clinical
signs become apparent. The data deseribed in chapter I1.3.3 demonstrate that
the effect of therapeutic compounds on the CNS can be directly visualized
and evaluated with MRI (Pro). To be able to compare the efficacy of a new
therapy with existing ones, quantitative MRI is being developed. The MRI



scoring system as described by Jordan and co-workers and used by us
(Chapter 11.3.3) is unsatisfactory for this purpose (Jordan, 1999). It puts much
weight on the number of lesions while the size and pathological
characteristics of the lesions are ignored. Moreover, appraising the presence
of gadolinium-diethylenetriamine-pentaacetic acid (Gd-DTPA) enhancing
lesions by adding only an extra 0.5 to 1.0 point to the total MRI score of 4,
probably underestimates the relevance i the disease. As demonstrated
earlier, gadolinium-DTPA enhancing lesions are areas of high autoimmune
inflammation that most likely is the major cause for the neurological
dysfunction ('t Hart, 1998: Mancardi, 2000).

Recently developed MRI techniques enable us now to describe MRI
detectable changes in the EAE-affected common marmoset brain in
quantitative parameters. This provides the possibility to link MRI-
characteristics to histopathological characteristics of brain lesions. The use of
experimental animals allows analyses at pre-defined time points to study the
pathology of EAE in great detail (Blezer, manuscript in preparatior). The present
possibility to monitor brain lesion development by serial imaging at 14 days
intervals enables us to test the effect of experimental therapy on already
existing lesions. Using the same strategy as above, the effect of therapy on
lesion development can be followed with quantitative MRI (Pro).

The morphological aspects of EAE-induced CNS white matter lesions
resemble those in chronic MS cases (Chapters 11.2.1, I11.3.1-3, Lucchinetti, 2000;
Genain, 2001). However, thus far we were unable to directly correlate the
number or size of the brain lesions and the clinical deficit in the marmoset
EAE model. It has been proposed that in this EAE model the major
neurological deficits such as paralysis are caused by lesions in the spinal
cord. Due to the small size, with the current available MRI technology we can
not obtain useful information on the spinal cord in the common marmoset.
The efficacy of therapeutic compounds is therefore still mainly evaluated on
the basis of clinical scoring and brain MRI (Con). To compensate for this,
other tests need to be included. Implementation of the expanded scale of
disability score at the BPRC as published by others should be a first step in
this direction (Villoslada, 2000). Furthermore, the integrated usage of validated
neurophysiclogical tests (Philippens, 2000; Roberss, 2000) will definitely be of
additional value for predicting the efficacy of new therapeutics in MS patients
{Pro).

Successful induction of EAE in marmosets precludes the use of strong
adjuvantia. Besides the fact that the use of CFA induces significant physical
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discomfort, the immunization procedure also induces an unphysiclogical
situation by the systemic activation of myeloid lineage cells (Billiau, 2001). By
using additional adjuvantia these effects are even further enhanced since
severe clinical EAE may already develop within 7 days after immunization
when CFA containing M. tuberculosis and B. pertussis are used for disease
mduction (Genain, 2000). Our studies have shown that in some cases the
additional use of B. pertussis induces aspecific necrosis with brain lesions
which in our view is a likely cause for the acute onset of this model (r Harr,
1998). Although skin ulcerations are diminished by using M. butyricum
containing CFA, undesired effects of CFA still remain (Con). For example, in
CFA-treated monkeys a neutralizing immune response towards test
compounds is much more rapidly induced than in naive animals. This is
especially true with Ab produced in prokaryotes or with engineered Ab of
mouse origin (Chapter 11.3.1 and I1.3.2; Hakimi, 1991; Boon, 2000; Brok, 2001a).
However, by using fully human Ig molecules a significant neutralizing Ab
response that prevents the efficacy of the compound is absent, even in the
presence of CFA. (Chapter I1.3.3).

Detailed genetic and immunological characterization of this New World
monkey species should have a high priority. Knowledge of the innate and
adaptive immune system of this unique species is a prerequisite for enhancing
the applicability of the marmoset EAE model. Hopefully these efforts will
increase our knowledge of the MS pathogenesis and disease progression. This
should result in the development of a definite cure for this neurological deficit
in the next decade. Until then, MS will keep affecting the quality of life of
millions of people.
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SCHEMATIC VIEW OF EAE DEVELOPMENT
IN COMMON MARMOSETS

Box 1: The skin: immunization
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Box 2: the draining lymph node
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Box 3: blood-brain barrier leakage

B perivenular APC

. astrocyte

Lesjon |
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Box 5: Interaction of demyelination and
inflammation
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A case for mimicry of MOG and avian herpesviruses: Marek’s
disease virus as the cause for MS-like disease in common
marmosets ?

Based on the data obtained in cotton-top tamarins it was postulated that
chimerism has an impact on the diversity of the MHC class I repertoire
(Warkins, 1988; 1990p). The MHC class I genes in New World monkeys show
similarities with the MHC class G locus in humans and seem to have
evolved by an active process of ioci twrnover (Warkins 1990a; Cadavid, 1999).
Nucleotide sequence analysis of the polymorphic exon 2 segments of Mhic
class II genes demonstrates that the common marmoset has a limited
variability of the MHC class 1I region, a phenomenon which may be
associated with chimerism as well (Chapter 11.2.1). Whether the presence
of the monomorphic Caja-DRB*WI201 allele is related to the fact that
common marmosets normally give birth to chimeric twins is not known.
Nevertheless, the chimeric state seems to have a function in compensating
for the limited class II polymorphism at the population level. Although
there are only limited data on the extent of MHC class I polymorphism in
common marmosets, the low degree of pelymorphism between MHC class
II genes at least may explain why this species is highly susceptible to
bacterial infections (Porkay. 1992).

We hypothesize that the monomorphic Cgja-DRB*W1201 allele has been
positively selected during evolution, probably because it controlled an
important protective function. The natural habitat of the common marmoset
has largely been destroyed but new habitats are populated. The presence of
this gene, however, can be of great disadvantage when new pathogens are
encountered, especially when this molecule serves as a susceptibility trait.
The fact that primate centres in the north and north-east of Brazil are facing
regular extinctions of their captive marmoset colonies by a paralyzing
disease is of major concern in our endeavor to prevent the extermination of
this species. Unfortunately, no screening for neuropathological
abnormalities has been performed thus far and hence a possible similarity
with EAE is unclear (Menezes, Natal; Porforio, Joao Pessoa; Aarestrup,
Juiz de Fora: personal communication).

In view of the data above it is interesting that the specific epitope of Caja-
DRB*W1201-restricted encephalitogenic CD3"CD4'CD§CD16CD56"
pMOGa4.36-specific T-cells shares a high degree of amino acid similarity
with glycoprotein A of Marek’s disease virus (MDV) serotype 1 and 2 and
with Turkey herpes virus (HTV), also known as MDV serotype 3 (Kawo,
1685: 1989). Glycoprotein A is a virlon surface protein anchoraged in the
viral envelope of the class of Gallid herpes viruses of which homologues
have been described in Herpes Simplex virus, Pseudorabies virus and
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Varicella Zoster virus (Jhara. 1989), all being double stranded DNA viruses
known to infect humans (Stokiman, 2001). To date, a vaccine consisting of
infectious, tissue-culture propagated HTV is still widely used in The
Netherlands to protect chicken against MDV. In this context it should be
noted that MOG has not yet been demonstrated in birds and reptiles (Birfing,
1993).

After infection, MDYV has a life-long latent persistence in T-cells but can
be reactivated (Delecluse, 1993). Marek’s disease in susceptible lines of
chicken was initially characterized by lesions in the peripheral and central
nervous system, and by leukocyte malignancies, particularly in the viscera
(Wight, 1962; Payme, 1976; Prineas, 1972; Lawn, 1979). Susceptible animals
showed electroencephalographic abnormalities correlating with clinical
signs (Kormegay, 1983). Recent electron microscopic studies of the brain have
demonstrated that MDV infection induces a similar vacuolation of myelin
with dilation of the intramyelinic space as has recently been described in
MOG-immunized marmosets (Genain, 1999; Raine, 1999) and in vitro (Zeine,
2000. Moreover, mononuclear cell infiltrates were found within the
parenchyma. In addition, active myelin phagocytosis by macrophages was
occasionally observed but fully demyelinated axons were rare. Notably,
MDYV remained undetectable at these sites (Kornegay, 1988). Demyelination
in MDV-infected fow! is caused by blocking of the hydrolyzation of
cholesterol esters leading to accumulation of myelin blocks around the
vessels which became a target in the chronic autoimmune reaction. Taken
together, these observations in MDYV affected chickens resemble the
findings of electron microscopic studies of MS during the early stages of
lesion formation {(Shah, I1980: Raine, 1999)

Other birds may be susceptible to MDYV induced disease as well (4bujoub.
1995). Infectious MDYV is spread by feather follicles and the virus is highly
resistant (Cainek, 1969). Tt is worth mentioning that the primate colonies in
Brasil are in open contact with the environment, so zodnotic transfer of
viral particles from wild birds is feasible. Although MDV and HTV are not
considered to be a public health hazard (Sharma, 7973) and direct evidence
for a significant role of MDV in MS is lacking (McStreer, 1992; McHatters,
1995; Hennig, 1998), herpesviruses have been frequently associated with MS
(Bilzer, 1996: Cermelli, 2000, Atkins, 2000; Ascherio, 2001: Stohlman, 2001).
Experiments are in progress to test whether infection with MDV can lead
to EAE-like disease in the common marmosets in an attempt to obtain a
“natural” animal model to elucidate the role of viruses in the pathogenesis
of MS.
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APC
BBB
CFA
cLN
CMV
CNS
CSF
CTL
EAE
EBV
FDA
Gd-DTPA
HHV-6
HLA
HPA
HTV
IFN

Ig

1L
(m)Ab
Mo
MBP
MDV
MHC
MMP
MOG
MRI
MS
NAWM
NCAM
PBMC
PLP
SFV
TCR
Th
TMEV
TNF
VDI
VCAM

antigen presenting cell(s)
blood-brain-barrier

complete Freunds™ adjuvant

cervical lymph node(s)

cytomegalovirus

central nervous system

cerebrospinal fluid

cytotoxic T cell

experimental autoimmune encephalomyelitis
Epstein-Barr virus

American Food and Drug Administration
diethylenetriaminepentaacetic acid
human herpes virus-6

human leukocyte antigen
hypothalamus-pituitary-adrenal

Turkey herpes virug

interferon

immunoglobulin(s)

interleukin

(monoclonal) antibody({ies)

macrophage

myelin basic protein

Marek’s disease virus

major histocompatibility complex

matrix metalloproteinase(s)

myelin oligodendrocyte glycoprotein
magnetic resonance imaging

multiple sclerosis

normal appearing white matter

neural cell adhesion molecule

peripheral blood mononuclear cells
proteolipid protein

Semliki Forest virus

T-cell receptor

T helper cell

Theiler’s murine encephalomyelitis virus
tumor necrosis factor

variable, determining, joining region of the T-cell receptor
vascular cellular adhesion molecule
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Samenvatting voor niet-ingewijden

Wanneer ziekteverwekkers, zoals bacterien of virussen, het Ilichaam
binnendringen worden deze herkend door ons  afweersysteem
(immuunsysteem) als "vreemd”". Als gevolg hiervan komen er een aantal
reakties op gang die uiteindelijk leiden tot vernietiging van de indringers: zo
blijven we gezond (immuun). Soms kan ons immuunsysteem echter geen goed
onderscheid maken tussen wat nu lichaamsvreemd is en wat nu lichaamseigen
(“zelf7y is. Als gevolg van deze fout begint ons afweersysteerm hichaamseigen
strukturen aan te vallen. We spreken in dit geval van een autoimmuunreaktie.

Multipele sclerose (MS), een voorbeeld van een autoimmuunreaktie, omvat een
verzameling van ziektebeelden waarbij de beschermlaag (het myeline) rondom
de zenuwuitlopers (axonen) in het centrale zenuwstelsel (hersenen en
ruggenmerg) wordt aangetast. Dit  resulteert In  een  verstoorde
prikkeloverdracht van de hersenen en het ruggenmerg naar de spieren en
organen. De zichtbare beschadiging van het myeline (lesie of plaque) in de
hersenen en ruggemerg van patienten met MS kan leiden tot allerler
neurologische problemen zoals verlamming, spasmen, tintelingen, zicht
afwijkingen en incontinentie. MS komt voor bij 1 op de 1.000 mensen in de
westerse wereld (15.000 in Nederland) en is één van de belangrijkste redenen
tot invaliditeit. Ondanks intensief onderzoek is de oorzaak van MS nog
onbekend — algemeen wordt er gedacht aan een rol van virussen — en is een
behandeling die de ziekte definitief een halt toeroept of geneest niet
beschikbaar. Tevens is nog niet volledig duidelijk hoe en waarom de fout door
het afweersysteem gemaakt wordt en tegen welke componenten van het
myeline de reaktie in beginsel gericht is.

In principe kan onderzoek naar het ontstaan en de ontwikkeling van MS het
best bij patidnten worden uitgevoerd. Echter, mensen gaan pas naar de dokter
wanneer de ziekte zich uit in hichamelijk ongemak en dus al enige tijd (vaak
jaren) aan de gang is. Ook kan er niet zomaar zonder problemen hersen- of
zenuwweefsel van deze mensen afgenomen worden voor verder onderzoek en
is het inschakelen van gezonde personen volstrekt onacceptabel. De
ingewikkelde ziekteprocessen die leiden tot MS, als ook de complexiteit van de
aangetaste organen, maken dat er nog geen model is buiten het lichaam (in
vitro) waarin de ziekte tot in detail nagebootst kan worden. Als gevolg hiervan
zijn we voor een beter inzicht in het vroege ziekteproces en voor de
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ontwikkeling van geneesmiddelen vooralsnog aangewezen op proefdieren,
waarin ziektemodelien in non-humane primaten (apen) een belangrijke schakel
VOrmern.

De gewone marmoset — Callithrix jacchus jacchus of penseelaap — is
oorspronkelijk afkomstig uit Brazili€. Een volwassen dier weegt 300-350 gram,
is ongeveer 20 cm groot met een even lange staart. De witte pluimpjes op de
oren zijn het meest markante kenmerk van deze soort. In 1995 is de
Amertikaanse neurcloog Prof. dr. Steven Hauser er als eerste in geslaagd om
een experimenteel model in de marmoset te ontwikkelen dat sterke
overeenkomsten vertoont met de chronische vorm van MS in de mens en wordt
betitield als experimentele autoimmuun encephalomyelitis (EAE). De ziekte
kan worden opgewekt door de dieren componenten wvan het centraal
zenuwstelsel toe te dienen.

Een belangrijke voorwaarde voor het gebruik van de aap als ziektemodel is dat
zo’n model alleen gebruikt wordt als vraagstellingen niet op andere manieren
kunnen worden onderzocht. In tegenstelling tot de meest gebruikte muizen- en
rattensoorten, verschillen apen, net als mensen, onderling in de opbouw van
bun afweersysteem, waardoor elk dier anders reageert. Door wat bloed van
dieren af te nemen kunnen de genetische kenmerken die het afweersysteem
reguleren (het zogenaamde major histocompatibility complex of MHC) voor
elk individu in kaart worden gebracht. De bijzonderheid van dit systeem is dat
de genprodukten een grote verscheidenheid (polymorfisme) op populatie nivo
vertonen. Het grote voordeel van deze genetische typering is dat men vooraf —
maar ook achteraf - inzicht krijgt in de factoren en eigenschappen van het
immuunsysteem die mogelijk een rol spelen bij het ontstaan van MS, temeer
daar de bouwstenen van het afweersysteem in de aap zeer sterk vergelijkbaar
zijn met die van de mens. Verder is de complexiteit van de hersenen van apen
goed vergelijkbaar met die van mensen en zijn apen vatbaar voor dezelfde
infecties met dezelfde soort virussen en bacterién als mensen. Het EAE model
in de marmoset is enige jaren geleden ook in Nederland op het
primatencentrum BPRC geintroduceerd. Enkele resultaten staan beschreven in
dit proefschrift.
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Eerst zijn we begonnen om het MHC van de marmoset in kaart te brengen. Uit
de resultaten bleek dat de MHC klasse II moleculen een sterke gelijkenis
vertoonden met die van de mens. Echter, in tegenstelling tot de mens hebben
alle penseelapen één bepaalde MHC klasse IT molecuul gemeen (hoofdstuk
IL1.1). Uit verder onderzock is gebleken dat juist deze struktuur
verantwoordelijk lijkt te zijn voor de bevinding dat de ziekte in alle dieren
succesvol 1s op te wekken (hoofdstuk I1.2.1). Dit gegeven geeft ons de
mogelijkheid om tijdens toekomstig onderzoek de rol van erfelijke en
omgevingsfaktoren voor de ziekte verder in kaart te brengen.

De cellen van het immuunsysteem waarvan algemeen aangenomen wordt dat
ze een belangrijke rol spelen bij het onstaan en de verdere ontwikkeling van de
ziekte ziyn antigeen presenterende cellen (APC), T-cellen en B-cellen. Om deze
cellen beter te kunnmen identificeren zijn specificke antistoffen getest voor
strukturen die zich op het oppervliak van deze cellen bevinden (hoofdstuk
11.1.2). Met behulp van de hierbij behaalde resultaten was het mogelijk om de
T-cellen en B-cellen verder te karakteriseren.

In hoofdstuk IL2.2 worden de resultaten beschreven voor de twee op dit
moment meest gangbare ziektemodellen, gebruik makend van humaan myeline
of myelin oligodendrocyte glycoprotein (MOG) als trigger. MOG 13 een eiwit
dat slechts in geringe hoeveelheid, maar specifick aanwezig is in het centraal
zenuwstelsel. De autoimmuunreaktie tegen MOG speelt een belangrijke rol bij
de afbraak van myeline (zie ook hoofdstuk I1.2.1). Uit ons onderzock is
gebleken dat niet de kwantiteit of diversiteit maar de kwaliteit en specificiteit
van de geproduceerde antilichamen van belang zijn bij het ontstaan van EAE.
Antistoffen gericht tegen — waarschijnlijk — 2- en 3-dimensionale strukturen
van het MOG molekuul bleken een essenti€le schakel te zijn om het myelin
rondom de zenuwuitlopers af te breken. Bij dieren waarin dit soort antistoffen
niet aantoonbaar aanwezig waren, trad geen lesie vorming op. Antilichamen
gericht tegen — waarschijnlijk — lineaire strukturen lijken niet wezenlijk bij te
dragen aan het ziekteproces. T-cellen daarentegen kunnen alleen maar reageren
op lineaire strukturen (peptiden). In het MOG model in de marmoset bleek dat
het aantal verschillende peptiden waarop T-cellen reageren positief
cekorreleerd is met de snelheid waarmee de ziekte zich ontwikkeld. In het
myeline model kon dit nog niet overtuigend worden aangetoond. De betrokken
T-cellen vertoonden sterke overeenkomsten met elders eerder beschreven T-
cellen in knaagdieren en mens (zgn. CD4'Th, cellen). Uit verder onderzoek



bleek dat ze ook een molekuul, genaamd CD56, tot expressie brengen op hun
oppervlak. Van dit type T-cellen — tot nu toe alleen nog beschreven in de mens
- is bekend dat het in staat is om cellen uwit het centrale zenuwstelsel op een
aantal manieren te doden. Wat de rol van deze cellen is in mensen met MS en
of dit ook in de marmoset het geval is, wordt op dit moment verder onderzocht.

Lang werd aangenomen dat hersenen en ruggenmerg organen waren die niet of
nauwelijks beinvloedbaar waren door signalen van het afweersysteem van
buitenaf. In" hoofdstuk I1.2.3 beschrijven wij echter dat de diepgelegen
Iymfeknopen uit de hals (cervicale lymfeknopen) een belangrijke rol spelen bij
de chroniciteit van het ziekteproces. Wij hebben aanwijzingen dat hier de
aktivatie en programmering plaatsvindt van een nieuwe golf aan T-cellen die
het myeline aanvallen. Deze informatie opent nieuwe wegen voor toekomstige
therapién, aangezien de autoimmuunreaktie in deze lymfeknopen met bepaalde
technieken direct gencutraliseerd kan worden (tolerantie). Of dit ook zal
werken in het marmoset EAE model en MS pati€nten vereist verder onderzoek.

Het testen van potentiéle effectieve therapién in proefdiermodellen — zogeheten
preklinisch onderzoek — is nodig teneinde de veiligheid en werkzaamheid van
een medicijn voor de mens afdoende vast te stellen. De nieuwe generatie
geneesmiddelen zijn gebaseerd op Dbiologische moleculen, die met
biotechnologische technicken worden geproduceerd. Naar verwachting zijn
deze middelen veiliger en blijven deze langer werkzaam in de patiént dan de
huidige middelen, waardoor betere resultaten behaaid kunnen worden. De
Amerikaanse Food and Drug Administration (FDA) - de organisatie die het
gebruik van een nieuw medicijn moet goedkeuren alvorens het kan worden
toegelaten op de markt — stelt de eis dat de veiligheid van biotechnologisch
geproduceerde stoffen tevoren aangetoond is in een diersoort die gevoelig is
voor de werking van de stof. Een belangrijk nadeel van de biclogische
geneesmiddelen is dat ze door hun specificiteit alleen werkzaam zijn in de
mens, of in diersoorten die nauw aan de mens verwant zijn. De enige diersoort
die dan nog voor preklinische evaluatie in aanmerking komt is de aap. Een
tweetal van deze moleculen is getest in het marmoset EAE model. Hierbij werd
gekeken naar de klinische verschijnselen, lesie vorming in het centraal
zenuwstelsel en werden de cellen en produkten van de immuunrezktie met
elkaar vergeleken in vitro. Zowel de werking van anti-CD40 (hoofdstuk I1.3.1
en II.3.2) als van anti-IL-12 antilichamen (hoofdstuk 11.3.3) gaven
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bemoedigende resultaten te zien en worden momenteel verder ontwikkeld voor
toepassing in MS.

De in dit proefschrift beschreven resultaten geven aan dat het marmoset EAR
model een belangrijk ziektemodel is om de autoimuunreakties in mensen na te
bootsen (zie ook hoofdstuk IHI). Toch zal er voor tockomstig onderzoek verder
geinvesteerd moeten worden om zowel de marmoset als het ziekteproces in dit
dier verder in detail te karakteriseren. Juist dan zal dit diermodel significant bij
kunnen dragen tot de ontwikkeling van een behandeling die kan leiden tot
genezing van de ziekte multipele sclerose.
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Immunobiologie alwaar het collageen-geinduceerde arthritis model in de
resusaap nader werd bestudeert. Na een 3-tal jaren werd in augustus 1998
aangevangen met het promotie onderzoek onder leiding van Dr. L.A. "t Hart.
De hierbij behaalde resuitaten staan beschreven in dit proefschrift. Medio 2002
is de auteur werkzaam als manager van de sectie Animal Care van het Animal
Science Department van het BPRC. Verder werkt hij aan een meer
gedetailleerde immunologische en genetische karakterisering van Nieuwe
Wereldapen, de penseelaap in het bijzonder.
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