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Abstract

In the human disease multiple sclerosis (MS), the immune
mechanisms responsible for selective destruction of central
nervous system myelin are unknown. In the common mar-
moset Callithrix jacchus, a unique demyelinating form of
experimental allergic encephalomyelitis resembling MS can
be induced by immunization with whole myelin. Here we
show that the MS-like lesion can be reproduced by immuni-
zation against the extracellular domain of a single myelin
protein, myelin/oligodendrocyte glycoprotein (MOG). By
contrast, immunization against the quantitatively major
myelin proteins myelin basic protein or proteolipid protein
results in inflammation but little or no demyelination. Fur-
thermore, in the presence of encephalitogenic (e.g., disease-
inducing) T cells, the fully demyelinated lesion is recon-
structed by systemic administration of IgG purified from
whole myelin-, or MOG-immunized animals, and equally
by a monoclonal antibody against MOG, but not by control
IgG. Encephalitogenic T cells may contribute to the MS-
like lesion through disruption of the blood brain barrier that
permits access of demyelinating antibody into the nervous
system. The identification of MOG as a major target antigen
for autoimmune demyelination in a nonhuman primate
should facilitate development of specific immunotherapies
for human MS. (J. Clin. Invest. 1995. 96:2966-2974.) Key
words: experimental allergic encephalomyelitis « common
marmoset « myelin/oligodendrocyte glycoprotein ¢ inflam-
mation « demyelinating antibody
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Introduction

Multiple sclerosis (MS)' lesions are characterized by large,
sharply demarcated areas of demyelination associated with mac-
rophage infiltration, accumulations of perivascular and paren-
chymal T cells, and progressive astrocytic proliferation (gliosis)
(1). Despite observations of cellular (2, 3) and humoral (4)
immune reactivity to myelin autoantigens in some patients, and
some similarity to the autoimmune disease model experimental
allergic encephalomyelitis (EAE) (1), the etiology of MS re-
mains unknown. In inbred rodents, antigens capable of inducing
EAE by active immunization include the predominant myelin
proteins myelin basic protein (MBP) and proteolipid apoprotein
(PLP) (5, 6), the minor myelin protein myelin/oligodendrocyte
glycoprotein (MOG) (7), and myelin lipids (8) or nonmyelin
proteins of central nervous system (CNS) (9). Reconstitution
and adoptive transfer experiments (10—12) have established
a primary role for antigen-specific T cells in EAE. Antibody
participation has also been suggested by observations that intact
B cell function is required for full expression of EAE (13),
and that clinical signs are enhanced and demyelination occurs
following the administration of demyelinating antibodies. These
may be directed against gangliosides and galactocerebroside
(14), myelin associated glycoprotein (15), or MOG (7). Patho-
logically, typical acute EAE differs substantially from MS in
that prominent inflammation occurs in gray, white and menin-
geal structures and demyelination is scant or absent.

A primary demyelinating form of EAE occurs in the com-
mon marmoset C. jacchus after immunization with whole white
matter (WM). Typically, a chronic, relapsing remitting clinical
course is observed. Pathologically, the disorder is characterized
by the early development of large, sharply demarcated areas of
demyelination and gliosis reminiscent of MS plaques (16). C.
Jjacchus marmosets are also notable for the presence of perma-
nent and stable bone marrow chimerism between fraternal sib-
lings, resulting from sharing of a common fetal blood supply
between developing embryos in utero. In contrast to rodent
EAE (10-12), adoptive transfer of MBP-reactive T cells in this
primate species was not sufficient to reproduce the distinctive
pathologic lesion observed following active immunization with
WM (17). Thus the pathogenesis of the demyelinating pheno-
type was unknown. The present study was undertaken to iden-
tify the target antigen(s) and immune mechanisms responsible
for the MS-like lesion in C jacchus.

Methods

Antigens. human MBP and human PLP were purified as previously
described (18, 19). The nonglycosylated recombinant fusion protein



Table I. Clinical and Pathologic Characteristics of C. jacchus EAE

Pathology
Duration
EAE (day (days) Maximum CSF Subpial Perivascul Demyelination ~ Day of

Antigen Animal of onset) initial/relapse grade* (WBC/mm®)*  inflammation cuffing (plaques) death
HWM 100 mg 140-90 17 7 4 (24) 220 (24) + +++ +++ 24
139-90 25 7 3(332) 580 (32) + +++ +++ 32
MBP 1 mg! 361-90 17 1412 2 (51) 80 (51) + 0 0 51
MBP 1 mg? 362-90 36 10724 2 (80) ND 0 0 0 80
MBP 500 ug 567-92 18 3 2 (20) 76 (20) + 0 0 20

aa 1-21* 36-91 — — 0 ND ND
3791 — — 0 ND 0 0 0 51

aa 82-103* 100-89 36 10727 1 ND ND

407-89 25 33/— 1 ND ND
aa 153-174* 296-90 18 29 2 (47 ND + 0 0 47
297-90 17 30 1 (46) ND 0 0 0 47
PLP 100 pgt 325-91 21 42/91 2 (51) 140 (151) 0 0 0 158
190-91 24 30/14 2 (100) 60 (87) 0 0 0 100
PLP 200 ug 267-88 9 3 2(12) 180 (12) 0 0 0 12
PLP 200 pgt 124-93 14 17/57 2 (28) 180 (103) + + + 103
PLP 200 pug + MBP 250 ug 88-88 17 10 327 220 (27) + + + 27
MOG 100 pg 123-93 16 2 2 (16) 140 (16) + 0 0 17
126-93 17 2 3(18) 360 (18) + +++ +++ 18
83-89 14 54 4 (68) 120 (16) + ++ +++ 68

PLP 200 ug + MBP 250 ug +

rMOG 100 pg 109-90 17 9 3 (25) 420 (25) + +++ +++ 25

* Number in parentheses refer to days afer the first immunization. * Animals were rechallenged at days 46 after the first immunization. ND, not

done.

MOG (rMOG) containing the extracellular domain of rat MOG (aa 1-
125) was prepared as described in (20). The sequence of the construct
is extended for the amino acids (Met)-Arg-Gly-Ser at its NH, terminus,
and for Arg-Ser-Gln-Ser-(His) 6 at its COOH terminus. The purity of
all antigen preparations was confirmed by SDS-PAGE/Coomassie blue
staining. MBP, major 18.5-kD band; PLP, 24 and 20-kD bands; MOG,
14 and 28 kD aggregate form. 20-mer overlapping peptides of MBP
were derived from the sequence of human MBP, which differs from
monkey MBP by 4 of 172 aminoacids (5). The MOG overlapping
peptides were synthetized according to the published sequence of rat
MOG (21)

Induction of EAE. Animals were immunized with the indicated
amounts of myelin proteins (Table I) or 100 ug MBP-peptides dissolved
in 0.25 ml phosphate-buffered saline and mixed with an equal volume
of complete Freund’s adjuvant supplemented with 3 mg/ml of H37 Ra
killed mycobacterium. Three MBP peptides corresponding to regions
of human MBP known to be encephalitogenic in C. jacchus (17) were
tested (aa 1-21, aa 82-103, and aa 153-174). All animals received
10 killed Bordetella pertussis organisms intravenously on the day of
immunization and 48 h later. Animals were cared for in full accordance
with institutional guidelines. Cerebrospinal fluid (CSF) was obtained
by puncture of the cisterna magna. All procedures were performed under
brief ketamine (10 mg/kg i.m.) anesthesia. Animals were killed under
ketamine anesthesia with a lethal dose of intravenous pentobarbital.
Histopathological examinations were performed on formalin-fixed tis-
sues. EAE was scored on a clinical scale of 1 to 5 by observers blinded
to the study, and neuropathologic findings of inflammation and demye-
lination were graded according to a scale of 0 to 3+ (16).

Immunocytochemistry. Antibodies used in this study: CD3, rabbit
anti human pan T cell; CD20, monoclonal mouse anti human B cell;
CD68, monoclonal anti human macrophage (all from Dako); glial fi-
brillary acidic protein (GFAP), clone G.A.5 (Boehringer Mannheim).
The immunoperoxidase method with [3,30-diamino-benzidine] (Bio-
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genex) was used. Positive controls for marmoset tissues were obtained
using formalin-fixed spleen and lymph node tissues from normal C.
Jjacchus.

Immune reactivity to myelin antigens. T cell proliferative responses
were measured using 2 X 10° freshly isolated PBMC plated in 96-well
plates in 200 ul of AIMV medium (GIBCO BRL, Gaithersburg, MD)
with the following antigens: human WM (0.1%, wt/vol), MBP (50 ug/
ml), PLP (10 pg/ml), or tMOG (10 ug/ml). After 48 h incubation,
0.5 uCi [*H]thymidine was added and the cells were harvested 18 h
later. Stimulation indices were calculated as the ratios of *H incorpora-
tion in stimulated/unstimulated (medium alone) PBMC. Antibody re-
sponses were tested in serial dilutions of C. jacchus sera using a dot-
blot microfiltration apparatus with purified MBP (250 ng/dot), PLP
(500 ng/dot), and rtMOG (500 ng/dot) adsorbed on 0.45 um nitrocellu-
lose membranes. Color development was achieved using anti—monkey
IgG coupled to immunoperoxidase (Sigma Chemical Co., St. Louis,
MO) at a dilution of 1/4,000 and enhanced DAB substrate according
to the manufacturer’s instructions (Pierce, Rockford, IL). Fine specific-
ity of anti-MOG antibodies were determined by ELISA in 96-well plates
coated using 1 ug of synthetic rat MOG-peptides per well, with 100 ul
of sera (1:200 dilution) and 100 ul of peroxidase-conjugated anti—
monkey IgG (1:6,000; Sigma Chemical Co.). Plates were developed
with [o-phenylenediamine]-peroxidase substrate and read at 490 nm.

Adoptive transfer of autoantibodies. Native C. jacchus antibodies
(IgG) were purified from plasma by affinity chromatography over pro-
tein A—agarose using the MAPS buffer system (Bio-Rad Laboratories,
Richmond, CA) according to the manufacturer’s instructions, and then
dialyzed against phosphate buffered saline before injection. The murine
monoclonal anti-MOG antibody 8.18.C5 was purified from ascites su-
pernatants (22). Animals were immunized with native MBP (500 ug)
and, at the time when clinical signs of EAE, CSF pleocytosis and T
cell reactivity to MBP appeared, 150 mg/kg of C. jacchus IgG or 25
mg/kg of 8.18.C5 were administered by a single intravenous injection.
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Figure 1. Representative
pathologic findings of EAE
in C. jacchus. Low (A, C,
G, 1, and K) and high (B,
D, E, F, H, J, and L) power
views of fields stained with
hematoxylin/eosin (G) or
luxol fast blue/periodic
acid Schiff. Bars, 200 and
40 pm, respectively. (A
and B) Acute EAE induced
by WM immunization. In
A, foci of perivascular
cuffing with pronounced
demyelination. In B, higher
magnification illustrates
monocyte and macrophage
infiltration; (C and D)
EAE induced by tMOG.
Note extensive perivascu-
lar cuffing with demyelin-
ation, and similar morphol-
ogy of inflammatory cells
as in WM-EAE; (E) EAE
induced by MBP. Note
subpial infiltration by mo-
nonuclear cells in spinal
cord, but absence of paren-
chymal infiltration or de-
myelination; (F) in con-
trast, rIMOG-induced EAE
displayed prominent de-
myelination (arrowheads)
underlying a subpial infil-
trate in the spinal cord; (G)
MBP-induced EAE. Low
power view of a subpial in-
filtrate (hematoxylin/eo-
sin); (H) MBP-induced
EAE. A perivascular in-
flammatory infiltrate in a
dorsal peripheral root;

(I) PLP-induced EAE illustrating a single inflammatory infiltrate (arrows) in the brain stem. (animal 124-93). The arrowhead indicates the area
shown at higher power in J; (J) note the incomplete perivascular demyelination (highlighted by the arrowheads); (K and L) MBP + PLP-induced
EAE. Cervical spinal cord section illustrating an infiltrate in the lateral funiculus (K, arrow), comprised of perivascular monocytes (L, arrow) with

accompanying areas of incomplete demyelination.

Results

To identify the role of different myelin proteins in C. jacchus
EAE, groups of marmosets were actively immunized with either
human WM, native MBP, synthetic peptides of MBP, PLP, or
rMOG, either alone or in combination. All animals developed
clinical signs of EAE within 36 d of immunization, with the
exception of two animals immunized with a peptide correspond-
ing to the amino acid sequence 1-21 of MBP (Table I). Severe
clinical EAE (grades 3 and 4) and CSF pleocytosis indicative
of CNS inflammation occurred solely in animals immunized
with whole WM, rMOG alone or rMOG in combination with
PLP and MBP. Immunization with either MBP or PLP resulted
in mild clinical signs (grade 2) and a mild degree of CSF
pleocytosis; immunization with synthetic peptides correspond-
ing amino acid sequences 82-103 or 153-176 of MBP also
induced mild clinical disease, similar to that observed with
whole MBP. After recovery from acute MBP or PLP induced
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EAE, rechallenge with the same protein resulted in the develop-
ment of new clinical signs but did not increase disease severity.
Thus by clinical criteria, ’IMOG was a more potent autoantigen
than either MBP or PLP in C. jacchus.

The characteristic pathology of EAE induced by immuniza-
tion with whole WM was also reproduced by immunization
with rMOG, but not with MBP or PLP. Two of three animals
immunized with rMOG, and one animal immunized with tMOG
in combination with MBP and PLP, developed intense CNS
perivascular infiltration by mononuclear cells and macrophages
accompanied by prominent concentric demyelination (Fig. 1).
By contrast, with MBP immunization subpial inflammation was
present but no demyelinating lesions could be identified. In-
flammation in MBP-immunized animals was also present in
spinal nerve roots (in particular the cauda equina), and it is
possible that these inflammatory changes in the peripheral ner-
vous system contributed to the clinical signs. These findings
were identical to those previously reported to follow adoptive



transfer of MBP-reactive T cell clones in this species (17). In
PLP-immunized animals, subpial inflammation and occasional
parenchymal perivascular mononuclear cell infiltrates occurred
but demyelination was not present with the exception of a single
focus in the brain stem of one of four PLP-immunized marmo-
sets (Fig. 1, I-J). Immunization of another animal with a com-
bination of PLP and MBP resulted in a more severe form of
EAE than present with either antigen alone. In this animal,
rare foci of perivascular cuffing, macrophage accumulation and
incomplete demyelination were present in the spinal cord (Fig.
1, K-L). In both WM and rMOG EAE, acute inflammatory
lesions were comprised predominantly of T cells located in
perivascular cuffs and surrounding parenchyma (Fig. 2). B-
cells were also present but in lower numbers than T cells.
Marked astrocytic proliferation (gliosis) was also characteristic
of both WM and rMOG EAE. Because no parenchymal in-
flammatory lesions were present in MBP-immunized animals,
immunohistochemical studies in this model were confined to
the characterization of the meningeal infiltrate. The meningitis
in MBP-immunized animals consisted predominantly of CD3+
T cells (data not shown).

We examined circulating T cell and antibody responses in
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Figure 1 (Continued)

all immunized C. jacchus at the time of acute clinical disease.
T cell proliferative responses could be readily detected against
both MBP and rMOG but, consistent with earlier data (16), in
no animal could a response to PLP be identified (Fig. 3 A).
Circulating antibodies against the immunizing protein devel-
oped in the MBP, PLP, and rtMOG groups, and in WM-immu-
nized animals antibodies against all three proteins were present
(Fig. 3 B). PLP-immunized animals developed, in addition to
anti-PLP antibodies, antibodies to both MBP and rtMOG. Only
whole WM and rMOG produced demyelinating forms of EAE
(Table I), thus the MS-like lesion appeared to require both a T
cell response to either MBP or MOG, and an antibody response
against MOG. Overlapping synthetic peptides were used to map
the fine specificity of the antibody response to rMOG. In each
of three animals examined, this response was restricted to two
regions of the protein spanning residues 1-25 and 50-79 (Fig.
30).

To identify a role for pathogenic autoantibody in plaque
formation, purified IgG antibodies were adoptively transferred
to MBP-immunized recipients. As described above, immuniza-
tion with MBP results in clinically mild EAE and no demyelin-
ation. IgG was prepared from the plasma of control animals
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(IgG-C) and also from animals with demyelinating forms of
EAE induced by active immunization with either WM (IgG-
WM) or tMOG (IgG-rMOG). Adoptive transfer of IgG-WM,
but not IgG-C, resulted in clinical deterioration within 48 h of
antibody administration, and pronounced demyelination ob-
served post-mortem (Table II). Clinical deterioration and de-
myelination also followed administration of either IgG-rMOG
or the MOG-specific mouse monoclonal antibody 8.18.CS. His-
tologically, plaque formation in antibody recipients was indis-
tinguishable from that resulting from active immunization with
WM or tMOG (Fig. 4). No demyelination was present in mar-
mosets immunized with complete Freund’s adjuvant and Borde-
tella pertussis alone who then received monoclonal anti-MOG
antibody, suggesting that demyelinating antibody requires an
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Figure 2. Immunocytochemistry of EAE
lesions. (A-D) WM-EAE and (E-H)
rMOG-EAE. (A and E) CD3+ T cells
constitute the majority of the perivascular
infiltrates; some T cells are noted to in-
vade the parenchyma at a distance from
the Virchow-Robin space. (B and F)
CD20+ B cells are present both in the
perivascular space and parenchyma. (C
and G) CD68+ macrophages, visible in
areas of demyelination. (D and H) GFAP
reactivity, illustrating intense peri-le-
sional gliosis. Bars, 40 um.

activated encephalitogenic T cell response to effectively target
CNS myelin.

Discussion

This study establishes a primary role for MOG in an autoim-
mune MS-like illness in a primate. Although EAE was initially
described in monkeys, the clinical course in primates tended to
be hyperacute and the pathologic lesions hemorrhagic and ne-
crotic rather than demyelinating in nature (23). With additional
manipulations, for example steroid or other treatment adminis-
tered during the acute period, chronic disease with demyelinat-
ing characteristics has been reported in primates (24, 25), but
the models have been cumbersome to use and not pathologically
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Figure 3. T cell and antibody re-
sponses to myelin antigens during
C. jacchus EAE. (A) T cell prolif-

10 Antigen tested
oMo MOG erative responses against WM,
L =Rty 114128 MBP, PLP, and tMOG, measured
8 sl B ™MOG 10 megimi as stimulation indices during acute
z 2a 96117 | EAE induced by different anti-
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2 2t aa 87-101 number of animals is shown in pa-
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a3 60-79 dent’s ¢t test. (B) Antibody re-
IMMUNIZATION GROUP sponses to MBP, PLP and tMOG
aa 50-72 in animals immunized with the
B a8 4781 different antigens. Representative
Antigen tested Py, data for each immunization group
MOG PLP MBP aa 35-54 o1 are illustrated as follows: row ,
a8 2442 [ 8389 control serum; row 2, WM; row
1 W 12393 3, tMOG; row 4, PLP; row 5,
ole ® o o b e o aa 1530 [ MMBOIC’; () ) Fine specificity f’f anti-
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3le e w25 P rMOG-immunized animals deter-
- - e & aa 1-20 mined by ELISA. In individual
. e : * ! animals, reactivity was assessed
5 ® 6 ¢ 0.0 06 12 18 by the use of overlapping peptides
1/Dilion 50 100 200 50 100 200 50 100 200 ABSORBANCE (490 nm) g‘(’)ﬁ:ﬁ&%& ‘:‘: :;‘:’:ﬁeilrll“tlha;

top lane, all three immunized animals displayed antibodies against the whole tMOG protein. Two regions of MOG, located between aa 1-25
and aa 50-79, could be identified as antigenic targets of the antibody response. See methods for details of the assay.

MS-like. The unique EAE-WM lesion in C. jacchus, character-
ized by widespread acute demyelination, demonstrated that an
MS-like phenotype indeed could be created in a species phylo-
genetically close to humans. The different EAE phenotypes that
occur in C. jacchus using various immunization or adoptive
transfer strategies permitted the identification of the mecha-
nisms responsible for the fully developed lesion to be defined.
In addition to the role of MOG as an autoantigen, current data
also demonstrate the importance of autoantibodies in plaque
formation. Synergism between an encephalitogenic T cell re-
sponse and specific demyelinating antibody appears to be re-
quired to produce the fully developed MS-like lesion. Both
MBP and MOG appear to be effective T cell antigens in C.
Jjacchus. Encephalitogenic T cells may function, at least in part,

through disruption of the blood brain barrier and facilitation of
entry of autoantibody into the CNS.

The precise mechanisms that underlie immune-mediated de-
myelination in EAE (or in MS) are not known. It has been
postulated that, following entry of sensitized T cells into the
CNS, antigen recognition occurs in the context of antigen pre-
sentation by resident CNS cells (26). Inflammatory cytokines,
including tumor necrosis factor-a and interferon-vy, are secreted
and may directly injure oligodendrocytes, the myelin producing
cells (27). Cytokine mediators are also likely to participate in
recruitment of other inflammatory cells to the CNS for example
macrophages, the cell type most often associated with demyelin-
ating lesions. In EAE, a critical role for tumor necrosis factor-a
in demyelination is suggested by the observation that rolipram, a

Table 1I. Adoptive Transfers of Autoantibodies in MBP-Immunized Marmosets

Onset of EAE CSF EAE Subpial Pathology Demyelination

Animal (days) (WBC/mm®) Antibody (days pi) (before/after antibody) inflammation perivascular cuffing (plaques) Day of death
120-92 13 45 1gG-WM (23) 23 + ++ ++ 37

90-88 21 70 IgG-WM (23) 2/3 + ++ ++ 25

91-88 13 32 8.18.C5 (23) 2/3 + + + 37
468-93 19 140 8.18.C5 (34) 2/3 + ++ ++ 36
499-93 9 NA IgG-rMOG(32) 2/3 + +++ ++ 41
102-89 26 52 rIgG-C (28) 2/2 + 0 0 30
119-92 41 NA I1gG-C (41) 2/2 + 0 0 43
102-93* —_ 0 8.18.C5 (23) 0/0 0 0 0 25
506-93* _ NA 8.18.C5 (23) 0/0 0 0 0 25

* Animals immunized with Freund’s adjuvant and Bordetella pertussis only. NA, not available.

Antibody Mediation of Multiple Sclerosis-like Lesions in a Nonhuman Primate
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Figure 4. Adoptive transfer of demyelinating antibodies reproduces MS-like lesions in MBP-immunized C. jacchus. Typical lesions in the brain
stem produced by intravenous administration of the monoclonal anti-MOG antibody 8.18.C5 (A) or IgG-WM (B), in animals previously immunized
with MBP. Luxol fast blue/periodic acid Schiff. (A) Low power view of parenchymal infiltrates (arrows). Bar, 200 ym. (B) High power view of
an infiltrate, demonstrating that demyelination has occurred. Bar, 40 pm.

selective inhibitor of the type IV phosphodiesterase, suppressed
tumor necrosis factor a secretion, clinical disease manifesta-
tions, and demyelination (28, 29).

Earlier reports supported a role for antibody-mediated mech-
anisms in demyelination. In rodents, EAE can be converted
from a nondemyelinating to a demyelinating form by adminis-
tration of antimyelin antibodies. As in the current study, admin-
istration of demyelinating antibody was associated with a wors-
ening of the clinical EAE score (7). Demyelinating activity of
some autoantibodies correlated with their complement-fixing
properties (30). In addition to direct complement-mediated tis-
sue injury, antibodies might also facilitate demyelination via
macrophage activation leading to cytokine-mediated injury to
oligodendrocytes, myelin phagocytosis, or antibody dependent
cell mediated cytotoxicity (31).

In previous experiments, MOG was identified as a poten-
tially important encephalitogen in rodents. A relapsing remitting
form of EAE can be induced by a synthetic peptide correspond-
ing to amino acid residues 92—106 of MOG in SJL mice (20).
In contrast to rodents, the C. jacchus marmoset appears to be
exquisitely sensitive to immunization with MOG relative fo the
more abundant myelin proteins, MBP and PLP. The strong
proliferative response to MOG observed in WM-immunized C.
jacchus is noteworthy given its low abundance (~ 0.1% of
myelin proteins) in CNS. In the current study, the recombinant
fusion protein rMOG was employed. This protein consists of the
extracellular, immunoglobulin-like domain of rat MOG (21).
Although the sequence of C. jacchus MOG is not known, the
amino acid sequence of MOG is highly conserved between
species. For example, human and rat MOG differ only by 12
amino acids within the immunoglobulin-like domain (21, 32).
The importance of anti-MOG autoantibodies in demyelination
might be due to the accessible localization of MOG, and in
particular of the extracellular immunoglobulin-like domain of
the molecule, at the outermost surface of the myelin sheath
(33). In addition to anti-MOG IgG, other demyelinating autoan-
tibodies may be present in IgG-WM that also contribute to the
pathology in recipients of antibody transfers. Other potential
autoantibodies notwithstanding, it is clear that anti-MOG IgG
alone can facilitate demyelination in C. jacchus. In earlier in
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vivo or in vitro studies, demyelination was found to result from
antibodies that recognized gangliosides, galactocerebroside
(14) or myelin associated glycoprotein (15). Characterization
of the repertoire of antigens that are targeted by pathogenic
demyelinating antibodies in C. jacchus is in progress.

In PLP-immunized marmosets, circulating antibodies not
only to PLP but also to MBP and MOG were detected. The
PLP preparation used for immunization contained no detectable
immunoreactivity against either MBP or rMOG (Fig. 3 B, lines
3 and 5). Thus, it is unlikely that the PLP was contaminated
with other myelin proteins. It is possible that the immune re-
sponse to PLP resulted in production of antibody against one
or several epitopes of PLP that were cross-reactive against other
myelin proteins. More likely, antigenic spread due to secondary
sensitization may explain the development of autoantibodies
against MBP and MOG in PLP-immunized marmosets. This
mechanism has been proposed to account for the expansion of
antigenic spreading of encephalitogenic determinants during the
course of disease in rodent models of EAE (34-36). It is of
interest that little demyelination was present in PLP-immunized
marmosets, despite the appearance of circulating antibodies re-
active against rMOG. In these animals, there was no develop-
ment of a proliferative T cell response against PLP, and with
few exceptions perivascular cuffing in the CNS was lacking.
Perhaps T cell activation in response to the dose of PLP used
for immunization failed to disrupt the blood-brain barrier suffi-
ciently to enhance passage of demyelinating antibody into the
CNS. Alternatively, anti-MOG antibodies induced by PLP sen-
sitization may be nonpathogenic. Some degree of demyelination
was present in one marmoset immunized twice with PLP, and
also in the animal immunized with a combination of MBP and
PLP. This may indicate that PLP is effective at a higher dose,
or that a synergism between MBP and PLP results in limited
demyelination in C. jacchus.

Consistent with previous data (16) we did not detect a
specific T cell response against PLP in either WM-or PLP-
immunized animals. In preliminary experiments and in earlier
experience (16), proliferation assays were performed utilizing
concentrations of PLP ranging from 0.5 to 40 pg/ml and in no
case was a significant response detected. In addition, PBMC



from PLP-immunized animals did not proliferate against PLP-
peptide 139—-151 which represent a major encephalitogenic de-
terminant of PLP in SJL/J mice (37). It is thus unlikely that a
PLP-specific T cell response was present but not detected. In a
different model of C. jacchus EAE in which a vaccinia-MBP
construct was administered to modulate the disease course, pro-
liferative responses to whole PLP were detected in some ani-
mals, indicating that the assay system was able to detect a
response against this protein (C. Genain et al., manuscript in
preparation). In the current study, high titers of anti-PLP anti-
bodies were elicited in all PLP-immunized marmosets, raising
the possibility that a Th2-like response to this protein occurs in
this species.

Multiple lines of evidence support a role for antigen specific
T cells reactive against MBP (2), PLP (38, 39) and MOG (40)
in the pathogenesis of MS. A primary T cell etiology to MS
has been hypothesized based upon these studies, by analogy to
MBP-induced EAE in rodents (11, 12), by other reports of T
cell abnormalities in MS patients (41), and by demonstration of
genetic linkage of MS to the major histocompatibility complex
(MHC) (42) and T cell receptor beta chain loci (43). In the
CSF of individuals with MS, evidence of an antibody-mediated
immune response includes findings of elevated levels of immu-
noglobulin (44), membrane attack complexes indicating com-
plement-mediated injury (45), and autoantibodies to myelin
proteins (4). Using various in vitro systems, demyelinating
antibody activity has been reported (46), and also disputed
(47), in MS. Current findings raise the possibility that both a
T cell and an antibody response may be required for the fully
developed MS lesion or plaque to occur. In MS, perivenous
inflammation and enhanced vascular permeability is not infre-
quently present in the retina, a tissue devoid of myelin (48).
This implies that cellular infiltration and blood-brain barrier
breakdown in MS does not result only from the effects of T
cells that recognize antigens unique to myelin. By analogy to
C. jacchus, the demyelinating phenotype in MS could result
from autoantibodies directed against accessible myelin determi-
nants in the context of a T cell response that enhances antibody
access to the target tissue. Further definition of the role of
autoantibodies directed against MOG, a minor but highly en-
cephalitogenic protein, in plaque formation will be of consider-
able interest.
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