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Myelin/oligodendrocyte glycoprotein (MOG) is a target antigen for
myelin-destructive Abs in autoimmune central nervous system
demyelinating disorders. Little is known about the molecular and
structural basis of these pathogenic Ab responses. Here, we have
characterized anti-MOG Ab specificities in the marmoset model of
experimental allergic encephalomyelitis, by means of a combina-
torial 1gG-Fab library. We found that a diverse population of Ig
genes encodes for auto-Abs that exclusively recognize conforma-
tion-dependent antigenic targets on MOG. These antigenic do-
mains correspond to exposed epitopes in vivo, as the Fab frag-
ments recognize native MOG in situ in marmoset brain tissue. The
Ab fragments described here represent Ab specificities that are
common constituents of the humoral immune repertoire against
MOG in outbred populations, as demonstrated by their ability to
displace native anti-MOG Abs present in sera from MOG-immune
marmosets and patients with multiple sclerosis. Furthermore, neu-
ropathological analysis and characterization of Ab epitope speci-
ficities in animals immunized with MOG or MOG-derived peptides
revealed that only conformation-dependent Abs are associated
with demyelinating activity, suggesting that epitope recognition is
an important factor for Ab pathogenicity. Our findings provide
novel and unexpected knowledge on the diversity of anti-MOG Ab
responses in nonhuman primates and humans, and will permit the
dissection of pathogenic auto-Ab properties in multiple sclerosis.

M ultiple sclerosis (MS)T is a chronic, demyelinating disease
of the central nervous system (CNS) that is thought to be
mediated by autoaggressive immune responses against myelin
antigens (reviewed in ref. 1). Extensive investigations have
addressed the respective roles of T and B cell responses against
myelin antigens in experimental allergic encephalomyelitis
(EAE), a disease model for MS. It is now recognized that,
whereas myelin-reactive T cell responses are essential to disease
pathogenesis, auto-Abs may play a major role as effectors of
tissue damage (1-4). Myelin/oligodendrocyte glycoprotein
(MOG) is a surface-exposed protein of myelin that has been
identified as a prime target for demyelinating auto-Abs in several
species (5-7). Anti-MOG auto-Abs mediate a characteristic
vesicular transformation of compact myelin in acutely demyeli-
nating lesions, a neuropathological feature which has also been
documented in human MS (8).

Despite these advances, the significance of polyclonal Ab
responses against MOG measured in humans remains unclear.
Anti-MOG Abs seem to be equally prevalent in the peripheral
blood of affected patients and healthy controls (9, 10), and
precise definition of the disease-relevant Ab epitopes of MOG
is lacking. Similarly, the pathogenic significance of humoral
responses directed against MOG has not been established with
certainty for all EAE models (11). Indeed, these findings raise
the possibility that the MOG-specific humoral response may be
heterogeneous in terms of their potential to mediate demyeli-
nation. Analyses of the fine specificities of anti-MOG Abs in
EAE and MS have mainly been conducted with short peptides
derived from the amino acid sequence of MOG (12-14). This
approach cannot provide an understanding of the full complexity
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of anti-MOG humoral responses, because it does not account for
epitopes that depend on the tertiary structure of the folded
protein. Similarly, whereas molecular studies have indepen-
dently established that CNS-specific clonal expansion of B cells
occurs in MS (15-18), the antigenic specificities of these re-
sponses have not been identified. The use of systems that permit
analysis of gene usage and individual Ab specificities should
facilitate characterization of humoral responses against myelin
autoantigens.

Here, we used a combinatorial Ab library of Fab fragments to
characterize the humoral immune response against MOG in the
common marmoset, an outbred primate species that develop an
MS-like, Ab-mediated form of EAE after immunization with
MOG (19). We have observed that the recombinant MOG-
specific Ab fragments use a limited repertoire of heavy (H)- and
light (L)-chain genes and identify epitopes of MOG with spec-
ificities that are strictly conformation-dependent. The confor-
mational epitopes of MOG defined by these Fab fragments are
consistently targeted by the humoral repertoire in all outbred
marmosets studied to date. Furthermore, we show that MOG-
immune marmosets do not develop demyelinating EAE unless
their humoral repertoire includes conformation-dependent Abs,
a finding that underscores the relevance of this Ab subgroup in
disease pathogenesis.

Materials and Methods

Animals and Induction of EAE. All Callithrix jacchus marmosets
used in this study were maintained in a primate colony at the
University of California, San Francisco, and were cared for in
accordance with all guidelines of the local Institutional Animal
Care and Usage Committee. EAE was induced by active immu-
nization with either 50 ug of recombinant protein corresponding
to the extracellular domain of rat MOGgai-125 (tMOG) ex-
pressed in Escherichia coli and purified to homogeneity following
published procedures (20) or a mixture of 100 pg each of
overlapping synthetic 20-mer peptides corresponding to the
sequence of MOG,,1-120 (Research Genetics, Huntsville, AL).
Peptides were purified >95% by HPLC, and purity was con-
firmed by mass spectrometry. Antigens were dissolved in 200 ul
of PBS, emulsified with an equal volume of complete Freund’s
adjuvant, and injected intradermally as described (5). Animals
were killed under deep phenobarbital anesthesia 4—70 days after
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Table 1. MOG-Fab IGHV and IGKV subgroup usage and H/kL-CDR3 motifs

GenBank GenBank % of total
IGHV H chain CDR3 accession no. IGKV kL chain CDR3 accession no. clones Clone ID
1 CARDVNFGNYFDY AF393235 3 CQQYSSWPPTF AF393236 73 M26
1 CARDRGMGNYFDY AF393237 3 CQQYSSWPLTF AF393238 13 M38
1 CARDATRILADVLDY AF393239 3 CQQYSSWYTF AF393240 8 M45
3 CARAWRLSARAGYFDY AF393229 1 CQQHYSTPLTF AF393230 2 M3-8
3 CILSDTGAFDV AF393231 3 CQQYSSWYTF AF393232 2 M3-24
3 CTGAGPTYYFDY AF393233 1 CQQGYTTPVTF AF393234 2 M3-31

Amino acid sequences of CDR3 motifs are deduced from cDNA. For complete H- and L-chain sequences please refer to GenBank.

the onset of clinical signs of EAE. Brain and spinal cord were
dissected and fixed in 4% para-formaldehyde, and serial sections
of the entire neuraxis were processed for routine histology.

Construction of a Combinatorial IgGk-Fab Library from a MOG-
Immunized C. jacchus Marmoset. The system used to generate the
combinatorial library involved the phage display vector
pCOMB3H (provided by C. F. Barbas III, The Scripps Research
Institute, La Jolla, CA). This system permits the construction of
a cloning product containing L and H chains flanked by Sfil
restriction sites for directional cloning (21).

Bone marrow and spleen cells were obtained from an rMOG-
immunized C. jacchus that was killed after onset of clinical EAE.
RNA was extracted with the Trizol reagent (Invitrogen) and first
strand synthesis was performed with Superscript II reverse
transcriptase (Invitrogen). In brief, three steps of PCR reactions
were necessary to generate cloning inserts containing the Fab
portions of C. jacchus IgGk. For a detailed description of these
PCR steps, see ref. 21. First, all known marmoset H-chain
variable region (IGHV) and L-chain variable region (IGKV)
genes, as well as H-chain IgG CHIl-domain and kL chain
C-region (IGKC) genes, were amplified in separate reactions
(for primer sequences, see http://itsa.ucsf.edu/~claudeg/
Primers.htm and supporting information published on the PNAS
web site, www.pnas.org). The template for IGHC and IGKC was
a marmoset Fab library previously constructed in pCOMB3H, to
include an Sfil restriction site on the 3’ end of IGHC and the
pelB leader sequence with IGKC. In the second step, IGHV was
joined with IGHC (H-chain assembly), and IGKV with IGKC
(kL-chain assembly). Third, the kL chain (IGKV-IGKC-pelB)
was joined with the H chain (IGHV-IGHC-Sfil) to yield a
~1,460-bp cloning product containing Sfil-kL chain-pelB-H
chain-Sfil. Finally, the cloning product and pCOMB3H were
digested with Sfil (Roche Molecular Biochemicals) and purified.
Equal amounts of pPCOMB3H and C. jacchus kL/H DNA were
ligated with T4 ligase (Roche Molecular Biochemicals) and
electroporated into electrocompetent XL1-Blue cells (Strat-
agene) with a Bio-Rad GenepulserII (2.5 kV, 200 ohms, 25 uF).
The complexity of the obtained C. jacchus IgGk-pCOMB3H
library was ~1 X 107 recombinants. Infective phagemid particles
were generated by rescue with the helper phage VCSM13
(Stratagene).

Screening of the C. jacchus 1gGk-Fab Library with rMOG. Approxi-
mately 10'> Fab-expressing phagemids were incubated (37°C,
1 h) in ELISA wells coated with rMOG (1 ug per well). In the
first round of the selection process (panning), wells were washed
5 times with PBS containing 0.05% Tween20 (PBS-T), bound
phagemid eluted with trypsin (500 ug per well), and eluted
phagemid used to infect XL1-Blue cells. After incubation at 37°C
overnight, phagemids were precipitated and resuspended in PBS
containing 1% BSA and submitted to the panning process 3
more times with increasing washing stringency (second round, 10
times; third round, 15 times; fourth round, 15 times). Enrichment
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of rMOG-specific Fab fragments was confirmed by measuring
bound phagemid from each panning round in rMOG-coated
ELISA wells with an anti-M13, horseradish peroxidase-
conjugated Ab (Amersham Pharmacia Biotech).

DNA Sequence Analysis. Phagemid DNA was extracted with the
Qiagen (Valencia, CA) MaxiFilter kit and digested with Spel and
Nhel for removal of the glIII protein gene, which permitted
expression of soluble Fab fragments. Spel/Nhel-digested DNA
was gel-purified, religated with T4 ligase, and transformed into
XL1-Blue cells. Sixty randomly picked, Fab-expressing clones
from the last panning round were grown in Superbroth contain-
ing 100 ug/ml of carbenicillin for minipreps, plasmid DNA was
extracted with the Qiagen MiniPrep kit, and DNA was se-
quenced at the University of California, San Francisco, Genom-
ics Core Facility by automated fluorescent chain termination
sequencing. Sequences of both H and kL chains were aligned
with MEGALIGN (DNAstar, Madison, WI).

Expression of Soluble Fab Fragments. Fab-expressing clones repre-
senting all IGHV/IGKV combinations and H chain comple-
mentarity determining region (CDR) 3 motifs (Table 1) were
grown in 3 liters of Superbroth until ODgp = 1.2, and expression
was induced with 1 mM IPTG. After overnight incubation at
30°C, bacteria were lysed by sonication in 30 ml of PBS and Fabs
were purified from the soluble fraction over a protein L column
(Pierce) following the manufacturer’s protocol. Where desired,
purified Fab fragments were biotinylated with a sulfo-N-
hydroxysuccinimide (NHS) biotinylation reagent (Pierce) fol-
lowing the manufacturer’s instruction. Unreacted sulfo-NHS
biotin was removed by extensive dialysis against PBS.

Purification of Serum Anti-MOG Abs and Fractionation of Ab Speci-
ficities. IMOGe-reactive fractions of serum Abs were purified on
1-ml prepacked N-hydroxysuccinimide (NHS)-Sepharose col-
umns reacted with 200 ug of rMOG, following the manufac-
turer’s instructions (Amersham Pharmacia Biotech). rMOG-
Sepharose columns were loaded with C. jacchus immune sera,
diluted 1:5 in PBS, extensively washed with PBS, and bound Abs
were eluted in 0.1 M glycine buffer, pH 2.2. For human sera, the
protein G-reactive fraction (IgG) was extracted before purifica-
tion by rMOG-affinity chromatography. To separate the Ab
fractions binding to linear peptides from those binding to
structural determinants of tMOG, MOG-peptide-reactive Ab
fractions were removed from serum by repeated passes (n = 5)
on 1-ml PepMOG (mixture of overlapping 20-mer peptides
spanning the entire sequence of rMOG) columns, which were
synthesized by reacting 5.5 mg of PepMOG (500 g per peptide)
with NHS-Sepharose. Where desired, purified Abs were biotin-
ylated as described previously.

Epitope Specificities of MOG-Reactive Ab and Recombinant Fab Frag-

ments. Maleic anhydride-activated ELISA plates (Pierce) were
coated with 1 ug per well of rMOG or PepMOG (1 pg per
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peptide), blocked with PBS-T/3% BSA, and washed with PBS-T.
Samples were added in PBS-T/3% BSA as follows: rMOG- or
PepMOG-immune C. jacchus serum, or fractions thereof (after
removal of peptide-specific Abs), 1:200; monoclonal Fab frag-
ments, 1 ug per well. After incubation at 37°C for 1 h, wells were
washed with PBS-T, and appropriate secondary Ab added in
PBS-T/3% BSA [serum and serum fractions: anti-monkey IgG-
horseradish peroxidase (HRP) 1:6,000, Sigma; Fab fragments:
protein L-HRP 1:5,000, Pierce] for 1 h at 37°C. After a final wash
with PBS-T, plates were developed with tetramethylbenzidine
(Pierce) and read at 450 nm.

Competition Assays. Competition experiments were designed to
examine the ability of Fab fragments to compete against each
other and against native C. jacchus anti-MOG Abs for binding
to rMOG. First, the amount of biotinylated Ab or Fab necessary
to achieve 50% saturation of rMOG (50-100 ng per well)
adsorbed on Ni-coated ELISA plates (Pierce) with biotinylated
anti-MOG Abs or MOG-specific Fab was determined.

To study competitive displacement, nonbiotinylated Fabs or
native Abs were added to MOG-coated wells at increasing
concentrations (~10712 to 107> M) in the presence of the 50%
saturation concentrations of the biotinylated reagent. After
overnight incubation at 4°C, wells were washed and incubated
with a streptavidin-peroxidase conjugate (Invitrogen; 1:1,000 in
PBS-T/3% BSA, 20 min at room temperature). Bound Abs were
detected with tetramethylbenzidine.

Competition experiments with human anti-MOG Abs were
performed with a similar protocol, in Immunosorp ELISA wells
(Nunc) coated with rMOG (500 ng per well) in PBS. A constant
concentration of unlabeled, MOG-affinity-purified Abs was
incubated in the presence of increasing concentrations of the
M26 and M3-8 Fab fragments overnight at 4°C. Bound human
anti-MOG Abs were detected with an Fc-specific, alkaline
phosphatase-conjugated anti-human IgG (Sigma, 1:5,000; this
Ab was not cross-reactive with Fab fragments), and plates were
developed with para-nitrophenol phosphate and read at 405 nm.
Displacement was quantitated as the ratio of OD in the presence
of competition over that in the absence of competition X 100 (%).

Immunohistochemistry. Paraformaldehyde-fixed paraffin-
embedded sections of C. jacchus brain (7 pm) were deparaf-
finized, hydrated, and treated with a citrate-based antigen-
unmasking solution (Vector Laboratories) at high temperature
for 20 min. Sections were blocked with 3% normal goat serum
(Sigma) in PBS for 1 h at 37°C, washed with PBS-T, and
incubated with biotinylated MOG-specific Fab (2.8 ug/ml) for
2 h at 37°C. Additional experiments were performed with the
same dilutions of Fab fragments in the presence of rtMOG to
demonstrate specificity of binding. After incubation with the
alkaline phosphatase (AP)-conjugated avidin complex [Vec-
tastain ABC-AP (Vector Laboratories), 30 min, room temper-
ature], fluorescence was revealed by the VectorRed AP sub-
strate (Vector Laboratories), and slides were counterstained
with hematoxylin.

Results

Ilg Gene Usage of Recombinant MOG-Specific Fab Fragments. Sixty
randomly chosen, MOG-specific Fab-encoding clones were se-
quenced. The IGHV subgroup usage in this library was limited
to IGHV1 and IGHV3, and IGKV usage to IGKV1 and IGKV3.
Ninety-four percent (57 clones) of all clones were composed of
IGHV1/IGKV3 (representative clones are designated M26,
M38, and M45), and 6% were IGHV3/IGKV1 (M3-8, M3-31; 2
clones) or IGHV3/IGKV3 (M3-24; 1 clone). Sequences corre-
sponding to contact residues (CDRs) showed considerable di-
versity, with variability in the H-CDR3 motifs (Table 1).
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Fig. 1. Conformational requirements of MOG-specific Fab clones. Means of
triplicate or quadruplicate values. (*) PepMOG designates a mixture of over-
lapping 20-mer peptides spanning the entire sequence of rMOG. For compar-
ison, representative reactivity of rMOG-immune serum Abs is also shown
(Serum).

Recombinant Fab Fragments Exclusively Recognize Structural
Epitopes of MOG. Polyclonal Ab populations present in serum of
rMOG-immunized marmosets have been shown to recognize a
broad repertoire of specificities, including linear epitopes cor-
responding to short peptide sequences contained within
MOGaa1-125 (12, 22). Surprisingly, however, none of the recom-
binant Fab fragments studied showed binding to any of these
linear, extended epitopes or to PepMOG (Fig. 1). Additional
testing with an array of 60 overlapping 12-mer peptides con-
firmed these results (not shown). Thus, the MOG-specific Fab
fragments selected from the combinatorial library exclusively
recognized conformation-dependent epitopes.

Diversity of Structural Ab Epitopes of MOG. We performed com-
petition experiments between Fab fragments representing all
H/L chain combinations to understand the diversity of structural
epitopes of rMOG targeted by the recombinant Fab fragments.
Increasing concentrations of nonbiotinylated Fab fragments
were allowed to compete in rMOG-coated ELISA wells with
individual Fab fragments labeled with biotin. Fig. 24 illustrates
the binding of a fixed amount of biotinylated M26 Fab (M26giotin,
IGHV1/IGKV3) in the presence of increasing concentrations of
all other representative Fab fragments. Despite the variability in
the CDR motifs (Table 1), all Fabs encoded by IGHV1/IGKV3
(M26, M38, and M45) recognize a similar epitope of rMOG. In
contrast, no competition was observed between M26g;oin and
M3-8, M3-31(IGHV3/IGKV1), or M3-24 (IGHV3/IGKV3).
Fig. 2B illustrates a similar experiment with M3-24g;0in as the
displaced Fab, which shows no competition with any of the other
Fab fragments. These results indicate that the M3-24 Fab defines
an epitope of rMOG that is distinct from that recognized by M26,
M38, and M45. A similar lack of competition was observed for
the M3-8giotin Fab (not shown), suggesting that this IGHV3/
IGKV1 combination defines another, unique conformational
epitope.

Subtle conformational features on exposed surfaces of MOG
may be responsible for a microheterogeneity within the Ab-
binding sites. We found that M38 and M45 could displace the
Fab M3-31giotin, Whereas only weak displacement by M26 oc-
curred at significantly higher concentrations (Fig. 2C). Noncom-
petitive inhibition (e.g., steric interference) may play a role in
this case and may explain the lack of displacement observed for
the reverse experiment (e.g., M26pjotin VS. unlabeled M3-31,
shown in Fig. 24). Whether the M26 and M3-31 Fab fragments
define similar or separate epitopes cannot be currently resolved.
Nonetheless, these experiments identify at least three distinct
conformational epitopes accessible on tMOG. All Fab frag-

PNAS | June 11,2002 | vol.99 | no.12 | 8209

IMMUNOLOGY



125
< 100
£ X
s
& 754
N
=
2 50906 ms
3 o M38 - IGHV1/IGKV3
m X M45
254 O M38  IGHV3/IGKV1
A M324 IGHV3/IGKV3
Y M331 IGHV3/IGKV1 X
0 T T T T T
-10 -9 -8 -7 -6
log [competitor Fab] (M)
125
’; B
< 100 &
£
°
< 757
i
=
= 501 o M26
5 o M38 }IGHVHIGKVS
X M45
@ 254 0 m3s  IGHV3IGKVI
A M324  IGHV3/IGKV3
TV M3-31 IGHV3/IGKVA
0 T T T T T
-10 -9 -8 -7 -6
log [competitor Fab] (M)
125
£ 1004
£
o
< 754
Q
g
° 5096 e
5 o M38 }IGHV1/IGKV3<>
X M45
@ 2540 m3s  IGHVAIGKVI
A M324 IGHV3/IGKV3
" ¥ M331 IGHV3/IGKVA
T T T T T

-10 -9 -8 -7 -6
log [competitor Fab] (M)

Fig.2. Competition ELISAs with representative Fab fragments. (A) M26giotin
isdisplaced from rMOG by itself (O), M38 (¢), and M45 (X) but not by M3-8 (0),
M3-24 (2), or M3-31 (V). (B) M3-24gjotin is displaced only by itself (»). (C)
M3-31giotin is displaced by itself (v), M38 (<), and M45 (x), and also by high
concentrations of M26 (O). Highlighted in red are the Fab fragments that
tightly cluster within the major immunogenic region of MOG. IGHV and IGKV
gene usage is indicated in the legend.

ments encoded by IGHV1/IGKV3 seem to recognize similar or
closely associated epitopes on a single, major immunogenic
region of MOG, which may be partially overlapped by M3-31.

Relevance of Antigenic Specificities Defined by Combinatorial Fab
Fragments. We next examined the ability of the recombinant Fab
fragments to displace native anti-MOG Abs from C. jacchus
serum, which represent a polyclonal mixture of Ab-specificities
against linear determinants, structural determinants, or both.
Biotinylated, affinity-purified anti-MOG Abs were incubated in
the presence of increasing concentrations of Fabs. Fig. 3 shows
representative experiments in which the M26 and M3-8 Fabs
were allowed to compete against native, polyclonal auto-Abs
from rMOG-immunized marmosets. Combinations of both M26
and M3-8 Fab fragments showed an additive effect for displace-
ment, a finding that supports our hypothesis that the epitopes
recognized by the M26 and M3-8 Fab fragments are topograph-
ically distinct (Fig. 3). Importantly, the representative Fabs
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Fig.3. Monoclonal MOG-specific Fab fragments are representative of major
Ab specificities in outbred marmosets. Displacement of native, polyclonal
serum anti-MOG Abs by M26 (O), M3-8 (O), or a combination of M26 and M3-8
(A) MOG-specific Fab fragments, and unlabeled serum anti-MOG Abs (V).
Shown here are results obtained with marmoset no. 318-97; identical results
were obtained with affinity-purified Abs from 3 additional animals.

derived from a single animal in this study efficiently displaced
serum Abs from four genetically distinct marmosets (not shown).

To verify that the Fab fragments were capable of binding to
exposed epitopes of MOG on myelin sheaths, we confirmed by
immunofluorescence that the recombinant Fab fragments were
capable of binding to the MOG protein in situ in CNS white
matter. Fig. 4 Left shows strong staining of oligodendrocytes and
staining of myelinated fibers in C. jacchus corpus callosum with
the biotinylated M26 Fab fragment. Specificity was confirmed by
the ability to completely quench the fluorescent signal by
addition of rMOG (Fig. 4 Right). Identical results were obtained
with the M3-8 Fab fragment.

In Vivo Pathogenicity of Conformational Versus Linear Epitope-
Specific Anti-MOG Abs. To understand further how epitope rec-
ognition influences Ab pathogenicity, we examined the binding
characteristics of serum anti-MOG Abs in marmosets immu-
nized with either rMOG (n = 4) or PepMOG (n = 2) before and
after removal of the PepMOGe-reactive fractions. Consistent
with previous experience (19), rMOG-immunized animals de-

Fig. 4.
CNS myelin. Fluorescent light micrographs of C. jacchus corpus callosum
showing oligodendrocytes and myelinated fibers stained with the biotin-
ylated Fab fragment M26 (Left). Specificity of the staining was confirmed by
signal quenching after coincubation with rMOG (Right). Arrows indicate
groups of aligned oligodendrocyte cell bodies.

Binding of recombinant Fab fragments to MOG in situ on C. jacchus

von Budingen et al.
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Fig. 5. Correlations between anti-MOG Ab epitope recognition and neuro-

pathological phenotypes. (Upper) Perivascular mononuclear cell infiltrates in
brain white matter of representative rMOG- (Left) and PepMOG-immunized
marmosets (Right). Note the large size of the infiltrate and the broad area of
demyelination in the rIMOG-immunized animal, and the lack of demyelination
after PepMOG-immunization. Luxol Fast Blue/periodic acid Schiff, x200.
(Lower) The specificities of serum anti-MOG Abs in these animals were ana-
lyzed before (Serum) and after (PepMOG-depleted) removal of Abs binding to
PepMOG (see Materials and Methods). rMOG reactivity is clearly retained
after removal of the peptide-reactive Abs from rMOG-immune serum (Left),
indicating the presence of separate subsets of Abs that react either with linear
peptides or conformational rMOG. In marked contrast, no reactivity to MOG
remains after removal of PepMOG-specific Abs from the animal immunized
with PepMOG (Right), demonstrating that conformation-dependent Abs
were not produced. Identical results were obtained in the other rMOG- and
PepMOG-immunized monkeys.

veloped severe neurological signs corresponding to multifocal,
widespread inflammatory infiltrates accompanied by prominent
demyelination (Fig. 5). In contrast, animals immunized with
PepMOG exhibited reduced disease burden with little or no
demyelination. Importantly, we found that the repertoire of
MOG-reactive Abs in this group was strictly restricted to linear
epitopes, as removal of PepMOG-reactive Abs completely abol-
ished reactivity to MOG. However, the sera from each of the
rMOG-immune animals contained residual reactivity against
whole rMOG after the complete removal of peptide-specific Abs
(Fig. 5), indicative of the presence of immunogenic structural
epitopes. Thus, the conformation-dependent Abs are only
present in rMOG-immunized animals and seem to be respon-
sible for the extensive demyelination observed in lesions of
rMOG-induced EAE.

Marmoset Fab Fragments Delineate Structural Determinants of the
MOG Ab Response in Humans. We examined the ability of recom-
binant marmoset Fab fragments to displace affinity-purified
anti-MOG Abs from the sera of three patients with MS (AA,
DM, and WS), who were previously shown to be MOG-reactive
by ELISA. We found that the M3-8 fragment was able to
compete with anti-MOG Abs from all three patients and also
found competition with M3-24 for patient AA. Furthermore,
similar to marmosets, the combination of M3-8 and M3-24
showed an additive effect (Fig. 6, representative experiment;
patient AA). These results indicate that the targets for MOG-
specific Abs in humans include conformation-dependent
epitopes that are identical to those in marmosets.
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Discussion

In this report we provide information regarding the molecular
complexity of pathogenic auto-Ab responses against exposed
domains of MOG in an outbred species.

Previous studies reporting the effects of passive transfer of
certain Abs in rodent and marmoset systems (5, 7, 23), and of
MOG-DNA vaccination in SJL mice (24), have shown that
conformation-dependent anti-MOG Abs are capable of inducing
demyelination. In contrast, whether Abs directed at linear
determinants of MOG have demyelinating properties has not
been unequivocally demonstrated (14, 25). Data obtained from
two PepMOG-immunized animals in this study suggest that the
presence of MOG-peptide-specific Abs is not associated with
widespread demyelination. Indeed, EAE in these animals was
reminiscent of the disease phenotype produced by adoptive
transfer of MOG-reactive T cells (26). Similar EAE phenotypes
could also be reproduced in animals immunized with groups of
individual peptides that contain the marmoset immunodominant
MOG-T cell epitopes (n = 7) (11). Taken together, these results
suggest that Abs against linear peptides are not pathogenic in
marmosets and that recognition of conformational features of
MOG is a prerequisite for Ab pathogenicity.

Peptide-specific anti-MOG Abs are part of the MOG-immune
repertoire in EAE and can be detected in the serum of healthy
controls and patients with MS (9, 10). However, because of the
stringent conditions applied during the panning process, it is
likely that the conformational epitopes of rMOG define binding
sites for Abs of higher affinity than MOG-peptide Abs, which
were not found in the Fab library. Similar differences in affinity
have been described in the case of a different antigen (27, 28).
Nonetheless, we show that the Fab fragments specifically bound
to native MOG in situ in brain tissue, indicating that our
combinatorial approach had yielded Ab fragments that correctly
define structural features of MOG that are exposed in vivo. The
relevance of these Ab fragments is underlined further by our
finding that the monospecific Fab fragments are capable of
displacing a significant portion of the polyclonal, native anti-
MOG Abs in several marmosets, despite the genetic heteroge-
neity present between outbred individuals. Thus, despite the fact
that our library may not exhaustively include all Ab specificities
present in the polyclonal, MOG-specific humoral repertoire, we
propose that the MOG-specific Fab fragments represent epitope
specificities with demyelinating potential.

Accurate definition of the determinants of MOG that are
targets of demyelinating Abs in humans will be of critical
importance. Qualitative differences in epitope recognition may
be present among anti-MOG Ab populations that are frequently
detected in patients with MS and healthy controls (13, 29, 30).
For example, T cell mimicry between viral antigens and MOG
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peptides has been reported (31), but in the absence of exposure
of B cells to the whole MOG polypeptide, may only induce
production of MOG peptide-specific Abs. These auto-Abs would
be detected in standard Ab assays, although they may not be
pathogenic. We show here that Ab fragments that define struc-
tural determinants of MOG in C. jacchus can be used to
specifically detect the presence of MOG-specific idiotypes di-
rected against identical determinants in humans. Although in
marmosets the M26 and M3-8 Fab fragments seem to represent
important specificities, in serum from MS patients the M3-8 and
M3-24 Fabs have thus far been shown to compete against native
anti-MOG Abs. Additional experiments are proceeding to iden-
tify human Abs capable of competing with the remaining
marmoset Fabs.

Clonal B cell expansion with restricted usage of IGHV germ-
line genes in CNS lesions and cerebrospinal fluid of patients with
MS has been reported (15-18). In this context, it was of interest
to find that a limited number of H- (IGHV1 and IGHV3) and
kL-chain (IGKV1 and IGKV3) subgroup genes was used in the
marmoset MOG-specific Ab repertoire. However, we also found
that diverse CDR-encoding gene rearrangements were used to
target only three epitopes of MOG. Therefore, the current study
extends beyond prior molecular analyses of Ig gene usage, which
have not identified target antigens for the clonally expanded
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immune responses. Competition experiments also demonstrated
that the C. jacchus Fab fragments define antigenic determinants
of MOG that are commonly targeted in all marmosets, regard-
less of H- and L-chain usage.

The critical importance of MOG to autoimmune demyelina-
tion is a consequence of its restricted expression in the CNS (32),
its exposed extracellular domain at the outermost lamellae (33),
its high level of encephalitogenicity in multiple species, and
tendency to induce pathogenic auto-Ab responses directed
against the myelin sheath (reviewed in ref. 11). The finding
reported here that related conformational features of MOG are
targets of auto-Abs in marmosets and humans highlights the
value of nonhuman primate models for dissection of auto-Ab
responses relevant to the pathophysiology of CNS tissue damage
in MS.
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