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ABSTRACT 
 
Using a murine model of demyelinating disease, we demonstrate that remyelination of spinal 
cord axons is promoted by antibodies to glatiramer acetate (GA, Copolymer-1, Copaxone), a 
therapeutic agent for multiple sclerosis (MS). Glatiramer acetate is a mixture of randomly 
synthesized peptides that induces both T cell activation and antibody production in all treated 
individuals. These observations prompted us to compare the independent effects of adoptively 
transferred GA-reactive T cells and antibodies in mice with chronic inflammatory demyelination 
induced by Theiler�s virus. Transferred T cells had no effect on lesion load or the extent of 
remyelination. Purified polyclonal GA antibodies also did not alter lesion load, which suggests 
that neither GA T cells or antibodies were pathogenic. On the contrary, GA antibodies enhanced 
the normally low level of remyelination in chronic lesions. The antibodies, which were primarily 
immunoglobulin (Ig) G1 and IgG2, cross-reacted with oligodendrocytes, perivascular infiltrating 
cells, astrocytes, and neurons in spinal cord sections. In glial cultures they bound subsets of early 
lineage oligodendrocytes and microglia. Thus, several mechanisms may have contributed to the 
promotion of remyelination. These results support the hypothesis that the antibody response in 
GA-treated patients is beneficial by facilitating repair of demyelinated lesions. 
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ABSTRACT 
 
Glatiramer acetate (GA; Copaxone; copolymer-1) is a polypeptide compound used to treat 
multiple sclerosis (MS). It is a mixture of peptides of varying lengths, randomly synthesized 
from alanine, lysine, glutamic acid, and tyrosine at molar ratios of 6.1: 4.7: 1.9: 1.0, respectively. 
Originally developed more than 30 years ago to mimic myelin basic protein (MBP) in inducing 
experimental autoimmune encephalomyelitis (EAE), GA was found instead to inhibit EAE (1�
3). This observation served as the basis of its development as a therapy for MS. The normal 
treatment regimen of daily subcutaneous injections (20 mg/injection) has been shown to reduce 
relapse rates, central nervous system (CNS) pathology by magnetic resonance imaging (MRI), 
and progression of disability in similarity to interferon alpha/beta treatment (4�7). 



To understand how GA ameliorates EAE and MS, research has focused nearly entirely on Class 
II major histocompatibility complex (MHC)-restricted T lymphocyte responses. GA binds 
promiscuously to Class II MHC from both mice and humans (8�10), which attenuates aggressive 
Th1 cells by several mechanisms. First, GA can competitively displace MHC-bound peptides 
that activate Th1 cells. Second, GA can directly antagonize binding of the Th1-stimulatory 
peptides to the T cell receptor (11). Third, GA complexed to MHC can itself bind to T cells, 
leading either to anergy or generation of Th2/Th3 cytokine profiles after prolonged stimulation 
(12�17). The Th2/Th3 cells in turn can down-regulate Th1 cells. For example, adoptive transfer 
of Th2 cells derived from GA-treated mice confers resistance to EAE in recipient mice 
immunized with MBP (18, 19). However, the multi-level suppression by GA is not limited to 
MBP-induced EAE, as beneficial inhibitory effects have been observed in other models of EAE, 
uveoretinitis, rheumatoid arthritis, graft-versus-host disease, host-versus-graft disease, and nerve 
injury (20�27). 
 
Notwithstanding the potential importance of T cell modulation, we hypothesized that another 
beneficial effect of GA might be humoral stimulation. As a mixture of randomly synthesized 
peptides, GA has enormous sequence diversity and therefore potential for generating cross-
reactive antibodies. Injection-site swelling is a common side effect of GA administration, 
suggestive of immune reactions, and a recent study confirmed that all treated patients develop 
GA antibodies (28). In contrast to the negative effects of anti-interferon antibodies that develop 
in some interferon-treated patients (29), there are no data that suggest that GA antibodies are 
detrimental. On the contrary, patients that remain relapse-free after long-term treatment with GA 
have higher GA antibody titers than those treated patients that do relapse, suggesting that the 
antibodies may in fact be protective (28). 
 
Experimental precedence for antibodies with CNS protective properties derives from several 
rodent models of CNS disease and injury, and one of the best-characterized models is Theiler�s 
virus-induced inflammatory demyelination in Swiss Jim Lambert (SJL) mice. In this model, 
demyelination occurs principally in the spinal cord, largely as a secondary effect of antiviral 
immune responses. The response to Theiler�s virus involves many different immune and CNS 
cells and effector mechanisms, and as such the nature of disease and the extent of pathology is 
sensitive to a variety of immunomodulatory events. Normally demyelination reaches a plateau 
after several months of infection, and spontaneous remyelination rarely occurs to a significant 
degree. However, remyelination can be enhanced significantly by administration of certain CNS-
reactive antibodies, both mouse and human in origin (30�33). Given the sensitivity to 
immunomodulation and the capacity for stimulating lesion repair, this model was suited ideally 
for independent testing of the effects of GA-reactive T cells and antibodies in inflammatory, 
demyelinating disease.  
 
RESULTS 
 
Active immunization with glatiramer acetate does not alter CNS pathology in chronically 
diseased mice 
 
SJL mice infected with Theiler�s murine encephalomyelitis virus (TMEV) develop lifelong viral 
persistence, inflammatory demyelination of the spinal cord, and progressive neurologic deficits 
(34). We first tested whether active immunization with GA would affect lesion pathology by 



immunizing mice during the chronic stage of infection (27�52 weeks post-infection). During this 
stage, the extent of white matter demyelination (lesion load) normally is stable and the extent of 
spontaneous remyelination is low but can be enhanced by certain CNS-reactive antibodies. GA 
was administered subcutaneously, either alone or with incomplete Freund�s adjuvant (IFA). 
Injections of 0.1 mg were repeated 4�8 times over treatment periods of 6�11 weeks. By 
quantitative morphometry of spinal cord sections (35), we found that lesion load was unaffected 
by immunization with GA (Fig. 1a). On average, 10% of the white matter was demyelinated after 
treatment with phosphate buffered saline (PBS), IFA, or GA. Lesions were characterized by 
extensive primary demyelination and infiltration with macrophages, lymphocytes, and activated 
glia (Fig. 6b). 
 
Oligodendrocyte-mediated remyelination, characterized by abnormally thin myelin usually at the 
edge of lesions, also was quantified in tissue sections and expressed as a percentage of lesion 
area. Like lesion load, the extent of remyelination was similar among mice treated with PBS, 
IFA, or GA, averaging approximately 10% of the total lesion area. A trend toward increased 
remyelination was observed with IFA alone, but the trend was absent when IFA was combined 
with GA. Additionally, no treatment effect was seen on the extent of Schwann cell-mediated 
remyelination, which is characterized by abnormally thick myelin sheaths, adjacent Schwann cell 
bodies, and more widely dispersed axonal profiles. Although no quantitative enhancement of 
remyelination was found, occasional lesions were found that were unusually well remyelinated. 
Thus, although GA seemed innocuous in this model, some lesions did appear to benefit from 
active immunization. 
 
Adoptive transfer of glatiramer acetate T cells does not alter CNS pathology 
 
Despite no effect of GA immunization on CNS pathology, we hypothesized that GA might have 
multiple and possibly opposing effects in vivo that are detectable only when studied 
independently from each other. The rationale for this hypothesis is that GA is an extremely 
heterogeneous mixture of peptides, and many different effects of this compound have been 
described. In addition, the chronic phase of Theiler�s virus-induced disease is regulated by a 
diversity of mechanisms�antiviral, autoimmune, and reparative�which necessitates that 
experimental treatments be as simplified as possible. Therefore, we independently transferred 
GA-reactive T cells and antibodies to chronically diseased mice. 
 
GA-reactive lymphocytes for adoptive transfer were generated in uninfected SJL mice by 
immunization with GA and IFA for 7 days. Lymph node-derived cells were stimulated in vitro 
with GA for another 5 days, followed by intravenous injection of Ficoll-isolated lymphocytes 
into mice infected for 24 weeks (15 million cells/mouse). Mice were killed 5 weeks later. 
Chicken egg ovalbumin-reactive lymphocytes were generated similarly in other uninfected mice 
as adoptively transferred control cells. Thymidine incorporation assays performed on the freshly 
isolated lymph node-derived cells showed stimulation indices of 7.9 for GA lymphocytes and 8.7 
for ovalbumin lymphocytes after 4 days of in vitro stimulation with 25 µg/ml of cognate antigen. 
Morphometric analysis of spinal cord pathology following treatment revealed that adoptively 
transferred GA lymphocytes did not change lesion load or the extent of remyelination in mice 
with established disease (Fig. 2). In all treatment groups lesions accounted for approximately 
10% of the sampled area, and remyelination accounted for less than 10% of the lesion area. 
Morphologically, lesions from mice with transferred GA lymphocytes were similar to those 



following PBS treatment (Fig. 6c). Thus, GA-reactive lymphocytes did not appear to exacerbate 
established disease under these conditions, but neither did they promote lesion repair. 
 
Glatiramer acetate immunization generates polyreactive antibodies 
 
Next we examined the specificity and role of GA antibodies. As a source of antibody for 
characterization and adoptive transfer experiments, we generated polyclonal GA antibodies in 
uninfected SJL mice by repeated immunizations with GA and IFA. Serum was collected at 
regular intervals starting at day 14 following the first immunization, the time at which specific 
antibodies were first detected by enzyme-linked immunoassay (ELISA). GA antibodies were 
then purified from serum by GA affinity chromatography. For comparisons with the purified 
polyclonal GA antibodies (GA Ig), IgG was isolated from normal SJL serum (SJL Ig) or 
commercial, pooled mouse serum (Pooled Ig) by Protein A/G chromatography. Only the IgG 
fractions of normal mouse sera were isolated as control preparations because GA Ig consisted 
almost entirely of IgG. GA-reactive IgM was nearly undetectable in the purified GA Ig by 
ELISA. Both naïve GA Ig and biotinylated GA Ig strongly recognized GA by ELISA and 
Western blot. By ELISA, GA was detectable by antibody at concentrations as low as 8 ng/ml. 
 
Quantitative isotyping of polyclonal GA Ig by using isotype-specific antibodies for detection and 
purified Ig isotypes as standards showed that IgG1 was predominant, accounting for 70% of the 
preparation (Fig. 3). IgG2 was the next abundant, comprising 18% of the sample. Other isotypes 
accounted for 5% or less of the total Ig. By comparison, IgG2b was the most abundant isotype in 
normal SJL serum (45%), followed by IgG1 (20%). The isotype profile of Ig from commercial, 
pooled mouse serum also was distinct from that of GA Ig. The predominance of IgG1 as the 
major GA antibody isotype is also observed in MS patients treated with GA (28). 
 
Cross-reactivity of purified GA Ig to CNS antigens was examined first by immunostaining rat 
brain-derived glia in culture. The most common cell-surface binding was to a subset of isolectin 
B4-positive cells, suggesting recognition of cells of the microglia lineage (36) (Fig. 4a). The cells 
were round, without extensions, sometimes present in clusters, and found only at the top surface 
of the cultures. They were easily distinguished from activated microglia that adhered strongly to 
the coated-glass substrate. Consistent with binding to a microglial lineage cell, GA IgG also 
bound to a subset of cultured mouse peritoneal macrophages. We also observed surface binding 
to a subset of oligodendrocytes that colabeled with the early lineage antibody, A2B5 (Fig. 4b). 
The double-positive cells uniquely did not bear processes, suggesting that they were very early in 
the oligodendrocyte lineage. No mature oligodendrocytes (01-, O4-, or MBP-positive; Fig. 4c) or 
astrocytes [glial fibrillary acidic protein (GFAP)-positive] were recognized by GA IgG. Neurons 
that were occasionally present also were strongly immunopositive. The binding in both glial and 
macrophage cultures was not simply due to nonspecific interaction with Fc receptors, as no 
staining was observed with pooled mouse Ig. We additionally found intense staining of 
macrophages following fixation and permeabilization, indicating recognition of internal antigens. 
 
The second way in which CNS reactivity was examined was by immunostaining tissue sections 
from frozen spinal cords. Biotinylated GA Ig, which bound GA by ELISA, and biotinylated 
normal mouse IgG, were used for most of these analyses to avoid the use of anti-mouse IgG 
secondary antibodies on mouse tissue. GA IgG cross-reacted extensively with antigens in spinal 
cord sections from diseased mice (Fig. 4d). Many perivascular-infiltrating cells were 



prominently stained, which consist of macrophages, microglia, and lymphocytes. In lesioned 
areas of the white matter GA IgG also recognized a subset of presumed glia, particularly their 
network of thin, randomly oriented processes. These often co-labeled with the astrocyte marker 
GFAP. Activated microglia and macrophages outside of the perivascular infiltrates (positive for 
isolectin-B4, F4/80, or Class II MHC) did not co-label with GA IgG. The promiscuous staining 
pattern did not simply reflect binding to Fc receptors, as FcγIII/II receptor had a more restricted 
staining pattern, confined to perivascular infiltrates and activated amoeboid 
microglia/macrophages in the white matter parenchyma. Moreover, only a low level of 
background staining was found with control biotinylated pooled mouse Ig (Fig. 4e). 
 
In tissue sections from nondiseased mice, we also observed binding in the white matter to round 
cells having the morphology of oligodendrocytes. GA IgG and its biotinylated derivative bound 
only to oligodendrocyte cell bodies and not to myelin (Fig. 4f), which is consistent with our 
findings in glial cultures. Identical cellular binding was seen in the corpus callosum, a tract rich 
in oligodendrocytes, and in the white matter of human spinal cord (Fig. 4g). GA Ig-positive 
oligodendrocytes also were present in diseased white matter, although they were less discernible 
due to the extensive reactivity with microglia and astrocytes. Other GA IgG reactivities in both 
normal and diseased tissue included neuronal cell bodies in the gray matter and peripheral nerve. 
Thus, in CNS tissue sections GA Ig exhibited extensive cross-reactivity with a variety of cell 
types. 
 
Glatiramer acetate antibodies promote remyelination 
 
The role of GA antibodies in vivo, independent of other effects of immunization, was tested by 
adoptive transfer of GA Ig. Chronically diseased mice were treated for 5�6 weeks with GA Ig or 
normal Ig. Each mouse received 5 weekly intraperitoneal injections for total antibody doses of 
0.5 or 1.5 mg (0.1�0.3 mg/injection). None of the antibody treatments affected lesion load, 
compared with PBS-treated mice (Fig. 5a). Thus, GA antibodies were not pathogenic. 
 
In contrast, adoptively transferred GA Ig had a positive effect on oligodendrocyte-mediated 
remyelination (Fig. 5b). At a total dose of 1.5 mg, remyelination accounted for 22.9% of the 
demyelinated lesion area, compared with 9.4% in PBS controls. The 2.4-fold induction by GA 
Ig, which was significant by t-test (P=0.02 vs. PBS) and one-way ANOVA (P=0.04 comparing 
PBS, SJL Ig, pooled Ig, and 1.5 mg GA Ig). A positive treatment effect also was indicated by a 
statistical difference between the variances of the 1.5 mg GA Ig group and the other treatment 
groups (Bartlett�s test, P=0.003). Based on axon densities within remyelinated regions (33), the 
2.4-fold increase in remyelination was equivalent to the repair of approximately 7,000 to 21,000 
internodes in the sections that we analyzed. In some lesions, the GA Ig-promoted repair was 
nearly complete (Fig. 6d). Remyelination also tended to increase with 0.5 mg GA Ig treatment 
but without statistical significance. Normal mouse IgG administered at identical doses did not 
enhance remyelination. Thus, polyclonal GA antibodies stimulated lesion repair in the absence of 
active immunization. 
 
MATERIALS AND METHODS 
 
Mice and viral infection 
 



Female SJL/J mice (Jackson Laboratories, Bar Harbor, ME) were used in all experiments. Six- to 
eight-week-old mice were injected intracerebrally with 2.0 × 106 pfu of Daniel�s strain of 
TMEV. 
 
GA immunization 
 
GA (TEVA Pharmaceuticals, Petach Tikva, Israel; control number 242956896) was administered 
subcutaneously in the flank or the neck in an emulsion consisting of equal volumes of GA in 
sterile PBS, plus incomplete Freunds adjuvant (DIFCO; Fisher, Pittsburgh, PA).  
 
T cell adoptive transfer 
 
Uninfected SJL/J mice were immunized subcutaneously with 5 mg GA or chicken egg 
ovalbumin (Sigma, St. Louis, MO) in IFA. Draining lymph nodes were harvested after 7 days, 
and cells were maintained for 5 days in RPMI medium containing 5% fetal calf serum, and 25 
µg/ml GA or ovalbumin. Tritiated thymidine incorporation assays performed in parallel showed 
stimulation indices of 7.9 for GA-specific cells and 8.7 for ovalbumin-specific cells after 4 days 
in culture. After culturing, lymphocytes were isolated by centrifugation with Ficoll-Hypaque, 
rinsed, and resuspended in Hank�s balanced salt solution (HBSS). SJL mice infected with TMEV 
for 24 weeks were injected intravenously with 15 million cells per mouse or with HBSS control 
medium. After 37 days, mice were killed for histopathological analysis. 
 
Antibody purification 
 
For GA antibody isolation, serum was collected from uninfected mice immunized repeatedly at 
approximately 10-day intervals with 0.1 mg GA plus IFA per injection. Serum was delipidated 
and passed twice over a GA affinity column. Specific antibody was eluted with glycine-HCl (pH 
3.0) into Tris buffer (pH 8.0). GA was coupled to Hi-Trap NHS-activated columns, according to 
the manufacturer�s instructions (Amersham Pharmacia, Piscataway, NJ). Fractions with 
reactivity to plate-bound GA were pooled, dialyzed against PBS (10,000 molecular weight 
cutoff), sterile-filtered, and stored at 4°C. Two separate preparations of GA Ig were made. For 
isolation of normal Ig, serum from non-infected, non-immunized SJL mice or from commercial 
mouse serum (Sigma) was run over Protein A/G columns (Pierce, Rockford, IL). Ig was eluted 
and purified by conditions similar to those for GA Ig. 
 
Enzyme-linked immunosorbent assay (ELISA) 
 
Microtiter plates were coated with antigen in carbonate buffer, pH 9.5 (20 µg/ml GA or TMEV; 
5 µg/ml purified proteins from Sigma), and blocked with 5% (w/v) non-fat milk. Dilutions of 
sera or purified antibodies, followed by biotinylated secondary antibodies and streptavidin-
alkaline phosphatase (Jackson Immunoresearch, West Grove, PA; Vector Laboratories, 
Burlingame, CA), were in PBS. Antibody isotyping was performed by using a detection kit and 
purified isotype standards from Zymed Laboratories (San Francisco, CA). Extrapolation of the 
concentration of each isotype within the antibody samples was based on the sample dilution that 
produced the absorbance signal falling within the most linear portion of each standard isotype 
curve. 
 



Immunohistochemistry 
 
Glial cultures were derived from cerebral hemispheres from 4- to 7-day-old Sprague-Dawley rat 
pups (Harlan Sprague Dawley, Indianapolis IA), maintained on poly-lysine-coated glass 
coverslips in DMEM containing 10% fetal bovine serum (FBS), and immunostained between 
days 4�28 in vitro. Peritoneal macrophages were derived by lavage, 6�8 days following 
intraperitoneal injection of sterile, 3% thioglycollate solution, and maintained in RPMI medium 
containing 5% FBS. Cell surface staining was performed by incubation with antibodies in ice-
cold PBS for 20�30 min, followed by rinsing and incubation with fluorophore-conjugated 
secondary antibody. 
 
Spinal cord sections were obtained by cryostat sectioning of frozen spinal cords (10 µm 
thickness). Sections were fixed lightly in ice-cold 95% ethanol for 5 min and incubated in 10% 
goat serum to reduce nonspecific staining. Primary antibodies included: GA Ig; SJL Ig; pooled 
mouse Ig; rabbit anti-glial fibrillary acidic protein (Dako, Carpinteria, CA); rat anti-F4/80 
(Serotec, Raleigh, NC); biotinylated isolectin B4 from Bandeiraea simplicifolia (Sigma); 
biotinylated mouse anti-MHC Class II (clone 10.2.16); biotinylated rat anti-Fcγ III/II receptor 
(CD16/CD32; BD PharMingen, San Diego, CA); rat anti-myelin basic protein (82-87; 
Calbiochem, San Diego, CA); and A2B5, O1, and O4 culture supernatants. Secondary antibodies 
were either fluorophore-conjugated for direct detection (Jackson Immunoresearch; Vector) or 
biotinylated for detection by the peroxidase method using an ABC Elite kit (Vector). 
 
GA Ig and normal mouse Ig were usually applied as biotinylated derivatives. Biotinylation was 
performed by 30-min incubation of purified Ig with EZ-Link NHS-LC biotin (Pierce), followed 
by extensive dialysis against PBS (10,000 molecular weight cutoff). Biotinylation and 
preservation of GA binding activity was confirmed by Western blot and ELISA. Purified 
unbiotinylated GA Ig used in conjunction with a Mouse-on-Mouse Staining Kit (Vector) showed 
the same staining pattern as biotinylated GA Ig. 
 
Lesion load and remyelination analyses 
 
Spinal cord lesions and remyelination were determined morphometrically from cross-sections of 
plastic-embedded spinal cord blocks (35). Mice were overdosed with sodium pentobarbital and 
perfused by intracardiac puncture with 4% paraformaldehyde. Dissected spinal cords were cut 
into 1 mm blocks, and every third block was stained with osmium tetroxide and embedded in 
Araldite plastic (Ted Pella, Redding, CA). Blocks were sectioned at 1 µm thickness and stained 
with 4% paraphenylene diamine to identify demyelinated lesions. For each mouse, white matter 
and lesion areas were drawn from 8�10 blocks spanning C2-L3, using a ZIDAS interactive 
camera lucida system attached to a Zeiss photomicroscope. Lesion load represented the total 
lesion area, expressed as a percentage of the total white matter area. Regions showing significant 
remyelination were similarly drawn to determine remyelination area as a percentage of the lesion 
area. Remyelination was characterized by abnormally thin myelin sheaths, usually around the 
edges of the lesion (oligodendrocyte-mediated). All analyses were done on coded sections 
without knowledge of the experimental treatment. 
 
DISCUSSION 
 



In this paper we introduce a novel mechanism by which GA might exert its therapeutic effect in 
multiple sclerosis. Whereas previous studies suggest that GA is important for down-regulating 
cellular immune function (9�18), we demonstrate here that GA additionally can generate 
antibodies that repair demyelinated lesions. It is enigmatic that a compound that ubiquitously 
elicits strong immune responses is helpful in MS, because the traditional goal of therapy has 
been to attenuate immune reactivity. Our findings support the idea that the immunogenic 
capacity of GA is in fact important for its efficacy. 
 
The observation that provided the rationale for this study is that all patients who receive GA 
(Copaxone) develop antibodies to the compound. An important role for the humoral response 
is suggested further by the finding that patients who remain relapse-free after 18�24 months of 
treatment have statistically higher GA antibody titers than those who develop relapses (28). The 
same study found that the stimulation index of GA-induced proliferation of peripheral blood 
mononuclear cells does not show differences between these patient groups at any time point. 
Patients develop high titers of IgG1 and secondarily IgG2 but not IgM or IgE (28), which is 
similar to our findings in mice. In contrast, neutralizing antibodies that develop in interferon-
beta-treated MS patients are frequently IgG2 and IgG4 (37). 
 
GA antibodies join a list of immunoglobulins that enhance remyelination in the Theiler�s virus 
model. The list includes polyclonal antibodies to MBP pooled human IgG (IVIg) and IgM, and 
several monoclonal murine and human IgM (30�33). The extent of remyelination induced by GA 
Ig (22.9%; 2.4-fold increase over controls) was comparable with remyelination by these other 
immunoglobulins �21.3% on average for six different antibodies (range 14.1�28.9%), 
representing a 3.3-fold induction (range 2.1�4.4-fold) (30�33). GA Ig has two characteristics in 
common with other remyelination-promoting antibodies. One is widespread cross-reactivity. The 
list of reactivities of GA IgG includes subsets of all major CNS cells, as well as hematogenous 
cells (macrophages). The staining of fibrous astrocytes and a subset of microglia/macrophages in 
lesioned white matter is similar to binding by the first monoclonal IgM found to stimulate 
remyelination, 94.03 IgM (30, 38). Because the specific epitopes are not known and appear to be 
numerous, a wide variety of mechanisms may be implicated in the beneficial effects of GA Ig. 
One mechanism in particular may be important�direct stimulation of oligodendrocyte 
progenitors. The binding to a subset of oligodendrocytes is the second characteristic of GA IgG 
in common with most other remyelination-promoting antibodies. Non-process-bearing, A2B5-
positive cells in culture and oligodendrocyte cell bodies in tissue sections were the targets of GA 
IgG, raising the possibility of direct, antibody-mediated differentiation of oligodendrocyte 
progenitors. Further studies need to identify the specific cross-reactive epitopes and the binding 
events of most relevance to CNS repair. 
 
Extensive cross-reactivity of GA antibodies was not unexpected because GA is a mixture 
potentially of millions of different peptides that average approximately 70 amino acids in length 
and therefore should have the capacity to generate a vast repertoire of reactivities. In essence, 
GA antibodies might mimic IVIg, albeit at a smaller scale. Both have extensive reactivities and 
are beneficial in the Theiler�s model, yet neither recognize oligodendrocytes (33, 39). As a 
treatment for MS and other diseases, IVIg acts through many mechanisms, such as neutralization 
or altered expression of cytokines, blockage of Fc receptors, inhibition of complement, and 
changes in T cell function (40, 41). GA antibodies might share some of these mechanisms. 
 



Enhanced remyelination was not observed following complete immunization, despite the 
production of GA antibodies. We do not have an explanation for this dichotomy, although many 
possibilities exist given the complexity of GA and the Theiler�s virus model. We hypothesize in 
general that immunization had several consequences, some of which negated the beneficial 
effects of GA antibodies. GA binds to Class II MHC and directly antagonizes lymphocyte 
stimulation, but it also regulates Th1 lymphocyte activity indirectly by expanding Th2/Th3 
lymphocytes (8�17). GA also changes macrophage and dendritic cell function and lymphocyte 
migration (18, 42). Because most or all of these cells are important both for antiviral immunity 
and CNS remyelination (43�46), altering the activity of these cells by GA immunization could 
have exacerbated viral pathogenesis or impeded lesion repair. Remyelination in the Theiler�s 
model occurs only after several months of infection, presumably reflecting the need for 
appropriate immunological conditions, and it occurs only in lesions that are considerably free of 
myelin debris. Therefore, perturbations of the immunological milieu or in the composition of 
lesions by GA directly or through GA-activated T cells may have upset the conditions necessary 
for antibodies to induce remyelination. 
 
Determining the pathogenic mechanisms responsible for MS is vital, but it is also important to 
find ways to stimulate repair of the injured nervous system. Fortunately, GA may serve both 
purposes�first by suppressing pathogenic T cells and second by stimulating remyelination of 
axons and thereby restoring conduction. Future studies should attempt to sort out which of these 
mechanisms are most critical during the different stages of MS and find ways to optimize them. 
For example, reparative, humoral responses would likely be a higher priority during disease 
remissions when pathogenic mechanisms are less active, whereas T cell-mediated suppression 
would be favored during active disease. Improving such responses could entail using different 
treatment regimens, adjuvants, or other peptide formulations. If stimulating GA humoral 
responses is a primary goal at some stage, periodic immunizations rather than expensive daily 
injections may suffice.  
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Fig. 1 
 

                     
 

Figure 1. Active immunization with GA has no effect on spinal cord pathology in chronically diseased mice. 
Chronically diseased mice (27–52 wk infection) with established inflammatory demyelination of the spinal cord were 
treated by subcutaneous injections as shown: 4–8 injections of 0.1 mg GA or GA+IFA. After 6–11 weeks, the proportion 
of white matter area with inflammatory demyelination (A) and the proportion of lesion area with remyelination (B) were 
quantified by morphometric analysis of spinal cord sections. None of the treatments with GA affected lesion load or the 
extent of remyelination as compared with PBS or IFA treatment alone. 
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Figure 2. Adoptively transferred GA-reactive T cells do not alter lesion load or the extent of remyelination. Lymph 
nodes were isolated from uninfected SJL mice immunized 7 days previously with IFA plus GA or chicken egg ovalbumin 
(OVA). Dissociated lymph node cells were maintained in culture with cognate antigen (25 µg/ml) for 5 days, then viable 
cells were isolated by Ficoll gradient centrifugation. Mice infected for 24 weeks were injected intravenously with the 
primed cells (15 million/mouse) or Hank’s balanced saline solution and maintained for a further 5 weeks. Spinal cord 
lesion morphometry showed similar lesion loads and low levels of remyelination in all treatment groups. No statistically 
significant differences were present among groups for either parameter. 
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Figure 3. Purified GA antibodies are primarily IgG1 and IgG2. Isotyping of purified GA Ig, normal SJL serum Ig, 
and pooled mouse serum Ig was performed by ELISA. Isotype-specific reactivities were compared with standard curves 
of purified isotypes to calculate isotype concentrations. Each isotype concentration is expressed as a percentage of the 
total antibody concentration within each preparation. IgG1 was the predominant GA Ig isotype, whereas other isotypes 
were predominant in control Ig preparations. 
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Figure 4. CNS reactivity of purified GA Ig. A–C) In rat CNS glial cultures GA IgG bound to the surface of spherical 
cells located at the upper surface of the cultures. GA IgG-positive cells co-labeled with the microglial marker, Bandeiraea 
simplicifolia isolectin B4 (A) and with a subset of A2B5 IgM-positive oligodendrocytes that lacked processes (B). 
Differentiated, O1-postive oligodendrocytes did not co-label with GAIg (C). In spinal cord sections from lesioned mouse 
spinal cord, biotinylated GA IgG bound extensively to glial cells and perivascular infiltrates in the white matter (D), 
compared with the low background staining of biotinylated normal mouse IgG (E). GA IgG also predominantly labeled 
neuronal cell bodies in the gray matter. In white matter of non-diseased mouse (F) and human spinal cord (G), 
biotinylated GA Ig bound to oligodendrocyte cell bodies (arrows) but not to myelin. 
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Figure 5. GA Ig promotes remyelination without affecting lesion load. Chronically infected mice were treated by 
intraperitoneal injection of immunoglobulins. Five equal, weekly doses were administered for the total amounts shown 
(0.5 or 1.5 mg). After 36–42 days, spinal cord lesion loads and the proportion of lesion areas with remyelination were 
quantified by morphometric analysis. A) Lesion load was unaffected by any of the Ig treatments. B) Remyelination 
increased 2.4-fold following treatment with 1.5 mg GA Ig, which was significant by t-test (P=0.02 vs. PBS) and one-way 
ANOVA (P=0.04 compared with PBS, SJL Ig, pooled Ig, and 0.5 mg GA Ig). pooled Ig = immunoglobulin from 
commercial pooled mouse serum; SJL Ig = immunoglobulin from noninfected, nonimmunized SJL mice. 
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