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Increased immunoglobulin G (IgG) antibodies and oligoclonal bands (OCB) are the 
most characteristic features of multiple sclerosis (MS), a neuroinflammatory 
demyelinating disease with neurodegeneration at chronic stages. OCB are shown to 
be associated with disease activity and brain atrophy. Despite intensive research 
over the last several decades, the antigen specificities of the IgG in MS have remained 
elusive. We present evidence which supports that intrathecal IgG is not driven by 
antigen-stimulation, therefore provide reasoning for failed MS antigen identification. 
Further, the presence of co-deposition of IgG and activated complement products in 
MS lesions suggest that the IgG effector functions may play a critical role in disease 
pathogenesis. 
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1. Introduction 

Multiple sclerosis (MS) is the most common chronic inflammatory disease of the central 
nervous system (CNS), which causes a mild to severe disability in the majority of affected 
patients [1,2]. The increased intrathecal synthesis of IgG and oligoclonal bands (OCB) are 
present in over 95% of MS patients [2]. OCB were found to be associated with increased 
levels of disease activity and disability, the conversion from a clinically isolated syndrome 
(CIS) to early relapsing-remitting multiple sclerosis (RRMS), and more significant brain 
atrophy [3]. Furthermore, extensive pathological characterization of acute MS brain lesions 
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has demonstrated the colocalization of IgG antibodies, complement activation products, 
and Fc gamma receptors (Fc𝛾R), suggesting an effector function for these antibodies in the 
early stages of the disease [4–6]. The successful B cell therapy, the persistence of OCB, and 
the consistent presence of codeposition of IgG and complements indicate the significance of 
IgG in MS disease pathogenesis. Yet, despite the intensive research over the last several 
decades, the antigen specificities of MS IgG have remained elusive. In this review, we 
consider the possible reasons for this failure to identify a key MS-associated antigen and 
present evidence supporting the role of IgG effector functions in disease pathogenesis. 

2. Intrathecal IgG and Oligoclonal Bands in MS 

A high IgG load in MS CNS and the presence of OCB are considered the hallmarks of disease 
and criteria for diagnosis of MS [7,8]. Increased IgG and OCB correlates with disease 
activity and disability [9,10]. In addition, OCB do not change within an individual patient 
over time [11], and OCB-specific peptides in MS stay identical or similar over time [12], but 
unique for individual patients [3]. The presumed antigenic specificity of the OCB in MS has 
yet to be determined and indeed is considered to be a form of ‘holy grail’ for MS 
immunologists. Identification of a causative antigen would be of great importance to the 
field of MS and also raise the possibility of primary prevention. However, as Hauser et al. 
pointed out, knowledge of the causative antigen(s) in other autoimmune disorders has so 
far not resulted in selective targeted therapy for any condition [13]. Further, OCB are also 
detected in several other neurological conditions such as neurosarcoidosis, neurosyphilis, 
and Cryptococcus meningitis [14] so, they are not necessarily disease-specific. Further, the 
overlapping, but different, OCB profiles observed in diverse regions of the same MS brain 
were thought to indicate that much of the IgG in MS plaques are nonsense antibodies 
resulting from random B cell activation and not relevant to the pathogenesis of MS [15,16]. 
Given the success of B cell therapies, and the consistent presence of increased IgG 
antibodies in the brain and CSF, it is plausible that the pathological role of OCBs in MS may 
be contributed by antibody effector functions. 

Importantly, intrathecal IgG synthesis in MS was found to be genetically influenced [17–
19], and OCB are also associated with specific genetic risk alleles [20] indicating that OCB 
in MS are genetically controlled. 

3. Disease-causing antibodies in MS 

To date, there is no convincing evidence of specific antibodies that play a critical role in MS 
pathogenesis. However, the involvement of antibodies in disease pathogenesis is supported 
by the clinical response of some patients to treatments known to inhibit antibody-mediated 
effects in other diseases [21–26], as well as the observation that actively demyelinating 
lesions are commonly associated with deposition of immunoglobulins and complement 
activation products [4–6]. Local deposition of immunoglobulins and complement is also 
observed following antibody-mediated demyelination in animal models of MS [4], 
providing further credibility for the hypothesis that autoantibody-dependent mechanisms 



 3 

are involved in the immunopathogenesis of MS [27,28]. However, it should be appreciated 
that antibodies produced in MS, such as those produced by CD5+ B cells, are polyspecific 
indicating the absence of a single antigen driving autoimmunity in MS [29,30]. While one 
study suggested that MS sera contain antibodies to oligodendrocytes, which form myelin in 
the CNS [29], this observation was not confirmed in other studies [31,32]. The absence of 
disease-causing antibodies is not consistent with the notion of a single antigen driving the 
harmful immune response seen in MS patients. 

4. Clonal B cells, plasmablasts, and V𝑯4 dominance in MS and other 
diseases 

4.1. IgG heavy chain variable region (V𝑯) family dominance in MS 

Owens et al (1998) reported the restricted use of V𝐻4 germline segments in an acute MS 
brain. The IgG heavy chain variable region repertoire expressed in lesions of an acute MS 
brain were predominantly V𝐻4 clones, and CDR3(+) sequences showed extensive somatic 
mutation and the preferential accumulation of amino acid replacement mutations [33]. A 
subsequent study from this laboratory reported expanded CD138(+) cells from 11 MS 
patients representing differing clinical courses and stages of disease that contained 
dominant V𝐻4 sequences in the CSF [34]. Figure 1 highlights the three CDR regions in the 
IgG gene. This data suggests that the IgG antibodies in MS may be antigen-driven. 

However, a study found that the human Immunoglobulin V𝐻 gene repertoire was 
genetically controlled and unaltered by chronic autoimmune stimulation [35]. Quantitative 
analysis (anchored PCR-ELISA) of µ and 𝛾 transcripts in peripheral blood lymphocytes 
from 10 pairs of adult monozygotic twins revealed that the V𝐻 gene family expression was 
controlled by genetic factors and could often be distinguished from one another. It 
remained stable despite the passage of time and duration of disease [35]. 

4.2. V𝑯 family gene expression and immunoglobulin specificity 

IgG B cells are derived from IgM B cells after antigenic stimulation. Therefore, one would 
expect that the expressed IgG would depend upon environmental stimuli, while the 
expressed IgM would be dependent on genetic and developmental factors. However, in this 
study, the 𝜇 and 𝛾 V𝐻 gene expression patterns were similar in all subjects [35]. Thus, 
exogenous antigens do not normally skew the basic inherited pattern of Ig V𝐻 gene 
expression by peripheral B lymphocytes. The V𝐻 family gene expression pattern does not 
necessarily correlate with immunoglobulin specificity [35]. Hence, we argue that the 
dominant V𝐻4 gene expression in MS CSF is likely due to specific enrichment of B cells 
rather than antigen-stimulation. Our recent study that distinct sets of oligoclonal IgG-
reactive peptides were identified by individual MS CSF, support the notion that the 
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Figure 1: IgG heavy chain variable region V𝐻4 dominance in MS. CD19(+) B cells and 
CD138(+) plasma cells are sorted by fluorescence-activated cell sorting (FACS), and reverse 
transcription polymerase chain reaction (RT-PCR) is performed for V𝐻 regions to identify the 
CDR3 sequences [34]. 

increased IgG in MS may not be antigen driven [36]. Moreover, expression of CD5 on B 
lymphocytes correlates with disease activity in patients with MS [37] and CD5+ B cells 
produce polyspecific antibodies [30]. 

4.3. V𝑯 family usage in autoimmune diseases 

Studies in known autoimmune diseases have shed further light on this issue. Thus, V𝐻4.34 
antibodies (Abs) represent a major component of the IgG autoantibody repertoire in lupus, 
and it binds to a 220-kDa glycoform of CD45/B220 on the surface of human B lymphocytes 
[38]. The investigators showed that lupus IgG V𝐻4.34 Abs target a developmentally 
regulated B220-specific glycoform of CD45 protein. Their findings suggest that 
heterogeneity of auto-antigens may potentially change specific naive B cell populations. 
Many different human autoantibodies use genes from the V𝐻4 family, and positive selection 
by autoantigen [39] is one possible explanation for the predominance of V𝐻4 genes. 

Restricted V𝐻 gene family usage has been shown in several other scenarios. These include 
early in fetal development [40,41], in malignant B cells [42], in CD5+ B1 B cells [43], and in 
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autoantibody repertoires [44], resulting in the generation of higher levels of serum 
antibodies, and a higher percentage of human plasmablasts and plasma cells in vivo. 

5. The failure of identification of MS antigens by clonal B cell-derived 
recombinant antibodies 

The findings of V𝐻4 dominance in MS have generated much interest in recombinant 
antibody generation and antigen identification. Figure 2 illustrates the scheme for 
generation of recombinant antibodies (rAbs) from single cells in MS CSF. 

 

Figure 2: Flow chart of single cell PCR and generation of recombinant antibodies from MS 
CSF. CSF cells are sorted by FACS (CD3-) and CD138(+). Single cells are deposited into a 96 
plate followed by RT-PCR for V𝐻 and V𝐿 sequences and CDR3 regions are identified. Cells with 
identical V𝐻 and V𝑘 sequences are considered clonally expanded populations. The 
overrepresented IgG V𝐻 and V𝑘 sequences are cloned into IgG expression vectors to generate 
recombinant antibodies (rAbs). However, no antigens specific for MS antibodies have been 
found. 

We showed that specific phage peptides were identified by recombinant antibodies (rAbs) 
generated from MS clonal expanded plasma cells, but no common antigens were found 
[12,45]. Owens et al. found that humanized control rAbs derived from anti-myelin 
hybridomas and anti-myelin monoclonal antibodies readily detected myelin antigens in 
multiple immunoassays. In contrast, none of the rAbs derived from MS CSF displayed 
immunoreactivity to the three myelin antigens tested [46]. Brändle et al. showed that OCB 
in MS target ubiquitous intracellular antigens released in cellular debris [47]. Using 
recombinant antibodies cloned from laser captured single plasma cells from MS brain, we 
recently identified high-affinity peptides which bound to OCB but failed to demonstrate 
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that IgG also recognized these peptides from other MS patients [48]. Further, we showed 
that MS OCB target patient-specific antigens [36]. 

A general point to emphasize is that patients with autoimmune diseases frequently 
produce autoantibodies to a large variety of antigens, but for many of these, it has not been 
possible to determine their relevance to the pathogenesis of the disease. In some cases, 
even autoantibodies with the same specificity are not equally pathogenic. The 
pathogenicity of different autoantibodies with the same specificity cannot be determined 
with the polyclonal autoantibodies present in the serum of individual patients. Ditzel et al. 
pointed out that much of the antibody repertoire is concerned with polyreactive antibodies 
capable of interacting with multiple antigenic species. In their study of the determinants of 
polyreactivity in a large panel of recombinant human antibodies from HIV-1 infection, 
these authors found that there was skewed VL gene usage in that 75% of the Ig Fab 
fragments used one of two germlines [49]. The importance of the heavy chain, in particular 
the heavy chain CDR3 (HCDR3), in dictating the polyreactive phenotype was demonstrated 
for the prototype Fab, and they hypothesized that antibody polyreactivity is associated 
with conformationally flexible HCDR3 regions. 

6. Evidence for IgG effector functions in MS 

While extensive research has failed to identify the antigen specificity of the IgG antibodies 
in MS, there is nevertheless evidence to support IgG effector functions and their role in 
disease pathogenesis. IgG Fc domain mediates a wide range of effector functions including 
antibody dependent cellular cytotoxicity (ADCC) and complement dependent cytotoxicity 
(CDC). For ADCC, engagement of the various types of Fc𝛾Rs by the Fc domain can activate 
distinct immunomodulatory pathways with pleiotropic functional consequences for several 
leukocyte types. For CDC, binding of complement component 1q (C1q) triggers the 
activation of the complement cascade and leads to the formation of the membrane attack 
complex (MAC), which forms pores causing the lysis of target cells [Fig. 3]. Several lines of 
evidence support the pathological role of IgG in MS, summarized as follows: 

6.1. Co-deposition of complement activation products and IgG in acute MS 
lesions 

The complement system is central to innate and adaptive immune responses. Complement 
is activated through the classical, lectin and alternative pathways that generate 
anaphylatoxins C3a and C5a and opsonins, including C3b [50]. 

Prominent deposition of IgG antibodies and complement activation are common features of 
acute demyelinating plaques [4–6]. Complement activation products are consistently 
present in active lesions and cortical grey matter lesions [52]. Watkins et al (2016) showed 
that complement is activated in the MS cortical grey matter lesions in areas of elevated 
numbers of complement receptor-positive microglia, and suggests that complement over-
activation may contribute to the worsening pathology that underlies the irreversible 
progression of MS [53]. These studies provide strong evidence that complement-dependent 
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Figure 3: The effector functions of IgG antibodies (modified based on a figure from Wu and 
Lefranc at IMGT) [51]. 

antibody cytotoxicity (Fc effector function) may play important role in demyelination and 
neuronal death. 

6.2. ADCC and Fc gamma receptors in neurons and microglia of MS lesions 

Antibodies forming complexes with antigens can initiate important cell-based functions 
such as antibody dependent cellular cytotoxicity (ADCC), triggering the release of pro- and 
anti-inflammatory mediators and enzymes, as well as modulating antigen presentation and 
the clearance of pathogenic complexes [54]. Both IgG1 and IgG3 bind to FcgRIIa, FcgRIIIa, 
and FcgRIII effector cells such as neutrophils, monocytes, macrophages, or natural killer 
(NK) cells [55]. Early studies demonstrated that in active MS lesions, reactive microglia 
have an increased expression for Fc gamma receptors FcRI, FcRII, and FcRIII [56]. Fc 
gamma receptors have been shown to be involved in the uptake of IgG-coated particles and 
immune complexes in MS lesions [6]. In inflammatory demyelinating areas, 
immunostaining for FcRI, FcRII, and FcRIII was observed within macrophages in 
intracellular vesicle-like structures, and on the cell surface. Further, double-labeling studies 
have demonstrated colocalization of FcR with IgG, C1q in phagocytic macrophages, 
suggesting a role for FcR-mediated myelin phagocytosis in established MS [6]. This data 
supports that the IgG effector function may be critical for MS disease pathogenesis. 

6.3. Higher IgG1 and IgG3 in MS lesions and are major components of 
oligoclonal bands 

The predominant IgG subclasses in MS CSF are IgG1 and IgG3 [57,58], and the elevation of 
both IgG1 and IgG3 indices in MS is observed more frequently than the elevation of the 
general IgG index [9]. Furthermore, the susceptibility to MS is associated with an IgG3 
restriction fragment length polymorphism [59], and intrathecal IgG synthesis in MS is 
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associated with IgG3 heavy chain gene polymorphism [17]. Recent studies support the 
concept that total IgG as well as IgG3 may play significant role in MS disease pathogenesis. 
For example, 1) MS patients have higher levels of total IgG in serum [60]; 2) higher serum 
IgG3 levels may predict the development of MS from clinically isolated syndrome [61], 3) 
IgG3+ B cells are associated with the development of MS [62]. Thus, both the major IgG1 
and minor IgG3 may play major role in their effector functions in MS. Rozanolixizumab is a 
neonatal Fc receptor (FcRn) inhibitor that has been shown clinical benefit in patients with 
Myasthenia Gravis [63]. We speculate that Rozanolixizumab may have the potential to treat 
MS patients in the near future. 

6.4. Higher levels of IgG glycosylation in MS 

The IgG subclasses contain a highly conserved asparagine-linked (N-) oligosaccharide 
located in the CH2 domain of the Fc region, and glycans are also present in about 15% of 
variable domains [64]. Glycosylation on the immunoglobulin plays a strong role on the 
binding to Fc receptors. Variations in IgG Fc N-glycosylation have been shown to be 
associated with increased autoimmune disease activity since they influence binding to 
Fc𝛾Rs on both effector cells and immune mediators [65–67]. Furthermore, it was shown 
that antibodies with lower levels of terminal sugar residues might be more pathogenic [68–
70]. Relevant to this was the finding that IgG galactosylation was significantly altered in 
CSF but not in the serum of MS patients, and that this modification had a relationship with 
an active progression of MS [68]. We recently demonstrated the presence of aberrant IgG 
glycosylation in MS [71]. We showed the presence of lower levels of IgG sialylation in the 
CSF compared to paired serum and higher levels of sialylated and galactosylated serum IgG 
in MS compared to other neurological disorders and normal healthy controls. The unique 
IgG glycosylation profiles in MS suggest a complex nature of the IgG antibodies which may 
influence its effector functions in the disease. 

7. The importance of Fc𝜸RIIB in autoimmunity 

Although a potential link between MS autoimmunity and physiological autoimmunity is 
unclear, there has been significant progress in learning more about specific mechanisms 
that can be driving autoimmune responses. There is now a body of evidence to suggest that 
the Fc𝛾 receptor IIB (Fc𝛾RIIB) plays a significant role in the generation of autoimmunity. 
Baerenwaldta et al. showed that the inhibitory Fc𝛾-receptor is a checkpoint of humoral 
tolerance in the human immunity. Impaired human Fc𝛾RIIB function resulted in the 
generation of higher levels of serum immunoglobulins, the production of different 
autoantibody specificities, and a higher proportion of human plasmablasts and plasma cells 
in vivo. These results suggest that Fc𝛾RIIB may be an essential checkpoint of humoral 
tolerance in the human immune system [72]. Tiller et al. found that loss of Fc𝛾RIIB was 
correlated with an increase in poly-and autoreactive IgG+ germinal center B cells, including 
anti-nuclear antibody–expressing cells. In the mice deficient in Fc𝛾RIIB, autoreactive B cells 
actively participated in germinal center reactions, and it was found that somatic mutations 
contributed to the generation of highly autoreactive IgG antibodies [73]. It would be of 
particular value if a specific immunological response could also be identified in MS. 
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Fc𝛾RIIB appears to be an essential negative regulator of inflammation in autoimmune 
diseases and infections [74]. In B cells, Fc𝛾RIIB is vital for peripheral tolerance, as Fc𝛾RIIB-
deficient mice develop a higher frequency of autoreactive B cells [75–78]. Furthermore, 
mice with a polymorphism in the Fc𝛾RIIB promoter region showed a lower expression of 
Fc𝛾RIIB on B cells and are prone to develop autoimmunity [79,80]. 

Studies demonstrated that blocking of activating Fc𝛾Rs or changing the activating to 
inhibitory ratio can suppress autoantibody-induced inflammation in mice and man [79,81]. 
Indeed, one of the many speculated mechanisms by which intravenous IgG (IVIG) exerts its 
anti-inflammatory properties is upregulation of Fc𝛾RIIB and simultaneous downregulation 
of activating Fc𝛾Rs on macrophages to clear immune complexes without detrimental cell 
activation [65,82]. Significantly, the effect is most effective in IgG1-mediated inflammation 
as Fc𝛾RIIB binds IgG1 with a much higher affinity than IgG2a. The A/I ratios for IgG2a and 
IgG2b are 69 and 7 as compared with 0.1 for IgG1 [79]. In summary, the inhibitory Fc𝛾RIIB 
may play a role in regulating autoimmune diseases. 

A very recent report shows that Fc𝛾RIIB expression is decreased on naive and marginal 
zone-like B cells from females with MS [83]. This data, together with findings of genetically 
controlled V𝐻4 dominance and intrathecal IgG in MS, collectively provide reasons for the 
failed antigen identification, provide a strong rationale for investigating the effector arms 
of the IgG antibodies. 

8. Effective B cell therapies 

The established effectiveness of B cell therapies using anti-CD20 monoclonal antibodies to 
treat patients with MS has demonstrated the critical role of this immune cell type in disease 
pathogenesis. Nevertheless, it is acknowledged that B cell therapies’ reported success in MS 
could be interpreted differently from the view expressed here. Accumulating data has 
demonstrated that B cell depletion leads to reduced clinical and magnetic resonance 
imaging (MRI) evidence of disease activity, although the clinical improvement is less 
evident in progressive MS [84]. The actual depletion of B cells by anti-CD20 antibodies is 
mediated through several molecular mechanisms [84]. The exact mode of action of this 
therapy, however, remains unclear. B cell depletion is known to be associated with 
interruption of B cell trafficking from the peripheral compartment to the CNS, reduced B 
cell antigen presentation to T cells, modulation of proinflammatory cytokine secretion, and 
also reduced activation and differentiation to immunoglobulin-secreting plasmablasts 
[24,85]. When all B cells are removed from the blood, MS disease activity essentially ceases. 
The effect is rapid in onset [24], and probably in this scenario, the blockade of antigen 
presentation by B cells is much more important than any effect on antibody production. It 
has already been mentioned that MS-derived CD5+ B cells produce polyspecific antibodies, 
and the data so far on B cell therapy adds to the considerable weight of other evidence that 
a single antigen does not drive the host immune response seen in MS patients. 
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9. Conclusions 

While there is abundant evidence that immune mechanisms unquestionably play a central 
role in the pathogenesis of MS, particularly evident in the form of intrathecal IgG synthesis 
and CSF oligoclonal IgG, it has not been possible hitherto to identify a single antigen 
capable of driving the observed immune responses in the disease. While there is convincing 
evidence for V𝐻 gene family dominance in MS along with several autoimmune diseases, so 
far, the use of clonal B cell-derived recombinant antibodies has failed to identify any 
candidate MS antigens. However, there is convincing evidence to support IgG effector 
functions and their role in MS pathogenesis. The interpretation of effective B cell therapies 
in MS is open to question. Since MS is clinically heterogeneous, more than one antigenic 
stimulus may be involved in the pathogenesis of the spectrum of clinical phenotypes in MS. 

Author Contributions 

Conceptualization, X.Y.U; outline of section topics, X.Y.U.; writing-original draft preparation, 
X.Y.U..; writing-review and editing, Z.Z. and P.G.K.; visualization, X.Y.U (figures in paper) 
and Z.Z. (graphical abstract). All authors have read and agreed to the published version of 
the manuscript. 

Acknowledgments 

We dedicate this paper to Dr. Don Gilden for his lifelong passion and effort in trying to find 
the cause of MS.  

Funding: This work was supported by the Department of Neurosurgery Research Funds, 
University of Colorado Anschutz Medical Campus with additional support from the 
National Institutes of Health [grant number 4R33MH118174-03]. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 
1. Noseworthy, J.H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker, B.G. Multiple Sclerosis. N 
Engl J Med 2000, 343, 938–52, doi:10.1056/NEJM200009283431307. 

2. Compston, A.; Coles, A. Multiple Sclerosis. The Lancet 2008, 372, 1502–1517, 
doi:10.1016/S0140-6736(08)61620-7. 

3. Yu, X.; Graner, M.; Kennedy, P.; Liu, Y. The Role of Antibodies in the Pathogenesis of 
Multiple Sclerosis. Front Neurol 2020, 11, doi:10.3389/fneur.2020.533388. 

https://doi.org/10.1056/NEJM200009283431307
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.3389/fneur.2020.533388


 11 

4. Storch, M.K.; Piddlesden, S.; Haltia, M.; Iivanainen, M.; Morgan, P.; Lassmann, H. Multiple 
Sclerosis: In Situ Evidence for Antibody- and Complement-Mediated Demyelination. Ann 
Neurol 1998, 43, 465–71, doi:10.1002/ana.410430409. 

5. Lucchinetti, C.; Brück, W.; Parisi, J.; Scheithauer, B.; Rodriguez, M.; Lassmann, H. 
Heterogeneity of Multiple Sclerosis Lesions: Implications for the Pathogenesis of 
Demyelination. Ann Neurol 2000, 47, 707–717, doi:10.1002/1531-
8249(200006)47:6<707::AID-ANA3>3.0.CO;2-Q. 

6. Breij, E.C.; Brink, B.P.; Veerhuis, R.; Berg, C. van den; Vloet, R.; Yan, R.; Dijkstra, C.D.; Valk, 
P. van der; Bö, L. Homogeneity of Active Demyelinating Lesions in Established Multiple 
Sclerosis. Ann Neurol 2008, 63, 16–25, doi:10.1002/ana.21311. 

7. Thompson, A.J.; Banwell, B.L.; Barkhof, F.; Carroll, W.M.; Coetzee, T.; Comi, G.; Correale, J.; 
Fazekas, F.; Filippi, M.; Freedman, M.S.; et al. Diagnosis of Multiple Sclerosis: 2017 Revisions 
of the McDonald Criteria. Lancet Neurol 2018, 17, 162–173, doi:10.1016/S1474-
4422(17)30470-2. 

8. Arrambide, G.; Tintore, M.; Espejo, C.; Auger, C.; Castillo, M.; Río, J.; Castilló, J.; Vidal-
Jordana, A.; Galán, I.; Nos, C.; et al. The Value of Oligoclonal Bands in the Multiple Sclerosis 
Diagnostic Criteria. Brain 2018, 141, 1075–1084, doi:10.1093/brain/awy006. 

9. Caroscio, J.T.; Kochwa, S.; Sacks, H.; Makuku, S.; Cohen, J.A.; Yahr, M.D. Quantitative 
Cerebrospinal Fluid IgG Measurements as a Marker of Disease Activity in Multiple Sclerosis. 
Arch Neurol 1986, 43, 1129–31, doi:10.1001/archneur.1986.00520110029009. 

10. Joseph, F.G.; Hirst, C.L.; Pickersgill, T.P.; Ben-Shlomo, Y.; Robertson, N.P.; Scolding, N.J. 
CSF Oligoclonal Band Status Informs Prognosis in Multiple Sclerosis: A Case Control Study 
of 100 Patients. J Neurol Neurosurg Psychiatry 2009, 80, 292–296, 
doi:10.1136/jnnp.2008.150896. 

11. Walsh, M.J.; Tourtellotte, W.W. Temporal invariance and clonal uniformity of brain and 
cerebrospinal IgG, IgA, and IgM in multiple sclerosis. J Exp Med 1986, 163, 41–53, 
doi:10.1084/jem.163.1.41. 

12. Yu, X.; Burgoon, M.; Green, M.; Barmina, O.; Dennison, K.; Pointon, T.; Davis, M.; Gilden, 
D. Intrathecally Synthesized IgG in Multiple Sclerosis Cerebrospinal Fluid Recognizes 
Identical Epitopes over Time. J Neuroimmunol 2011, 240-241, 129–36, 
doi:10.1016/j.jneuroim.2011.10.009. 

13. Hauser, S.L.; Chan, J.R.; Oksenberg, J.R. Multiple Sclerosis: Prospects and Promise. Ann 
Neurol 2013, 74, 317–27, doi:10.1002/ana.24009. 

14. Gilden, D.H. Infectious Causes of Multiple Sclerosis. Lancet Neurol 2005, 4, 195–202, 
doi:10.1016/S1474-4422(05)01017-3. 

15. Mattson, D.H.; Roos, R.P.; Arnason, B.G. Isoelectric Focusing of IgG Eluted from Multiple 
Sclerosis and Subacute Sclerosing Panencephalitis Brains. Nature 1980, 287, 335–7, 
doi:10.1038/287335a0. 

https://doi.org/10.1002/ana.410430409
https://doi.org/10.1002/1531-8249(200006)47:6%3c707::AID-ANA3%3e3.0.CO;2-Q
https://doi.org/10.1002/1531-8249(200006)47:6%3c707::AID-ANA3%3e3.0.CO;2-Q
https://doi.org/10.1002/ana.21311
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1093/brain/awy006
https://doi.org/10.1001/archneur.1986.00520110029009
https://doi.org/10.1136/jnnp.2008.150896
https://doi.org/10.1084/jem.163.1.41
https://doi.org/10.1016/j.jneuroim.2011.10.009
https://doi.org/10.1002/ana.24009
https://doi.org/10.1016/S1474-4422(05)01017-3
https://doi.org/10.1038/287335a0


 12 

16. Mattson, D.H.; Roos, R.P.; Arnason, B.G.W. Oligoclonal IgG in Multiple Sclerosis and 
Subacute Sclerosing Panencephalitis Brains. J Neuroimmunol 1982, 2, 261–276, 
doi:10.1016/0165-5728(82)90059-5. 

17. Buck, D.; Albrecht, E.; Aslam, M.; Goris, A.; Hauenstein, N.; Jochim, A.; International 
Multiple Sclerosis Genetics Consortium, W.T.C.C.C.; Cepok, S.; Grummel, V.; Dubois, B.; et al. 
Genetic Variants in the Immunoglobulin Heavy Chain Locus Are Associated with the IgG 
Index in Multiple Sclerosis. Ann Neurol 2013, 73, 86–94, doi:10.1002/ana.23749. 

18. Harbo, H.F.; Isobe, B.-H., N.; P., S.D., Bos; Caillier, S.J.; Gustavsen, M.W.; Mero, I.L.; Celius, 
E.G.; Hauser, S.L.; Oksenberg, J.R.; Gourraud, P.A. Oligoclonal Bands and Age at Onset 
Correlate with Genetic Risk Score in Multiple Sclerosis. Mult Scler J Exp Transl Clin 2014, 
20, 660–668, doi:10.1177/1352458513506503. 

19. Goris, A.; Pauwels, I.; Gustavsen, M.W.; Son, B. van; Hilven, K.; Bos, S.D.; Celius, E.G.; 
Berg-Hansen, P.; Aarseth, J.; Myhr, K.-M.; et al. Genetic variants are major determinants of 
CSF antibody levels in multiple sclerosis. Brain 2015, 138, 632–643, 
doi:10.1093/brain/awu405. 

20. Gustavsen, M.W.; Viken, M.K.; Celius, E.G.; Berge, T.; Mero, I.-L.; Berg-Hansen, P.; 
Aarseth, J.H.; Myhr, K.-M.; Søndergaard, H.B.; Sellebjerg, F.; et al. Oligoclonal Band 
Phenotypes in MS Differ in Their HLA Class II Association, While Specific KIR Ligands at 
HLA Class i Show Association to MS in General. J Neuroimmunol 2014, 274, 174–179, 
doi:10.1016/j.jneuroim.2014.06.024. 

21. Vamvakas, E.C.; Pineda, A.A.; Reisner, R.; Santrach, P.J.; Moore, S.B. The Differentiation of 
Delayed Hemolytic and Delayed Serologic Transfusion Reactions: Incidence and Predictors 
of Hemolysis. Transfusion 1995, 35, 26–32, doi:10.1046/j.1537-2995.1995.35195090655.x. 

22. Weinshenker, B.G. Plasma Exchange for Severe Attacks of Inflammatory Demyelinating 
Diseases of the Central Nervous System. J Clin Apher 2001, 16, 39–42, 
doi:10.1002/jca.1010. 

23. Keegan, M.; Pineda, A.A.; McClelland, R.L.; Darby, C.H.; Rodriguez, M.; Weinshenker, B.G. 
Plasma Exchange for Severe Attacks of CNS Demyelination: Predictors of Response. 
Neurology 2002, 58, 143–6, doi:10.1212/wnl.58.1.143. 

24. Hauser, S.L.; Waubant, E.; Arnold, D.L.; Vollmer, T.; Antel, J.; Fox, R.J.; Bar-Or, A.; Panzara, 
M.; Sarkar, N.; Agarwal, S.; et al. B-Cell Depletion with Rituximab in Relapsing-Remitting 
Multiple Sclerosis. N Engl J Med 2008, 358, 676–88, doi:10.1056/NEJMoa0706383. 

25. Hawker, K.; O’Connor, P.; Freedman, M.S.; Calabresi, P.A.; Antel, J.; Simon, J.; Hauser, S.; 
Waubant, E.; Vollmer, T.; Panitch, H.; et al. Rituximab in Patients with Primary Progressive 
Multiple Sclerosis: Results of a Randomized Double-Blind Placebo-Controlled Multicenter 
Trial. Ann Neurol 2009, 66, 460–71, doi:10.1002/ana.21867. 

26. Magaña, S.M.; Keegan, B.M.; Weinshenker, B.G.; Erickson, B.J.; Pittock, S.J.; Lennon, V.A.; 
Rodriguez, M.; Thomsen, K.; Weigand, S.; Mandrekar, J.; et al. Beneficial Plasma Exchange 

https://doi.org/10.1016/0165-5728(82)90059-5
https://doi.org/10.1002/ana.23749
https://doi.org/10.1177/1352458513506503
https://doi.org/10.1093/brain/awu405
https://doi.org/10.1016/j.jneuroim.2014.06.024
https://doi.org/10.1046/j.1537-2995.1995.35195090655.x
https://doi.org/10.1002/jca.1010
https://doi.org/10.1212/wnl.58.1.143
https://doi.org/10.1056/NEJMoa0706383
https://doi.org/10.1002/ana.21867


 13 

Response in Central Nervous System Inflammatory Demyelination. Arch Neurol 2011, 68, 
870–8, doi:10.1001/archneurol.2011.34. 

27. Genain, C.P.; Cannella, B.; Hauser, S.L.; Raine, C.S. Identification of Autoantibodies 
Associated with Myelin Damage in Multiple Sclerosis. Nat Med 1999, 5, 170–5, 
doi:10.1038/5532. 

28. Raine, C.S.; Cannella, B.; Hauser, S.L.; Genain, C.P. Demyelination in Primate 
Autoimmune Encephalomyelitis and Acute Multiple Sclerosis Lesions: A Case for Antigen-
Specific Antibody Mediation. Ann Neurol 1999, 46, 144–160, doi:10.1002/1531-
8249(199908)46:2<144::AID-ANA3>3.0.CO;2-K. 

29. Abramsky, O.; Lisak, R.P.; Silberberg, D.H.; Pleasure, D.E. Antibodies to Oligodendroglia 
in Patients with Multiple Sclerosis. N Engl J Med 1977, 297, 1207–11, 
doi:10.1056/NEJM197712012972204. 

30. Youinou, P.; Renaudineau, Y. Cd5 Expression in b Cells from Patients with Systemic 
Lupus Erythematosus. Crit Rev Immunol 2011, 31, 31–42, 
doi:10.1615/CritRevImmunol.v31.i1.30. 

31. Kennedy, P.G.E.; Lisak, R.P. A Search for Antibodies Against Glial Cells in the Serum and 
Cerebrospinal Fluid of Patients with Multiple Sclerosis and Guillain-Barré Syndrome. J 
Neurol Sci 1979, 44, 125–133, doi:10.1016/0022-510X(79)90230-2. 

32. Traugott, U.; Snyder, S.; Raine, C.S. Oligodendrocyte Staining by Multiple Sclerosis 
Serum Is Nonspecific. Ann Neurol 1979, 6, 13–20, doi:10.1002/ana.410060104. 

33. Owens, G.P.; Kannus, H.; Burgoon, M.P.; Smith-Jensen, T.; Devlin, M.E.; Gilden, D.H. 
Restricted Use of Vh4 Germline Segments in an Acute Multiple Sclerosis Brain. Ann Neurol 
1998, 43, 236–243, doi:10.1002/ana.410430214. 

34. Owens, G.P.; Winges, K.M.; Ritchie, A.M.; Edwards, S.; Burgoon, M.P.; Lehnhoff, L.; 
Nielsen, K.; Corboy, J.; Gilden, D.H.; Bennett, J.L. Vh4 Gene Segments Dominate the 
Intrathecal Humoral Immune Response in Multiple Sclerosis. J Immunol 2007, 179, 6343–
51, doi:10.4049/jimmunol.179.9.6343. 

35. Kohsaka, H.; Carson, D.A.; Rassenti, L.Z.; Ollier, W.E.; Chen, P.P.; Kipps, T.J.; Miyasaka, N. 
The Human Immunoglobulin v(h) Gene Repertoire Is Genetically Controlled and Unaltered 
by Chronic Autoimmune Stimulation. J Clin Invest 1996, 98, 2794–800, 
doi:10.1172/JCI119106. 

36. Graner, M.; Pointon, T.; Manton, S.; Green, M.; Dennison, K.; Davis, M.; Braiotta, G.; Craft, 
J.; Edwards, T.; Polonsky, B.; et al. Oligoclonal IgG Antibodies in Multiple Sclerosis Target 
Patient-Specific Peptides. PLoS One 2020, 15, e0228883, 
doi:10.1371/journal.pone.0228883. 

37. Seidi, O.A.; Semra, Y.K.; Sharief, M.K. Expression of Cd5 on b Lymphocytes Correlates 
with Disease Activity in Patients with Multiple Sclerosis. J Neuroimmunol 2002, 133, 205–
210, doi:10.1016/S0165-5728(02)00360-0. 

https://doi.org/10.1001/archneurol.2011.34
https://doi.org/10.1038/5532
https://doi.org/10.1002/1531-8249(199908)46:2%3c144::AID-ANA3%3e3.0.CO;2-K
https://doi.org/10.1002/1531-8249(199908)46:2%3c144::AID-ANA3%3e3.0.CO;2-K
https://doi.org/10.1056/NEJM197712012972204
https://doi.org/10.1615/CritRevImmunol.v31.i1.30
https://doi.org/10.1016/0022-510X(79)90230-2
https://doi.org/10.1002/ana.410060104
https://doi.org/10.1002/ana.410430214
https://doi.org/10.4049/jimmunol.179.9.6343
https://doi.org/10.1172/JCI119106
https://doi.org/10.1371/journal.pone.0228883
https://doi.org/10.1016/S0165-5728(02)00360-0


 14 

38. Cappione, A.J.; Pugh-Bernard, A.E.; Anolik, J.H.; Sanz, I. Lupus IgG Vh4.34 Antibodies 
Bind to a 220-kDa Glycoform of Cd45/B220 on the Surface of Human b Lymphocytes. J 
Immunol 2004, 172, 4298–307, doi:10.4049/jimmunol.172.7.4298. 

39. Huang, D.F.; Olee, T.; Masuho, Y.; Matsumoto, Y.; Carson, D.A.; Chen, P.P. Sequence 
Analyses of Three Immunoglobulin g Anti-Virus Antibodies Reveal Their Utilization of 
Autoantibody-Related Immunoglobulin Vh Genes, but Not v Lambda Genes. J Clin Invest 
1992, 90, 2197–208, doi:10.1172/JCI116105. 

40. Cuisinier, A.M.; Fumoux, F.; Moinier, D.; Boubli, L.; Guigou, V.; Milili, M.; Schiff, C.; 
Fougereau, M.; Tonnelle, C. Rapid Expansion of Human Immunoglobulin Repertoire (VH, v 
Kappa, v Lambda) Expressed in Early Fetal Bone Marrow. New Biol 1990, 2, 689–699. 

41. Schroeder, H.W.; Wang, J.Y. Preferential Utilization of Conserved Immunoglobulin 
Heavy Chain Variable Gene Segments During Human Fetal Life. Proc Natl Acad Sci U S A 
1990, 87, 6146–50, doi:10.1073/pnas.87.16.6146. 

42. Kipps, T.J.; Tomhave, E.; Pratt, L.F.; Duffy, S.; Chen, P.P.; Carson, D.A. Developmentally 
Restricted Immunoglobulin Heavy Chain Variable Region Gene Expressed at High 
Frequency in Chronic Lymphocytic Leukemia. Proc Natl Acad Sci U S A 1989, 86, 5913–7, 
doi:10.1073/pnas.86.15.5913. 

43. Casali, P.; Notkins, A.L. Cd5+ b Lymphocytes, Polyreactive Antibodies and the Human b-
Cell Repertoire. Immunol Today 1989, 10, 364–368, doi:10.1016/0167-5699(89)90268-5. 

44. Pascual, V.; Randen, I.; Thompson, K.; Sioud, M.; Forre, O.; Natvig, J.; Capra, J.D. The 
Complete Nucleotide Sequences of the Heavy Chain Variable Regions of Six Monospecific 
Rheumatoid Factors Derived from Epstein-Barr Virus-Transformed b Cells Isolated from 
the Synovial Tissue of Patients with Rheumatoid Arthritis. Further Evidence That Some 
Autoantibodies Are Unmutated Copies of Germ Line Genes. J Clin Invest 1990, 86, 1320–8, 
doi:10.1172/JCI114841. 

45. Yu, X.; Gilden, D.H.; Ritchie, A.M.; Burgoon, M.P.; Keays, K.M.; Owens, G.P. Specificity of 
Recombinant Antibodies Generated from Multiple Sclerosis Cerebrospinal Fluid Probed 
with a Random Peptide Library. J Neuroimmunol 2006, 172, 121–131, 
doi:10.1016/j.jneuroim.2005.11.010. 

46. Owens, G.P.; Bennett, J.L.; Lassmann, H.; O’Connor, K.C.; Ritchie, A.M.; Shearer, A.; Lam, 
C.; Yu, X.; Birlea, M.; DuPree, C.; et al. Antibodies Produced by Clonally Expanded Plasma 
Cells in Multiple Sclerosis Cerebrospinal Fluid. Ann Neurol 2009, 65, 639–649, 
doi:10.1002/ana.21641. 

47. Brändle, S.M.; Obermeier, B.; Senel, M.; Bruder, J.; Mentele, R.; Khademi, M.; Olsson, T.; 
Tumani, H.; Kristoferitsch, W.; Lottspeich, F.; et al. Distinct Oligoclonal Band Antibodies in 
Multiple Sclerosis Recognize Ubiquitous Self-Proteins. Proc Natl Acad Sci U S A 2016, 113, 
7864–7869, doi:10.1073/pnas.1522730113. 

https://doi.org/10.4049/jimmunol.172.7.4298
https://doi.org/10.1172/JCI116105
https://doi.org/10.1073/pnas.87.16.6146
https://doi.org/10.1073/pnas.86.15.5913
https://doi.org/10.1016/0167-5699(89)90268-5
https://doi.org/10.1172/JCI114841
https://doi.org/10.1016/j.jneuroim.2005.11.010
https://doi.org/10.1002/ana.21641
https://doi.org/10.1073/pnas.1522730113


 15 

48. Kennedy, P.G.E.; Graner, M.W.; Walker, D.; Pointon, T.; Fringuello, A.; Yu, X. Recombinant 
Antibodies Derived from Laser Captured Single Plasma Cells of Multiple Sclerosis Brain 
Identified Phage Peptides Which May Be Used as Tools for Characterizing Intrathecal IgG 
Response. J Neuroimmunol 2020, 347, 577319, doi:10.1016/j.jneuroim.2020.577319. 

49. Ditzel, H.J.; Itoh, K.; Burton, D.R. Determinants of Polyreactivity in a Large Panel of 
Recombinant Human Antibodies from HIV-1 Infection. J Immunol 1996, 157, 739–749. 

50. Ricklin, D.; Lambris, J.D. Complement in Immune and Inflammatory Disorders: 
Pathophysiological Mechanisms. J Immunol 2013, 190, 3831–3838, 
doi:10.4049/jimmunol.1203487. 

51. Wu, Y.; Lefranc, M.-P. IMGT Lexique 2006. 

52. Ingram, G.; Loveless, S.; Howell, O.W.; Hakobyan, S.; Dancey, B.; Harris, C.L.; Robertson, 
N.P.; Neal, J.W.; Morgan, B.P. Complement Activation in Multiple Sclerosis Plaques: An 
Immunohistochemical Analysis. Acta Neuropathol Commun 2014, 2, 53, doi:10.1186/2051-
5960-2-53. 

53. Watkins, L.M.; Neal, J.W.; Loveless, S.; Michailidou, I.; Ramaglia, V.; Rees, M.I.; Reynolds, 
R.; Robertson, N.P.; Morgan, B.P.; Howell, O.W. Complement Is Activated in Progressive 
Multiple Sclerosis Cortical Grey Matter Lesions. J Neuroinflammation 2016, 13, 
doi:10.1186/s12974-016-0611-x. 

54. Kapur, R.; Einarsdottir, H.K.; Vidarsson, G. IgG-Effector Functions: “The Good, the Bad 
and the Ugly.” Immunol Lett 2014, 160, 139–144, doi:10.1016/j.imlet.2014.01.015. 

55. Bruhns, P.; Iannascoli, B.; England, P.; Mancardi, D.A.; Fernandez, N.; Jorieux, S.; Daëron, 
M. Specificity and Affinity of Human Fc𝛾 Receptors and Their Polymorphic Variants for 
Human IgG Subclasses. Blood 2009, 113, 3716–3725, doi:10.1182/blood-2008-09-179754. 

56. Ulvestad, E.; Williams, K.; Vedeler, C.; Antel, J.; Nyland, H.; Mørk, S.; Matre, R. Reactive 
Microglia in Multiple Sclerosis Lesions Have an Increased Expression of Receptors for the 
Fc Part of IgG. J Neurol Sci 1994, 121, 125–131, doi:10.1016/0022-510X(94)90340-9. 

57. Losy, J.; Mehta, P.D.; Wisniewski, H.M. Identification of IgG Subclasses’ Oligoclonal 
Bands in Multiple Sclerosis CSF. Acta Neurol Scand 1990, 82, 4–8, doi:10.1111/j.1600-
0404.1990.tb01578.x. 

58. Mehta, P.D.; Patrick, B.A.; Sobczyk, W.; Kulczycki, J.; Woyciechowska-Camenga, J.; 
Camenga, D.; Thormar, H. Immunoglobulin g Subclass Antibodies to Measles Virus in 
Patients with Subacute Sclerosing Panencephalitis or Multiple Sclerosis. J Clin Microbiol 
1989, 27, 62–65, doi:10.1128/jcm.27.1.62-65.1989. 

59. Lange AND L Rassenti AND L L Cavalli-Sforza AND L Steinman, C.N.G.A.M.J.J.A.G. de 
Susceptibility to Multiple Sclerosis Associated with an Immunoglobulin Gamma 3 
Restriction Fragment Length Polymorphism. J Clin Invest 1987, 79, 309–313, 
doi:10.1172/JCI112801. 

https://doi.org/10.1016/j.jneuroim.2020.577319
https://doi.org/10.4049/jimmunol.1203487
https://doi.org/10.1186/2051-5960-2-53
https://doi.org/10.1186/2051-5960-2-53
https://doi.org/10.1186/s12974-016-0611-x
https://doi.org/10.1016/j.imlet.2014.01.015
https://doi.org/10.1182/blood-2008-09-179754
https://doi.org/10.1016/0022-510X(94)90340-9
https://doi.org/10.1111/j.1600-0404.1990.tb01578.x
https://doi.org/10.1111/j.1600-0404.1990.tb01578.x
https://doi.org/10.1128/jcm.27.1.62-65.1989
https://doi.org/10.1172/JCI112801


 16 

60. Beseler, T.A.G., Cheryl AND Vollmer The Complex Relationship Between Oligoclonal 
Bands, Lymphocytes in the Cerebrospinal Fluid, and Immunoglobulin g Antibodies in 
Multiple Sclerosis: Indication of Serum Contribution. PLOS ONE 2017, 12, 1–13, 
doi:10.1371/journal.pone.0186842. 

61. Trend, S.; Jones, A.P.; Cha, L.; Byrne, S.N.; Geldenhuys, S.; Fabis-Pedrini, M.J.; Carroll, 
W.M.; Cole, J.M.; Booth, D.R.; Lucas, R.M.; et al. Higher Serum Immunoglobulin G3 Levels 
May Predict the Development of Multiple Sclerosis in Individuals with Clinically Isolated 
Syndrome. Front Immunol 2018, 9, 1590, doi:10.3389/fimmu.2018.01590. 

62. Marsh-Wakefield, F.; Ashhurst, T.; Trend, S.; McGuire, H.M.; Juillard, P.; Zinger, A.; Jones, 
A.P.; Kermode, A.G.; Hawke, S.; Grau, G.E.; et al. IgG3+ b Cells Are Associated with the 
Development of Multiple Sclerosis. Clin Transl Immunology 2020, 9, e1133, 
doi:10.1002/cti2.1133. 

63. Bril, V.; Benatar, M.; Andersen, H.; Vissing, J.; Brock, M.; Greve, B.; Kiessling, P.; 
Woltering, F.; Griffin, L.; Van den Bergh, P.; et al. Efficacy and Safety of Rozanolixizumab in 
Moderate to Severe Generalized Myasthenia Gravis. Neurology 2021, 96, e853–e865, 
doi:10.1212/WNL.0000000000011108. 

64. Bovenkamp, F.S. van de; Derksen, N.I.L.; Breemen, M.J. van; Taeye, S.W. de; Ooijevaar-de 
Heer, P.; Sanders, R.W.; Rispens, T. Variable Domain n-Linked Glycans Acquired During 
Antigen-Specific Immune Responses Can Contribute to Immunoglobulin g Antibody 
Stability. Front Immunol 2018, 9, 740, doi:10.3389/fimmu.2018.00740. 

65. Nimmerjahn, F.; Ravetch, J.V. Fcgamma Receptors as Regulators of Immune Responses. 
Nat Rev Immunol 2008, 8, 34–47, doi:10.1038/nri2206. 

66. Kronimus, Y.; Dodel, R.; Galuska, S.P.; Neumann, S. IgG Fc n-Glycosylation: Alterations in 
Neurologic Diseases and Potential Therapeutic Target? J Autoimmun 2019, 96, 14–23, 
doi:10.1016/j.jaut.2018.10.006. 

67. Takai, T. Roles of Fc Receptors in Autoimmunity. Nat Rev Immunol 2002, 2, 580–592, 
doi:10.1038/nri856. 

68. Rademacher, T.W.; Williams, P.; Dwek, R.A. Agalactosyl Glycoforms of IgG 
Autoantibodies Are Pathogenic. Proc Natl Acad Sci U S A 1994, 91, 6123–6127, 
doi:10.1073/pnas.91.13.6123. 

69. Matsumoto, A.; Shikata, K.; Takeuchi, F.; Kojima, N.; Mizuochi, T. Autoantibody Activity 
of IgG Rheumatoid Factor Increases with Decreasing Levels of Galactosylation and 
Sialylation1. J Biochem 2000, 128, 621–628, doi:10.1093/oxfordjournals.jbchem.a022794. 

70. Holland, M.; Yagi, H.; Takahashi, N.; Kato, K.; Savage, C.O.S.; Goodall, D.M.; Jefferis, R. 
Differential Glycosylation of Polyclonal IgG, IgG-Fc and IgG-Fab Isolated from the Sera of 
Patients with ANCA-Associated Systemic Vasculitis. Biochim Biophys Acta 2006, 1760, 669–
677, doi:10.1016/j.bbagen.2005.11.021. 

https://doi.org/10.1371/journal.pone.0186842
https://doi.org/10.3389/fimmu.2018.01590
https://doi.org/10.1002/cti2.1133
https://doi.org/10.1212/WNL.0000000000011108
https://doi.org/10.3389/fimmu.2018.00740
https://doi.org/10.1038/nri2206
https://doi.org/10.1016/j.jaut.2018.10.006
https://doi.org/10.1038/nri856
https://doi.org/10.1073/pnas.91.13.6123
https://doi.org/10.1093/oxfordjournals.jbchem.a022794
https://doi.org/10.1016/j.bbagen.2005.11.021


 17 

71. Kennedy, P.G.E.; Graner, M.; Pointon, T.; Li, X.; Tanimoto, K.; Dennison, K.; Im, G.; 
Fringuello, A.; Zhou, W.; Graner, A.; et al. Aberrant Immunoglobulin g Glycosylation in 
Multiple Sclerosis. J Neuroimmune Pharmacol 2021, doi:10.1007/s11481-021-09996-1. 

72. Baerenwaldt, A.; Lux, A.; Danzer, H.; Spriewald, B.M.; Ullrich, E.; Heidkamp, G.; Dudziak, 
D.; Nimmerjahn, F. Fc𝛾 Receptor IIB (Fc𝛾RIIB) Maintains Humoral Tolerance in the Human 
Immune System in Vivo. Proc Natl Acad Sci U S A 2011, 108, 18772–18777, 
doi:10.1073/pnas.1111810108. 

73. Tiller, T.; Kofer, J.; Kreschel, C.; Busse, C.E.; Riebel, S.; Wickert, S.; Oden, F.; Mertes, 
M.M.M.; Ehlers, M.; Wardemann, H. Development of self-reactive germinal center B cells 
and plasma cells in autoimmune Fc𝛾RIIB-deficient mice. J Exp Med 2010, 207, 2767–2778, 
doi:10.1084/jem.20100171. 

74. Brownlie, R.J.; Lawlor, K.E.; Niederer, H.A.; Cutler, A.J.; Xiang, Z.; Clatworthy, M.R.; Floto, 
R.A.; Greaves, D.R.; Lyons, P.A.; Smith, K.G. Distinct Cell-Specific Control of Autoimmunity 
and Infection by FcgammaRIIb. J Exp Med 2008, 205, 883–95, doi:10.1084/jem.20072565. 

75. Fukuyama, H.; Nimmerjahn, F.; Ravetch, J.V. The Inhibitory Fcgamma Receptor 
Modulates Autoimmunity by Limiting the Accumulation of Immunoglobulin g+ Anti-DNA 
Plasma Cells. Nat Immunol 2005, 6, 99–106, doi:10.1038/ni1151. 

76. Paul, E.; Nelde, A.; Verschoor, A.; Carroll, M.C. Follicular Exclusion of Autoreactive b 
Cells Requires FcgammaRIIb. Int Immunol 2007, 19, 365–73, doi:10.1093/intimm/dxm002. 

77. Takai, T.; Ono, M.; Hikida, M.; Ohmori, H.; Ravetch, J.V. Augmented Humoral and 
Anaphylactic Responses in Fc Gamma RII-Deficient Mice. Nature 1996, 379, 346–9, 
doi:10.1038/379346a0. 

78. Xiang, Z.; Cutler, A.J.; Brownlie, R.J.; Fairfax, K.; Lawlor, K.E.; Severinson, E.; Walker, E.U.; 
Manz, R.A.; Tarlinton, D.M.; Smith, K.G. FcgammaRIIb Controls Bone Marrow Plasma Cell 
Persistence and Apoptosis. Nat Immunol 2007, 8, 419–29, doi:10.1038/ni1440. 

79. Nimmerjahn, F.; Ravetch, J.V. Divergent Immunoglobulin g Subclass Activity Through 
Selective Fc Receptor Binding. Science 2005, 310, 1510–2, doi:10.1126/science.1118948. 

80. Tsuchiya, N.; Kyogoku, C. Role of Fc Gamma Receptor IIb Polymorphism in the Genetic 
Background of Systemic Lupus Erythematosus: Insights from Asia. Autoimmunity 2005, 38, 
347–52, doi:10.1080/08916930500123926. 

81. Bussel, J.B. Fc Receptor Blockade and Immune Thrombocytopenic Purpura. Semin 
Hematol 2000, 37, 261–266, doi:10.1016/S0037-1963(00)90104-5. 

82. Kaneko, Y.; Nimmerjahn, F.; Ravetch, J.V. Anti-Inflammatory Activity of Immunoglobulin 
g Resulting from Fc Sialylation. Science 2006, 313, 670–673, doi:10.1126/science.1129594. 

83. Trend, S.; Leffler, J.; Teige, I.; Frendéus, B.; Kermode, A.G.; French, M.A.; Hart, P.H. 
Fc𝛾RIIb Expression Is Decreased on Naive and Marginal Zone-Like b Cells from Females 
with Multiple Sclerosis. Front Immunol 2021, 11, 3478, doi:10.3389/fimmu.2020.614492. 

https://doi.org/10.1007/s11481-021-09996-1
https://doi.org/10.1073/pnas.1111810108
https://doi.org/10.1084/jem.20100171
https://doi.org/10.1084/jem.20072565
https://doi.org/10.1038/ni1151
https://doi.org/10.1093/intimm/dxm002
https://doi.org/10.1038/379346a0
https://doi.org/10.1038/ni1440
https://doi.org/10.1126/science.1118948
https://doi.org/10.1080/08916930500123926
https://doi.org/10.1016/S0037-1963(00)90104-5
https://doi.org/10.1126/science.1129594
https://doi.org/10.3389/fimmu.2020.614492


 18 

84. Comi, G.; Bar-Or, A.; Lassmann, H.; Uccelli, A.; Hartung, H.-P.; Montalban, X.; Sørensen, 
P.S.; Hohlfeld, R.; Hauser, S.L.; Annual Meeting of the European Charcot Foundation, E.P. of 
the 27th Role of b Cells in Multiple Sclerosis and Related Disorders. Ann Neurol 2021, 89, 
13–23, doi:10.1002/ana.25927. 

85. Hauser, S.L.; Cree, B.A.C. Treatment of Multiple Sclerosis: A Review. Am J Med 2020, 133, 
1380–1390.e2, doi:10.1016/j.amjmed.2020.05.049. 

https://doi.org/10.1002/ana.25927
https://doi.org/10.1016/j.amjmed.2020.05.049

