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Significance

Autoantibodies against myelin 
oligodendrocyte glycoprotein 
(MOG) define a new disease, 
MOG-antibody-associated 
disease (MOGAD). MOG-Abs from 
patients are pathogenic, but 
precise effector mechanisms are 
unclear and there is no approved 
therapy. Starting from a 
pathogenic MOG-specific mAb 
with a human IgG1 Fc part, we 
generated mutants with 
differential FcR and complement 
binding and studied their 
pathogenic activity in two animal 
models. First, MOG-Abs induced 
demyelination, about equally by 
FcR activation and complement 
activation. Second, MOG-Abs 
enhanced infiltration and 
activation of cognate T cells via 
FcRs. Thus a complement-
directed therapy, which is 
effective in neuromyelitis optica 
spectrum disorders (NMOSD), a 
related disease with Abs to 
astrocytes, might not be 
sufficient in MOGAD. Instead, an 
FcR-targeted therapy might be 
more promising in MOGAD.
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Autoantibodies against myelin oligodendrocyte glycoprotein (MOG) have recently 
been established to define a new disease entity, MOG-antibody-associated disease 
(MOGAD), which is clinically overlapping with multiple sclerosis. MOG-specific 
antibodies (Abs) from patients are pathogenic, but the precise effector mechanisms 
are currently still unknown and no therapy is approved for MOGAD. Here, we deter-
mined the contributions of complement and Fc-receptor (FcR)-mediated effects in 
the pathogenicity of MOG-Abs. Starting from a recombinant anti-MOG (mAb) with 
human IgG1 Fc, we established MOG-specific mutant mAbs with differential FcR 
and C1q binding. We then applied selected mutants of this MOG-mAb in two animal 
models of experimental autoimmune encephalomyelitis. First, we found MOG- mAb-
induced demyelination was mediated by both complement and FcRs about equally. 
Second, we found that MOG-Abs enhanced activation of cognate MOG-specific 
T cells in the central nervous system (CNS), which was dependent on FcR-, but not 
C1q-binding. The identification of complement-dependent and -independent path-
omechanisms of MOG-Abs has implications for therapeutic strategies in MOGAD.

A uto imm uni ty | neuroimmunology | inflammation | demyelination | effector mechanisms

The identification of autoantibodies allows to stratify patients with inflammatory diseases 
of the central nervous system (CNS) (1, 2). Some autoantibodies against extracellular 
targets have been identified to be pathogenic and detailed insights into the different 
pathomechanisms of CNS-specific autoantibodies were obtained (3, 4). Based on this, 
therapeutic strategies were successfully applied (4–8). Autoantibodies against myelin oli-
godendrocyte glycoprotein (MOG) and the astrocyte water channel protein aquaporin-4 
(AQP4) define the diseases MOGAD and neuromyelitis optica spectrum disorders 
(NMOSDs), respectively, which can thereby be distinguished from multiple sclerosis (MS) 
(9–12). Autoantibodies against AQP4 are potent complement activators (13, 14) and 
mediate tissue destruction mostly by activation of the terminal complement com-
plex (15, 16); although antibody-mediated cellular cytotoxicity has also been observed 
for anti-AQP4 Abs (17). This resulted in the therapeutic approach to target the comple-
ment component C5 in NMOSD, which greatly reduced relapses in patients (6, 18). 
Although both MOGAD and NMOSD are inflammatory and demyelinating diseases of 
the CNS, evidence is increasing that there are different pathomechanisms involved (4). 
Elucidating the MOG IgG effector mechanisms is highly important as in contrast to 
NMOSD, no therapy has been approved for MOGAD.

Although the deposition of the complement attack complex C9neo has been observed 
in brain lesions of MOGAD patients (19–21), it appears less prominent compared to 
reported histopathological cases of AQP4-IgG-positive NMOSD (16). This suggests that 
complement inhibition might be less beneficial for MOGAD patients. In vitro studies 
provided evidence for MOG antibody-mediated pathogenicity in oligodendrocytes (22) 
and MOG-transfected cells through antibody-dependent cellular cytotoxicity (23). 
Although MOG-Abs from some high-titer MOGAD patients induce complement- 
dependent lysis of transfected cells (24) and in myelinating slice cultures (25), a recent 
study suggested that complement activation by MOG-Abs from MOGAD patients is less 
efficient than by anti-AQP4-Abs from NMOSD patients (26).

In vivo pathogenicity of MOG-IgG was suggested by transfer experiments (27–31) and 
confirmed by using affinity-purified MOG-IgG from patients (32). These transfer exper-
iments revealed that MOG-IgG mediates pathology by two different mechanisms. First, 
MOG-Abs mediate demyelination when the blood–brain barrier (BBB) is breached by 
T cells as observed in cotransfer experiments with T cells specific for different CNS 
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proteins, including myelin basic protein (MBP) (31, 33), tran-
siently expressed axonal glycoprotein 1 (34), or oligodendrocyte 
myelin glycoprotein (35). Second, MOG-Abs from patients 
enhance inflammation of cognate MOG-specific T cells (32), 
which is mechanistically not understood in detail (28, 29).

Although MOG-IgG has been used in several animal models and 
MOGAD is now recognized as a distinct disease entity (9, 10), the 
precise linkage between IgG-Fc effector functions and MOG-IgG-
induced pathology remains unclear. Here, we set out to dissect 
complement and FcR-mediated effects of MOG-IgG. Since MOG-
IgG from patients with MOGAD is typically IgG1 (36), this study 
investigates a monoclonal antibody (mAb) to MOG with a human 
IgG1 Fc part (r8-18C5) that showed a similar pathogenic activity 
as affinity-purified MOG antibodies (Abs) from patients in a rodent 
transfer model (32). Human IgGs activate murine effector cells 
through all classes of Fcγ receptors (FcγR) (37, 38) and activate the 
classical complement pathway in rodents (15).

We have generated 13 Fc-mutated variants of the MOG-specific 
mAb r8-18C5 which have a human IgG1 Fc part and performed a 
detailed characterization of their binding to C1q and individual Fcγ 
receptors (FcγR). We then selected variants of the antibodies to dissect 
FcγR and complement-mediated pathology in vivo, similarly as pre-
viously performed for AQP4-IgG (17). We used two different exper-
imental autoimmune encephalomyelitis (EAE) animal models: First, 
MOG-Abs were injected following MBP-specific T cells, which 
strongly breach the blood–brain barrier (BBB), and demyelination 
was quantified histologically. Second, MOG-Abs were applied 
together with EGFP-labeled MOG-specific T cells to quantify the 
effects of MOG-IgG variants on the infiltration of cognate MOG-
specific T cells and bystander cells. Thereby, we found that MOG-
IgG could enhance inflammation and mediate demyelination 
independent of complement activation, but dependent on Fc-receptor 
(FcR) engagement. Our findings have important implications for 
understanding the pathogenic mechanisms of anti-MOG-IgG-di-
rected autoimmunity and for therapeutic strategies in MOGAD.

Results

MOG-Specific mAb Mutants with Differential C1q and FcR Binding. 
We constructed 13 mutations of the Fc part of our humanized 
anti-MOG IgG1 mAb r8-18C5 based on prior publications with 
the aim to differentially affect C1q and FcγR binding (SI Appendix, 
Table S1). As expected, the mutations of the Fc part did not affect 
MOG recognition (Fig.  1A  and SI  Appendix, Fig.  S1A). We 
determined the C1q binding of the different mAb mutants by 
enzyme-linked immunosorbent assay (ELISA) and identified several 
Fc mutants that lacked C1q binding (Fig. 1B  and SI Appendix, 
Fig. S1B). Next, we also measured their binding to different FcγRs 
using an immunocomplex ELISA with MOG and recombinant 
FcγRs (Fig. 1 C–G and SI Appendix, Fig. S1 C–F). Here, we observed 
antibodies with either abolished binding to FcyRI and FcyRIV (LL, 
LLP, TAP, T299L, TKQ) or intact binding to FcyRI and FcyRIV 
(E345K, E430G, KE, KQ, K322A, AP) (SI Appendix, Fig. S1 C–F). 
The SAI mutant had intact binding to FcγRI and FcγRIV (Fig. 1 D 
and G and SI Appendix, Fig. S1 C and F) as expected (SI Appendix, 
Table S1). While the optical density (OD) values for FcyRI and 
FcyRIV were measured after 40 min, FcyRIIb and FcyRIII were 
developed up to 300 min, reflecting low affinity (39).

These mutants allowed us to dissect C1q and FcyR binding of 
MOG-IgG. Based on this characterization, we selected one 
Fc-mutant antibody that had abolished C1q binding but main-
tained FcγR binding (SAI mutant) and one that had lost both 
C1q binding and showed little or no binding to FcγRI and 
FcγRIV (TAP mutant) for our further in vivo experiments.

MOG-Abs Mediate Demyelination by Both Complement 
Activation and FcγR Engagement. To study the pathogenic effect 
of the selected MOG-Fc mutant Abs, TAP, and SAI, we employed 
two different EAE models: In our first model, MBP-specific T 
cells induce a mild EAE (Fig. 2), inflammation demonstrated by 
ED1+ macrophages/microglia without demyelination, and breach 
the BBB demonstrated by influx of human IgG (hIgG) (Fig. 3A). 
In this model, the r8-18C5 enhanced clinical disease (Fig. 2) and 
induced demyelination (Fig. 3 A and B), which is in accordance 
with our previous observation (32).

The SAI mutant (lacking C1q binding, but retaining FcγR 
binding) enhanced the clinical disease similar to the MOG anti-
body r8-18C5 (Fig. 2). We detected deposition of the injected 
human IgG in the spinal cord in all animals treated with MBP-
specific T cells, which indicates breaching of the BBB (Fig. 3A). 
Our histopathological analysis revealed that the SAI mutant was 
able to induce demyelination albeit to a lesser degree than the 
anti-MOG-Ab, r8-18C5 (Fig. 3 A and B). Our study shows that 
in the absence of complement activation, about half of the demy-
elination is observed, which is mediated via FcR activation. 
Staining for the terminal complement complex C9neo revealed a 
strong induction by r8-18C5, but not by the SAI mutant (Fig. 3A).

In contrast, when the TAP mutant (lacking C1q binding with 
little or no FcγR binding) was applied, clinical disease was similar 
as with the isotype control HK3 (Fig. 2). This mutant did not 
induce demyelination in the inflamed CNS (Fig. 3 A and B) and 
there was no C9neo deposition observed despite the detected 
presence of IgG binding (Fig. 3A). Thus, the MOG-specific Ab 
with the TAP mutant did not enhance disease in this model, 
neither clinically nor histologically; it was comparable to the 
control antibody, which does not show binding to the myelin 
sheath (Fig. 3A).

MOG-Abs Enhance Activation and Infiltration of Cognate T 
Cells via FcγR Engagement. In our second model, treatment 
with MOG-specific T cells together with the isotype control 
antibody HK3 did not induce clinical disease (Fig. 4), while a 
slight inflammation was observed predominantly in the meninges 
(Fig. 5A). In this model, cotreatment of anti-MOG Ab r8-18C5 
was associated with clinical disease and enhanced inflammation 
(Fig. 5 A and B) as previously reported (32).

The MOG-mAb with the SAI mutant enhanced clinical disease 
to a similar degree as r8-18C5 (Fig. 4). Histological analysis indi-
cated that the enhanced T cell infiltration was accompanied by 
increased infiltration of ED1+ macrophages/microglia in animals 
that were injected with r8-18C5 or SAI (Fig. 5 A and B). We 
quantified the number of MOG-specific T cells making use of 
MOG-GFP-labeled T cells by flow cytometry. This showed that 
the SAI mutant enhanced infiltration of MOG-specific T cells 
similarly as the r8-18C5 (Fig. 5C). We also evaluated the activa-
tion state of the infiltrating MOG-specific T cells and compared 
this with the bystander T cells by quantifying the activation 
marker OX40 on MOG-specific GFP-labeled cells by fluorescence 
activated cell sorting (FACS). This showed that both the SAI 
mutant and the anti-MOG Ab r8-18C5 similarly enhanced acti-
vation of infiltrated MOG-specific T cells, but not of the bystander 
cells (Fig. 5C).

Enhancement of clinical disease was less pronounced for the 
TAP mutant in comparison to the MOG Ab r8-18C5 and the 
SAI mutant (Fig. 4), demonstrated by the lower T cell numbers 
and activation state of the T cells (Fig. 5C). The TAP mutant still 
showed slightly enhanced T cell infiltration compared to the con-
trol mAb HK3 (Fig. 5C), which might be due to the incompletely 
abolished binding to FcyRIIb and FcyRIII (Fig. 1 E and F).
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Discussion

Here, we dissect the role of complement and FcγR engagement 
in order to identify the main pathomechanisms of MOG-Abs. 
The classical effect of MOG-Abs is demyelination (33). Our 
study shows that about half of the demyelination mediated by 
MOG-Abs occurs via FcR activation and the other half is com-
plement dependent. In previous transfer experiments with 
patient-derived MOG-specific IgG, we detected C9neo deposi-
tion in demyelinated areas (32). Histopathological analysis of 
MOGAD patients first in case reports (21, 40, 41) and then in 
larger patient series (19, 20) also revealed C9neo deposition in 
some but not all patients with MOGAD and active demyelina-
tion, suggesting that demyelination might be induced in the 

absence of complement-mediated cytotoxicity. Importantly, con-
sensus is emerging that C9neo deposition is much more prom-
inent in NMOSD than that in MOGAD (4, 16, 42). Thus, our 
finding of complement-independent demyelination by MOG-
Abs may provide an explanation of the histological observation 
of active demyelination in MOGAD patients in the absence of 
C9neo deposition.

A monovalent binding of IgG has been reported to facilitate 
the formation of a hexameric platform for C1q binding (43); 
however, bivalently bound IgG recognizing certain target antigens 
may also induce complement activation (44). Our previous work 
has shown that MOG-Abs from patients require bivalent binding 
(45). The intracellular part of MOG enhances recognition of its 
extracellular part by MOG-Abs from patients, presumably because 
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Fig.  1. Antigen recognition, C1q- and FcγR-binding 
of mutated MOG-specific mAbs. The MOG antibody 
r8-18C5 and the Fc mutant antibodies SAI and TAP 
show comparable binding to MOG in a cell-based flow 
cytometry assay (A). IgG binding to MOG was normalized 
to binding of the r8-18C5 and the assay was repeated 
two times for each antibody (delta MFI value). (B) C1q 
binding was analyzed with an ELISA. Specifically, ED-
hMOG was coated and indicated Ab variants were 
added. Subsequently, C1q was added and its binding 
was quantified using anti-C1q Ab. Binding of the mutant 
Abs was normalized to the binding of the antibody r8-
18C5 and the assay was repeated three times for each 
antibody. FcγRI, FcyRIIb, FcyRIII, and FcγRIV binding was 
investigated by ELISA (C–G). Anti-FLAG antibodies were 
coated on an ELISA plate and used to capture soluble 
flag-tagged FcγR (FcγRI, FcyRIIb, FcyRIII, FcγRIV) (C). 
Binding of antibody-MOG IgG immune complexes to 
the added soluble FcγRs was quantified (D-G). Binding 
of the mutant MOG-Abs SAI and TAP is normalized to 
the binding of the MOG antibody r8-18C5. The assay 
was repeated three times for each antibody. Data are 
shown as mean with SEM. Each mutant mAbs’ affinity 
to C1q and FcyRs was presented as log2 fold change 
compared to r8-18C5 measured on the same plate 
and was analyzed using 2-tailed one-sample t test 
(parametric Welch’s t test) with Benjamini–Hochberg 
multiple comparison correction (n = 3).
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the second hydrophobic domain of MOG induces a spacing of 
MOG that facilitates bivalent binding (45). Our study shows that 
MOG-Abs also induce demyelination independent of C1q bind-
ing and this highlights the role of FcyR activation in MOGAD.

The second pathomechanism of MOG-Abs is enhancement of 
the activation of cognate T cells (28, 29, 32). We show that this is 
independent of C1q binding but mediated via FcγR binding. This 

extends the previous observation that the Fc-part of MOG-Abs is 
essential for cognate T cell activation presumably by enhanced anti-
gen uptake by local antigen-presenting cells (29). It is unknown 
where the MOG-Abs recognize their antigen when they enhance 
the activation of cognate T cells. Furthermore, it is unclear which 
cell type in the CNS is mediating this FcγR-dependent T cell acti-
vation and which types of FcRs are involved in this. In addition to 
enhancing activation of cognate T cells, MOG-Abs stimulate micro-
glia via FcRs and Bruton's tyrosine kinase (BTK) engagement (46).

The demonstration that MOG-Abs are pathogenic by enhanc-
ing MOG-specific T cells calls for further work on MOG-specific 
T cells in MOGAD using technical advances in the recognition 
of rare MOG-specific T cells (47, 48).

Comparison to NMOSD and Therapeutic Implications. Currently, 
no therapy for MOGAD has been approved. Understanding 
the pathomechanisms of autoantibodies, however, can result 
in therapeutic success as seen in the clinically related disorder 
NMOSD (4, 49, 50). This disease is characterized by pathogenic 
auto-Abs to the astrocyte protein AQP4 (51). Complement-
mediated pathogenic effects of anti-AQP4 Abs have been 
proposed based on pathology, transfer experiments, and detailed 
in vitro analysis (13–16). Based on these findings, eculizumab 
which targets the complement factor C5 has been tested in 
NMOSD patients with impressive clinical success (4, 49, 50). 
In MOGAD, complement protein concentration in serum was 
analyzed. One study reported serum complement C4 levels to be 
higher in 15 patients with MOGAD as compared to 16 patients 
with NMOSD, suggesting higher complement consumption 
in the latter (52). Another study profiled systemic complement 
activation in 109 patients with MOGAD and reported elevated 
levels of activated complement proteins in MOGAD compared 
to relapse-onset multiple sclerosis, pediatric control, and adult 

MOG-Ab variants plus MBP-specific T cells

Fig.  2. Clinical EAE in the model with MBP-specific T cells and mutated 
MOG-Abs. Lewis rats were injected with MBP-specific T cells that strongly 
breach the blood–brain barrier. At day 2, the indicated nonmutated MOG-
Abs, the mutated MOG-Abs (TAP, SAI), and the control Ab HK3 were injected 
intraperitoneally. Histology was performed at day 4 or 5. We investigated the 
development of the clinical disease over time. The clinical score displayed 
represents the mean + SEM of the following number of animals. r8-18C5 (day 4, 
n = 5; day 5, n = 2), SAI (day 4, n = 4; day 5, n = 3), TAP (day 4, n = 4; day 5,  
n = 3), HK3 (day 4, n = 4; day 5, n = 5). Day 4: r8-18C5 vs. SAI = ns; r8-18C5 vs. TAP 
P ≤ 0.01; 8-18C5 vs. HK3 P < 0.0001; SAI vs. TAP P ≤ 0.01; SAI vs. HK3 P < 0.0001; 
TAP vs. HK3 = ns. Day 5: r8-18C5 vs. SAI = ns; r8-18C5 vs. TAP P ≤ 0.05; 8-18C5 
vs. HK3 P ≤ 0.01; SAI vs. TAP P ≤ 0.01; SAI vs. HK3 P ≤ 0.001; TAP vs. HK3 = ns.

Fig. 3. Histopathology of the EAE induced by MBP-specific T cells and mutated MOG antibodies. Spinal cord sections of Lewis rats, which developed EAE 
subsequent to transfer of T cells specific for MBP (A and B). Animals were intraperitoneally injected 72 h prior to the analysis (day 5) with the MOG-specific antibodies 
r8-18C5 (positive control), SAI (abolished C1q binding with intact FcγR binding), or TAP (abolished binding to C1q and to FcγRI and FcγRIV). The antibody HK3 was 
used as negative control. For each experimental animal, consecutive spinal cord sections were subjected to Kluver–Barrera (KL) staining to show the presence 
(turquoise) or absence (light blue/pink) of myelin, or to stainings with antibodies specific for human immunoglobulin G (hIgG, brown) to reveal the presence of the 
antibodies in the tissue, for complement C9neo (C9neo, red) to reveal the terminal membrane attack complex as indicator for complement-dependent (cellular) 
cytotoxicity, and with the antibody ED1 (brown) specific for macrophages/activated microglia needed for antibody-dependent cellular cytotoxicity. Counterstaining 
was done with hematoxylin to reveal nuclei (blue). Bar = 100 µm. (B) The spinal cords were used for the quantification of demyelination of animals after 48 h of 
antibody injection (black dots) or 72 h (red dots) of injection. We normalized the 48-h animals (TAP, SAI, and HK3) to the mean value of demyelination (mm2) of 
all rats for r8-18C5 and expressed it as percentage. In the same figure, we also merged the 72-h animals which we label in red (normalized to the r8-18C5 after 
72 h). One-way ANOVA with Tukey’s test (four groups) was performed for comparison between groups. P < 0.05 was considered significant.
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healthy donors (53). Enhanced complement activation was, 
however, not associated with clinical disease activity (53). 
Recently, an in vitro assay showed more efficient complement 

activation by anti-AQP4 autoantibodies from NMOSD patients 
compared to anti-MOG antibodies from MOGAD patients 
(26). These in vitro data with patient Abs and our in vivo data 

MOG-Ab variants plus MOG-specific T cells

Fig.  4. Clinical EAE in the model with cognate 
MOG-specific T cells and mutated MOG-Abs. Lewis 
rats were injected with MOG-specific T cells that 
do not induce clinical disease on their own. At 
day 2, the indicated nonmutated MOG-Abs, the 
mutated MOG-Abs, and the control Ab HK3 were 
injected intraperitoneally. Histology and FACS 
analysis of the infiltrates were performed at day 
5. Development of the clinical disease over time. 
The clinical score displayed represents the mean + 
SEM of the following number of animals. r8-18C5 
(n = 3), SAI (n = 3), TAP (n = 3), HK3 (n = 3). One-
way ANOVA with Tukey’s test (four groups) was 
performed for comparison between groups. P < 
0.05 was considered significant. Day 4: r8-18C5 vs. 
SAI = ns; r8-18C5 vs. TAP P ≤ 0.01; r8-18C5 vs. HK3 
P ≤ 0.001; SAI vs. TAP P ≤ 0.01; SAI vs. HK3 P ≤ 0.001; 
TAP vs. HK3 = ns. Day 5: r18C5 vs. SAI =ns; 8-18C5 
vs. TAP P ≤ 0.05; r8-18C5 vs. HK3 ≤ 0.001(***), SAI 
5 vs. TAP P ≤ 0.05; SAI vs. HK3 P ≤ 0.001; TAP vs. 
HK3 = ns.
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Fig. 5. Pathology of the EAE induced by MOG-specific T cells and mutated MOG antibodies. Lewis rats received MOG-specific T cells 2 d before the MOG-
specific antibodies r8-18-C5 (positive control), SAI (abolished C1q binding and intact FcγR binding), TAP (abolished C1q binding and abolished binding to FcγRI 
and FcγRIV), or the control Ab HK3 were injected. After 72 h, about half of the spinal cords were fixed with PFA, embedded, and analyzed for histopathology 
(A and B), while the other half of the spinal cords were processed for FACS analysis (C). (A and B) For each experimental animal, consecutive spinal cord sections 
were stained with anti-CD3 antibodies to visualize T cells (brown) and the ED1 antibody to show macrophages/activated microglia (brown). Counterstaining was 
done with hematoxylin to reveal nuclei (blue). Bar = 100 µm. (C) The same spinal cords were used for the quantification of T cells via flow cytometry and their 
activation status reflected by OX40 expression was determined. MOG-specific T cells were separated from endogenous bystander T cells by their fluorescence 
properties. The number of MOG-specific T cells is displayed in relation to the amount observed after injection of the r8-18C5 (set as 1). (C) The activation status 
of endogenous bystander T cells and injected MOG-specific T cells in the CNS inflammatory lesions was determined by staining for the activation marker OX40. 
One-way ANOVA with Tukey’s test (four groups) was performed for comparison between groups. P < 0.05 was considered significant.
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with mutated mAbs suggest that targeting complement in 
MOGAD might be less effective than that in NMOSD.

Limitations. Although we identify the pathomechanisms of 
MOG-Abs that are mediated by FcγRs, our in vivo study does 
not allow us to dissect which FcγR is mediating the demyelination 
and enhancement of cognate T cell activation. To address this, a 
transfer model should be established allowing deletion or antibody-
mediated blocking of individual FcγRs (54, 55). Our mutated Ab-
variant reveals pathology independent of C1q binding, but this 
does not exclude a role of the alternative pathway of complement 
activation in MOG Ab-mediated pathology. Nevertheless, our 
observation that the lack of C1q binding is associated with a 
lack of C9neo deposition, which is also an end product of the 
alternative complement pathway, argues against an important 
role of the alternative pathway. As highly pathogenic mAbs from 
patients with MOGAD are not available, we used the mAb r8-
18C5. Since our previous transfer experiments with polyclonal 
human MOG-Abs and this humanized r8-18C5 revealed that they 
were similarly pathogenic in both animal models (32), we believe 
that the analysis of the mutated humanized r8-18C5 provides 
useful information to assess the mechanistic details of human 
MOG-Abs. We used a humanized version of the classical MOG 
mAb r8-18C5 with a human IgG1, since human MOG-Abs are 
mainly IgG1 subtype (36). Further work will have to establish 
MOG-specific mAbs from patients, who show heterogeneity in 
details of antigen recognition (45, 56–58). It is also possible that 
CDC plays a more prominent role in some MOGAD patients 
than others.

Taken together, we could dissect FcγR and complement-medi-
ated pathomechanisms of MOG-Abs. This has important impli-
cations for harnessing MOG-IgG-mediated autoimmunity in 
animal models. Importantly, this study has direct implications for 
the development of therapeutic strategies in patients with 
MOGAD. We suggest that targeting complement will be less effi-
cient in MOGAD than in NMOSD and rather propose to use 
next-generation FcγR blocking reagents (59, 60) in patients with 
MOGAD.

Materials and Methods

Generation of Fc Mutant Antibodies. Thirteen different Fc mutant antibodies 
of the humanized recombinant mouse antibody r8-18C5 were generated using 
site-directed mutagenesis (SDM). Specifically, point mutations were introduced 
into the heavy chain of the IgG antibody. Mutation nomenclature is according 
to Kabat EU index (61). For each SDM, a reaction solution with 10 ng/µL DNA 
template, 200 µM dNTP, 1X Phusion® HF Buffer, 3% DMSO, 0.2 U/µL Phusion® 
HF DNA Polymerase, and 0.5 µM of each primer was prepared on ice and sup-
plemented with nuclease-free water to 50 µL. Following PCR, maternal DNA was 
digested using 0.4 U/mL Dpn I restriction enzyme and incubated at 37 °C for 1 
h. Subsequently, DH5α-competent cells were transformed by heat shock. DNA 
was isolated and sequences were confirmed by the sequencing service of the 
Faculty of Biology (LMU Bio Center, Martinsried). Ig heavy and light chain vector 
pairs were transiently transfected into HEK EBNA cells using Polyethylenimine 
(Polysciences) and the cells were cultured in Freestyle Medium 293 supplemented 
with 1% Pluronic F68 (Gibco) and 25 µg/mL Geneticin (Gibco). Supernatants were 
harvested after 4 d of culture. Antibody purification was performed by immobi-
lized metal affinity chromatography as previously described (32). As a quality 
control, all antibodies were analyzed for integrity using nonreducing SDS page. 
Antibody concentrations were quantified with nanodrop and human IgG ELISA 
development kit (Mabtech, Nacka Strand, Sweden) as previously described (62).

Recognition of Cell-Based MOG. The MOG recognition was determined as pre-
viously described (32, 45). Briefly, cells were transfected with full-length MOG 
fused to EGFP or EGFP alone. MOG reactivity of the different variants of r8-18C5 
was evaluated by determining the delta MFI (MFI of MOG-EGFP transfected 

cells—MFI of EGFP-transfected cells). The MOG-EGFP transfected cells or EGFP 
control cells were incubated with the mAb at a concentration of 0.5 µg/mL.

C1q ELISA. A 96-well MaxiSorp plate was coated with the extracellular part of 
MOG (called ED-hMOG) which is correctly folded as seen by circular dichroism 
(32). Then, 100 µL of 1 µg/mL ED-hMOG (capture antigen) diluted in PBS was 
added and incubated over night at 4 °C on a shaker. The next day, the plate 
was washed three times with PBS (200 µL/well), followed by a blocking step 
(200 µL/well, 3% BSA/PBS-T) for 2 h at RT on a shaker. After blocking, the plate 
was washed five times with PBS-T, and 100 µL/well of samples diluted in 0.5% 
BSA/PBS-T was added and incubated over night at 4 °C on a shaker. On the follow-
ing day, the plate was washed five times with PBS-T, and 100 µL/well of 5 µg/mL 
human C1q (Sigma Aldrich) molecule was added and incubated for one hour 
at RT on a shaker. Afterward, the plate was washed again five times with PBS-T. 
For detection, 100 µL/well of an anti-C1q-HRP antibody diluted 1:200 in 0.5% 
BSA/PBS-T was added, followed by washing five times with PBS-T. As a substrate, 
100  µL/well of 3,3′,5,5′-Tetramethylbenzidine was added and incubated for 
6 min. The enzymatic reaction was stopped by adding 50 µL/well of H2SO4 and 
then the optical density was measured at 450 nm and 540 nm (background) with 
the Victor2 plate reader (PerkinElmer). Fold change was calculated for each mutant 
mAb’s averaged optical density in comparison to the averaged optical density of 
the strong C1q binder r8-18C5, which was measured on the same plate. Data are 
presented as log2 (fold change).

IgG-IC-FcγR-ELISA. Binding of MOG-specific IgG to FcγR was assessed for IgG 
immune complexes (IgG-IC) by ELISA. Briefly, a 96-well MaxiSorp plate was coated 
with 100 µL/well of 5 µg/mL anti-FLAG Ab M2 (Merck) diluted in carbonate–
bicarbonate coating buffer and incubated overnight at 4 °C on a shaker. The 
next day, the plate was washed three times with 200 µL/well of PBS, followed 
by a blocking step with 200 µL/well of 3% BSA/PBS-T for 2 h at RT on a shaker. 
After blocking, the plate was washed three times with PBS-T and the soluble 
flag-tagged murine FcγRI, FcγRIIB, FcγRIII, and FcγRIV [generated as previously 
described (63)] was added and incubated over night at 4 °C on a shaker. On the 
following day, immune complexes were formed by mixing 200 ng/well of anti-
MOG antibodies and isotype control HK3 (32) with 100 ng/well of biotinylated 
ED-hMOG (32, 45) and incubated for three hours in a multirotator at 30 rpm. The 
plate was washed five times with PBS-T, 50 µL/well of immune complexes was 
added, and incubated for two hours at RT on a shaker. Afterward, the plate was 
washed again five times with PBS-T. For detection, 100 µL/well of streptavidin-ALP 
diluted 1:1,000 in 0.5% BSA/PBS-T was added, followed by washing five times 
with PBS-T. As a substrate, 100 µL/well of pNPP was added and incubated up to 
300 min. The optical density was measured at 450 nm and 650 nm (background) 
with the Multiskan FC (Thermo Fisher Scientific).

T Cell-Mediated Transfer of EAE. Antigen-specific T cells were generated as 
described (32, 35). Briefly, Lewis rats were immunized with MBP (from guinea 
pig brain) or recombinant rat MOG (amino acid 1 to 125) emulsified in com-
plete Freund adjuvant. Restimulated MOG-specific T cells [15 × 106, genetically 
labeled with a fluorescence protein (64)] or MBP-specific T cells (1 × 106) were 
intravenously injected to induce EAE, and standard scoring of EAE was applied. 
The antibodies (r8-18C5, HK3, SAI, TAP) were injected two days after T cell injection 
either intraperitoneally (1 mg in 1 mL IgG for MBP-EAE) or intrathecally into the 
cisterna magna (100 μg in 100 μL IgG for the MOG-EAE) (32, 35).

For intrathecal injection, the animals were anesthetized by fentanyl/mida-
zolam/medetomidin. The animals were killed 48 (MBP-T cell EAE) or 72 h (MBP-T 
cell EAE and MOG-T cell EAE) after antibody injection. For histology, the animals 
were perfused with PBS and 4% PFA in PBS after euthanasia; the spinal cord and 
brain were then postfixed with 4% PFA in PBS at 4 °C for 24 h and stored in PBS 
at 4 °C. All animal procedures were approved by the Government of Oberbayern 
and we followed the ARRIVE guidelines for animal studies.

Immunohistochemistry. Sections were immersed in xylol for 30 min, trans-
ferred to 96% ethanol, and incubated in 0.2% hydrogen peroxide for 30 min 
to block endogenous peroxidase. Then, the sections were rehydrated through a 
descending ethanol series (96, 70, 50%) and rinsed in distilled water. Prior to the 
incubation with specific antibodies detailed below, the sections were subjected 
to antigen retrieval by heating them for 30 min (in the case of ED1 antibodies) 
or 60 min (in the case of anti-CD3 antibodies) in 10 mM EDTA pH 8.5 in a con-
ventional household steamer, or were incubated for 15 min at 37 °C in 0.03% 
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protease-type XXIV (Sigma-Aldrich, Vienna, Austria; in the case of anti-C9neo anti-
bodies or biotinylated-anti-human IgG antibodies). Subsequently, the sections 
were rinsed in 0.1 M PBS or Tris-buffered saline for 60 min and exposed to 10% 
fetal calf serum in 1 x Wash Buffer (Dako) in PBS for 20 min at room tempera-
ture to reduce nonspecific background. Then, immunohistochemical stainings 
were done using the following antibodies: As primary antibodies, rabbit anti-rat 
C9neo (1:2,000) (65), monoclonal rabbit anti-human CD3 (cross-reactive to rat 
CD3; 1:2,000; Thermo Scientific, Vienna, Austria), monoclonal mouse anti-rat 
ED1 (1:10,000; Thermo Scientific, Vienna, Austria), and biotinylated anti-human 
IgG (1:1,000, Szabo Scandic, Vienna, Austria) were added, and the sections were 
incubated overnight at 4 °C in a moist chamber. After several washes, sections 
which had been incubated with rabbit anti-human CD3, rabbit anti-rat C9neo, 
or mouse anti-rat ED1 were further reacted with biotinylated donkey anti-rabbit 
(1:1,000 to 1:2,000, Jackson ImmunoResearch) or biotinylated sheep anti-mouse 
antibodies (1:500, Jackson ImmunoResearch) for 1 h at room temperature. All 
reactions were completed with AEC system (for C9neo) or by exposure to the 
avidin-peroxidase complex (1:200, Amersham GE Healthcare) and subsequent 
visualization with 3,3′ diaminobenzidine-tetra-hydrochloride (DAB, Sigma) 
containing 0.01% hydrogen peroxide (all other antibodies). Finally, the tissue 
sections were counterstained with hematoxylin and mounted in geltol (sections 
developed with the AEC system), or dehydrated and mounted in Eukitt© (Merck, 
Darmstadt, Germany) (all other sections).

Kluver–Barrera Staining. Sections were immersed in xylol for 30 min, trans-
ferred to 96% ethanol, and incubated overnight with 0.1% Luxol Fast Blue in 
96% ethanol at 56 to 60 °C. Then, the sections were cooled to room temperature, 
washed in 96% ethanol, rinsed in distilled water, and incubated for 5 min with 
0.1% lithium carbonate in water. Subsequently, the sections were washed with 
70% ethanol until the background staining was removed. The sections were 
then rinsed with distilled water, immersed for 10 min in 0.8% periodic acid in 
water, rinsed with distilled water, and incubated for 20 min in Schiff´s reagent 
(Roth, Karlsruhe, Germany). After 3× washing for 2 min in sulfite wash solu-
tion (0.37% HCl with 2.5% potassium metabisulfite in water), the sections were 
washed for 5 to 10 min in tap water, dehydrated, and mounted in Eukitt©. With 
this staining procedure, myelin sheaths of the CNS appear turquoise, and CNS 
gray matter pink.

Lesion Evaluation. After Kluver–Barrera staining, all tissue sections were scanned 
and evaluated with the viewing software NDP.view2 (Hamamatsu Photonics K.K., 
Japan) for quantification of myelin loss in EAE animals, 48 h after the injection of 
the antibodies. For each experimental animal, the 2 lumbar/sacral tissue sections 
affected most by myelin loss were selected to determine both the complete area 
of the spinal cord section and the complete area with demyelination seen in 
this section, and to calculate the size of the demyelinated area per mm2 of the 

spinal cord section. We then normalized the different experimental groups to the 
mean value of demyelination/mm2 of the positive control group (= the group of 
animals receiving r8-18C5).

Quantification of MOG-Specific T Cells in the Inflamed CNS. After euthana-
sia, spinal cord parenchyma was prepared and the weight of the organ was meas-
ured. Then, the organ was homogenized by pasting metal sieve and resuspending 
in defined amount of DMEM supplemented with 25mM HEPES. Then, 1 × 104 
fluorescent-labeled beads (Becton Dickinson) (identified through labeling with 
PE) were added into 100 µL cell suspension. The numbers of beads and MOG-
specific T cells [identified through labeling with GFP (64)] were measured by FACS 
VERSE (Becton Dickinson). The obtained results were analyzed by FlowJo software.

Statistics. Statistical analyses were performed using GraphPad Prism 7 
(GraphPad Software Inc., La Jolla, CA, USA). Individual statistical tests are stated 
in the figure legends. P < 0.05 was considered statistically significant (*), P ≤ 
0.01 (**), P ≤ 0.001(***), P <0.0001(****).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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