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Myelin oligodendrocyte glycoprotein (MOG) is exposed on the outer surface of the myelin sheath, and as
such, represents a possible target antigen for antibodies in multiple sclerosis (MS) and other demye-
linating diseases. However, despite extensive analyses, whether MOG-specific antibodies contribute to
pathogenesis in human MS remains an area of uncertainty. In the current study we demonstrate that
antibodies derived from adult MS patients exacerbate experimental autoimmune encephalomyelitis
(EAE) in ‘humanized’ mice that transgenically express human FcgRs (hFcgRs). Importantly, this exacer-
bation is dependent on MOG recognition by the human-derived antibodies. The use of mice that express
hFcgRs has allowed us to also investigate the contribution of these receptors to disease in the absence of
confounding effects of cross-species differences. Specifically, by engineering the Fc region of MOG-
specific antibodies to modulate FcgR and complement (C1q) binding, we reveal that FcgRs but not
complement activation contribute to EAE pathogenesis. Importantly, selective enhancement of the af-
finities of these antibodies for specific FcgRs reveals that FcgRIIA is more important than FcgRIIIA in
mediating disease exacerbation. These studies not only provide definitive evidence for the contribution
of MOG-specific antibodies to MS, but also reveal mechanistic insight that could lead to new therapeutic
targets.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Much evidence indicates that autoreactive antibodies contribute
omplement dependent cyto-
ntal autoimmune encephalo-
OG, myelin oligodendrocyte

and Cellular Medicine, Texas
. Reynolds Medical Sciences

E.S. Ward).

Ltd. This is an open access article u

, et al., Myelin oligodendrocy
odel, Journal of Autoimmun
to pathogenesis in demyelinating diseases such as multiple scle-
rosis (MS), motivating the development of efficacious therapies to
specifically target the antibody response in this disease [1e4]. Of
the antigens that constitute myelin, myelin oligodendrocyte
glycoprotein (MOG) has attracted much attention since the extra-
cellular domain of this protein is exposed on the outer lamella of
the myelin sheath [5,6], thereby providing a target for antibody-
mediated attack. However, despite considerable interest in the
analysis of MOG-specific responses [7e11], fundamental questions
remain concerning the role of MOG-specific antibodies in patho-
genesis. For example, assays to assessMOG-specific antibodies have
produced variable results, most likely due to differences in the
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source and configuration of antigen used [12]. Thus, although there
is consensus concerning the need for binding to conformational
epitopes on MOG for an antibody to participate in disease in rodent
models [7,9,13e15], the contribution of antibodies of this specificity
to MS is controversial [12]. Addressing this issue is expected to not
only provide mechanistic insight into antibody-mediated patho-
genesis in MS and other demyelinating diseases, but also to identify
diagnostic and therapeutic targets.

By contrast with several other neuroantigens [e.g. myelin basic
protein (MBP)] used to induce experimental autoimmune
encephalomyelitis (EAE) in rodent models through induction of
encephalitogenic T cells in the absence of a humoral response
[16e19], MOG-derived peptides and recombinant MOG (extracel-
lular domain) induce T cell and antibody responses [20e22].
Interestingly, however, EAE induced by immunization of C57BL/6
mice with recombinant rodent (rat/mouse) MOG protein (extra-
cellular domain) or rodent MOG peptide residues 35e55 (MOG35-
55) is B cell-independent, whereas immunization with recombi-
nant human MOG (hMOG; extracellular domain) induces EAE that
is both B and T cell-dependent [20,21,23,24]. Although B cell defi-
cient mice are relatively resistant to hMOG-induced EAE
[20,21,23,24], disease can be induced in these mice by immuniza-
tion with recombinant hMOG to induce a MOG-specific T cell
response followed by the transfer of serum fromhMOG-immunized
wild type mice [15]. By contrast, immunization of the mice with
ovalbumin prior to antibody/serum transfer does not result in EAE
[15]. Further, the CD4þ T cell response against the immunodo-
minant epitope of hMOG, hMOG35-55, which differs from rodent
MOG35-55 by substitution of Ser42 by proline, is significantly less
encephalitogenic than that induced by rodent MOG35-55 immu-
nization [20]. In this context, we have also observed exacerbation of
EAE inwild type C57BL/6mice by induction of mild disease through
immunization with hMOG35-55 peptide, followed by the delivery
of MOG-specific antibodies [25]. Such transfer models therefore
provide instructive systems for the investigation of the contribu-
tion of MOG-specific antibodies to pathogenesis.

Despite extensive analyses [7e13], the effector functions of
MOG-specific antibodies or other neuroantigen-specific antibodies
that participate in damaging myelin in EAE or MS remain poorly
defined. Complement deposits have been detected in autopsy
samples fromMS patients, and combined with the observation that
most MOG-specific antibodies in patients are of the IgG1 isotype
[12], this has led to the suggestion that complement activation
contributes to disease. Further, a study demonstrating that MOG-
specific antibodies of the (mouse) IgG2a class are more active in
EAE-exacerbation than mouse IgG1 antibodies was interpreted to
be due to the higher activity of mouse IgG2a in complement
dependent cytotoxicity (CDC) [26]. However, both human IgG1 and
mouse IgG2a antibodies are also active in FcgR-mediated functions
such as antibody-dependent cell-mediated phagocytosis (ADCP)
[27e29], although analyses in Fcg receptor (FcgR)-deficient mice
have led to mixed results concerning the role of FcgRs in patho-
genesis [30e32]. In this context, the divergence of FcgRs between
rodents and man has provided a significant limitation for the
translation of studies of FcgR-mediated function in mice to humans
[33]. For example, the affinities of IgG subclasses for cognate FcgRs
do not show equivalence across species [33e35]. The cross-species
differences have motivated the generation of a mouse strain in
which the mouse FcgRs have been deleted and human FcgRs
expressed as transgenes (hFcgR mice) [34], to result in a suitable
model to assess human FcgR activity. These mice have been used in
the current study to investigate antibody-mediated pathogenesis in
a hMOG35-55 immunization/transfer model of EAE.

We demonstrate that purified polyclonal IgG preparations from
patients with MS exacerbate EAE in hFcgR transgenic mice.
Please cite this article in press as: P. Khare, et al., Myelin oligodendrocy
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Importantly, this increase in disease can be ablated by targeted
depletion of the MOG-specific antibodies. In combination with the
use of Fc engineering to modulate the effector function activity of
MOG-specific antibodies, we demonstrate that FcgR-activity, but
not CDC, is critical for EAE exacerbation. Collectively, our studies
demonstrate that MOG-specific antibodies from MS patients can
contribute to pathogenesis in a humanized FcgR mouse model, in
addition to providing mechanistic insight into diseases involving
neuroantigen-specific autoantibodies.

2. Materials and methods

2.1. Mice

C57BL/6 mice transgenically expressing hFcgRs [34] were
generously provided by Drs. Jeffrey V. Ravetch and Patrick Smith
(Rockefeller University, NY, USA). Mice were bred in a specific
pathogen-free facility at the University of Texas Southwestern
Medical Center or Texas A&M University and were handled in
compliance with institutional policies and protocols approved by
the corresponding Institutional Animal Care and Use Committees.
7e10 week old mice were used in experiments.

2.2. Antibodies

The following antibodies were used in the current study: Bril-
liant Violet 421 (BV421)-labeled anti-human CD16B (CLB-gran11.5),
BV421-labeled mouse IgG2a, k, isotype control (G155-178), FITC-
labeled anti-mouse Ly-6C (AL-21) and PerCP/Cy5.5-labeled anti-
mouse CD11b (M1/70) were purchased from Becton-Dickinson.
Alexa Fluor 647 (A647)-labeled anti-human CD64 (10.1), A647-
labeled anti-human CD16 (3G8), A647-labeled mouse IgG1, k, iso-
type control (MOPC-21), BV421-labeled anti-mouse F4/80 (BM8),
PE/Cy7-labeled anti-mouse CD11b (M1/70), Alexa Fluor 488-
labeled anti-mouse I-Ab (AF6-120.1), PE-labeled anti-mouse CD86
(GL-1) and PerCP-labeled anti-mouse CD45 (30-F11) were pur-
chased from Biolegend. APC-labeled anti-human CD32A (IV.3) and
APCelabeled mouse IgG2b, k, isotype control (MPC-11) were pur-
chased from Boster Biological Technology. PE-labeled anti-mouse
F4/80 (BM8) was purchased from eBioscience. A647-labeled goat
anti-mouse IgG2b was purchased from Life Technologies. Anti-
human CD32B (X63-21/7.2) [36] was purified using protein G-
Sepharose from supernatants of hybridoma cells that were gener-
ously provided by Dr. Mark Hogarth (Burnet Institute, Melbourne,
Australia).

2.3. Recombinant antibodies and MOG

Chimeric MOG-specific antibodies were generated by fusing the
VH and VL domain genes from previously described MOG-specific
hybridomas (1005 and 1011) [25] with the human IgG1-derived
CH and CL (Ck) genes, respectively. The following mutations were
introduced into the Fc region of the chimeric heavy chain genes to
modulate binding to hFcgRs [37e40] or C1q [41] using standard
molecular biology methods: G236A/S239D/I332E (ADE), A330L/
I332E (LE), G236A, D265A and K322A. Chimeric heavy and light
chain genes were cloned into pcDNA™3.4-TOPO® vector (Life
Technologies) for expression. Antibodies were expressed by tran-
siently transfecting Expi293™ cells (Life Technologies) with
chimeric heavy and light chain expression constructs using the
Expi293™ expression system kit (Life Technologies). Antibodies
were purified from culture supernatants using protein G-Sephar-
ose. The purified antibodies were analyzed using an analytical size
exclusion chromatography column (Superdex™ 200-15/150 GL, GE
Healthcare). Monoclonal MOG-specific mouse IgG1 (8-18C5 [42])
te glycoprotein-specific antibodies from multiple sclerosis patients
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was expressed and purified as described previously [25]. Clinical
grade wild type (WT) human IgG1, trastuzumab (Herceptin®), was
obtained from the pharmacy at the University of Texas South-
western Medical Center. D1.3 (monoclonal anti-hen egg lysozyme
IgG1, [43]) was purified using lysozyme-Sepharose [44] from hy-
bridoma culture supernatants.

A baculoviral stock for the expression of the extracellular
domain (residues 1e121) of hMOG [23,45] was kindly provided by
Drs. Anne Cross and Jeri-Anne Lyons (Washington University
School of Medicine, MO, USA). Sf9 insect cells (Life Technologies)
were infected with hMOG baculoviral stock to generate high-titer
virus stocks, which were subsequently used to infect High Five
insect cells (Life Technologies) and recombinant protein purified
from the culture supernatant using Ni2þ-NTA agarose (Qiagen).

2.4. Purification of polyclonal IgG from patient sera

Archived sera from patients diagnosed with MS and healthy
controls were obtained from the Neurosciences Biorepository at the
University of Texas Southwestern Medical Center (TX, USA) under
protocols approved by the Texas A&M University Institutional Re-
view Board (IRB protocol # IRB2015-0083D) and the University of
Texas SouthwesternMedical Center Institutional Review Board (IRB
protocol # 022011-211). 200 ml serum from each patient was
diluted into 10 ml PBS (Lonza) and IgG purified using protein G-
Sepharose.

2.5. Surface plasmon resonance analyses

Equilibrium dissociation constants for the binding of chimeric
antibodies (c1005 and c1011) to recombinant hMOG and mouse
MOG (mMOG) were determined using surface plasmon resonance
(BIAcore T200; GE Healthcare) and previously described methods
[46]. CM5 chips were coupled with recombinant hMOG or mMOG
to densities of ~1500 RU followed by injection of antibodies at
various concentrations (0.1e800 nM) at a flow rate of 10 ml/min
using PBS pH 7.4 (Lonza), 0.01% (v/v) Tween-20 as running buffer.
Flow cells were regenerated at the end of each cycle using 0.1 M
glycine, 0.15 M NaCl, pH 2.8 buffer. The equilibrium dissociation
constants (KDs) for the interactions of the antibodies with hMOG/
mMOGwere determined using a 1:1 interaction model and custom
written software [46,47]. The obtained KD values are apparent,
rather than absolute, due to the avidity effects associated with
bivalent binding of antibody to immobilized MOG. To analyze the
effects of Fc mutations on FcgR binding, CM5 chips were coupled
with recombinant hFcgRs (R&D Systems) to densities of
~1000e2500 RU and antibodies were injected at a flow rate of
10 ml/min in PBS pH 7.4 (Lonza), 0.01% (v/v) Tween-20 at a con-
centration of 1500 nM.

2.6. ELISA

Binding of polyclonal human IgG samples and 8-18C5 (mouse
monoclonal MOG-specific antibody [42]) to hMOGwas analyzed by
ELISA. 96-well plates (Nunc) were coated with recombinant hMOG
at a concentration of 10 mg/ml at room temperature for 1 h, fol-
lowed by addition of antibodies at a concentration of 5 mg/ml.
Bound antibodies were detected using anti-human IgG (Fc-specific)
or anti-mouse (heavy and light chain-specific) antibody conjugated
to HRP (Sigma-Aldrich). The isotypes of the MOG-specific IgGs
present in human sera were determined using a human IgG iso-
typing kit (eBioscience) following a standard protocol with re-
combinant hMOG-coated 96-well plates (Nunc). MOG-coated
plates were incubatedwith IgG samples at a concentration of 50 mg/
ml. Bound MOG-specific antibodies were detected using anti-
Please cite this article in press as: P. Khare, et al., Myelin oligodendrocy
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2.7. Binding analyses using flow cytometry

The binding of polyclonal IgG from human sera to mMOG, and
inhibition of binding of these human antibodies by 8-18C5, was
analyzed using a transfected EL4 lymphoma cell line (EL4 cells)
expressing full length mMOG on the cell surface (EL4-MOG cells).
EL4 cells and EL4-MOG cells were kindly provided by Dr. Guru-
moorthy Krishnamoorthy (Max Planck Institute of Neurobiology,
Martinsreid, Germany) [14]. EL4 and EL4-MOG cells (1 � 106) were
incubated with 25 mg/ml human IgG in the presence or absence of
5-fold excess of 8-18C5 or control IgG (D1.3) on ice. Bound human
antibodies were detected using DyLight 650-labeled goat anti-
human IgG (10 mg/ml; Abcam). Samples were analyzed by flow
cytometry (Accuri; Becton-Dickinson) and data processed using
FlowJo software (FlowJo).

2.8. Exacerbation of EAE in hFcgR mice

Female hFcgR mice were immunized subcutaneously with
100 mg (per mouse) hMOG35-55 peptide (CS Bio) emulsified with
complete Freund's adjuvant (CFA; Sigma-Aldrich) supplemented
with an additional 4 mg/ml heat-inactivated Mycobacterium
tuberculosis (strain H37RA, Becton-Dickinson) at four sites in the
flanks. On days 0 and 2 post-immunization, 200 ng of pertussis
toxinwas administered intraperitoneally. Themiceweremonitored
for disease progression and scored daily for clinical signs of EAE. On
day 15 post-immunization, mice were sorted into groups based on
EAE scores on each day prior to and including day 15, resulting in
equal numbers of mice with similar disease course in each group
using a cost function (implemented in MATLAB). Groups of mice
were injected intravenously with either 250 mg polyclonal IgG from
human sera or 200 mg chimeric antibodies (c1011 or c1005), their
mutated derivatives or isotype control (trastuzumab). Mice were
monitored and scored daily until day 30. The scoring system for
disease activity was as described previously [48]: 0, no paralysis; 1,
limp tail; 2, moderate hind limb weakness; 3, severe hind limb
weakness; 4, complete hind limb paralysis; 5, quadriplegia; and 6,
death.

To evaluate the activity of MOG-specific antibodies in MS
patient-derived IgG in exacerbating EAE, polyclonal IgG isolated
from an MS patient (MS-3) serum was depleted of MOG-specific
antibodies by incubation with EL4-MOG cells. Briefly, 107 EL4-
MOG cells were incubated with 1.5 mg polyclonal IgG (MS-3)
with rotation for 1 h at 4 �C, followed by pelleting of the cells by
centrifugation and harvesting of supernatant. Similarly, EL4 cells
were used as a control. The supernatants were evaluated for
depletion of hMOG-specific antibodies by ELISA, as described in
section 2.6. The disease-exacerbating potential of EL4-MOG-treated
and EL4-treated IgG was determined by transferring 250 mg IgG
into immunized hFcgR mice, as described above.

2.9. Pharmacokinetic studies

Antibodies were labeled with iodine-125 (125I; Perkin Elmer) as
described previously [49]. Male hFcgR mice were fed 0.1% Lugol
(Sigma-Aldrich) in water for 72 h before intravenous injection in
the tail vein with 125I-labeled chimeric antibodies (10e15 mg per
mouse). Whole body radioactivity counts were measured using an
Atom Lab 100 dose calibrator (Biodex) at the indicated time points.
Radioactive counts were normalized with respect to the value ob-
tained immediately following the injection and the normalized
data against time was plotted. The area under each of these curves
was calculated using Graphpad prism (Graphpad Software).
te glycoprotein-specific antibodies from multiple sclerosis patients
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2.10. Immunohistochemical analyses of spinal cords

Mice were immunized with hMOG35-55 and on day 15, patient-
derived IgG, c1011 or control IgG (human IgG1, trastuzumab)
delivered as above. Three days following antibody delivery, the
mice were perfused with heparin/PBS, euthanized and spinal cords
harvested. Isolated spinal cords were fixed in 10% Neutral Buffered
Formalin (NBF) for 24 h and transferred to 70% ethanol. Following
tissue processing using standard methods, the samples were
embedded in paraffin, sectioned at 4 mm, and stained with a
regressive hematoxylin and eosin (H&E) protocol by the histology
laboratory in the Department of Veterinary Pathobiology at Texas
A&M University. Stained sections were imaged using an Axio
Observer microscope (Zeiss) with 10X air-based objective.

2.11. Flow cytometry analyses using hFcgR mice

To analyze the expression of FcgRs on macrophages in hFcgR
transgenic mice, spleens were isolated and used to generate single
cell suspensions by mechanical disruption and forcing the cells
through 70 mm strainers (Becton-Dickinson). Splenic cell suspen-
sions were depleted of erythrocytes using red blood cell lysis buffer
and stained with fluorescently-labeled antibodies specific for
mouse Ly-6C, F4/80, CD11b, hFcgRI (CD64), hFcgRIIA (CD32A),
hFcgRIIIA/B (CD16) and hFcgRIIIB (CD16B). To analyze the expres-
sion of hFcgRIIB (CD32B), splenic cell suspensions were initially
incubated with unlabeled antibody specific for hFcgRIIB (mouse
IgG2b), followed by staining with fluorescently-labeled goat anti-
mouse IgG2b and anti-mouse Ly-6C, F4/80 and CD11b antibodies.

Mice were immunized with hMOG35-55 and on day 15, patient-
derived IgG or control IgG (human IgG1, trastuzumab) delivered as
above. Mice were perfused with heparin/PBS, euthanized and spi-
nal cords isolated 3 days following antibody delivery. Single cell
suspensions were generated using the same method as for spleens.
Mononuclear cells from spinal cord cell suspensions were obtained
using Percoll (1131 g/ml, GE Healthcare) gradients. Briefly, cells
were washed with 37% Percoll [2118 g, room temperature, 15 min]
and suspended in 30% Percoll which was then layered over 70%
Percoll and centrifuged at 2118 g for 15 min at room temperature.
Following centrifugation, the cells at the interface were collected,
washed and stained with antibodies specific for CD45, CD11b, F4/
80, I-Ab, CD86 and hFcgRIIA.

For both spleens and spinal cords, stained cells were analyzed by
flow cytometry using a LSRFortessa (Becton-Dickinson). Flow
cytometry data were processed using FlowJo software (FlowJo).

2.12. Statistical analyses

For disease data, statistical analyses were carried out using two-
way ANOVA and Tukey's multiple comparison test. Statistical ana-
lyses for ELISAs to analyze the depletion of anti-MOG IgG and
pharmacokinetic data (AUCs) were performed using one-way
ANOVA and Tukey's multiple comparison test. Tests of statistical
significance for pairwise comparisons were carried out using two-
tailed Student's t-test. Graphpad prism (Graphpad Software) was
used for all the above analyses. p values of less than 0.05 were taken
to be significant.

3. Results

3.1. Development of an antibody-mediated model of EAE in hFcgR
mice

We recently developed an EAE model in which the passive
transfer of mouse monoclonal MOG-specific antibody exacerbates
Please cite this article in press as: P. Khare, et al., Myelin oligodendrocy
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disease in C57BL/6 mice immunized with hMOG35-55 [25,50]. In
the current study, this passive EAE model was humanized by
employing hFcgRmice (C57BL/6 background) [34]. hFcgRmice lack
murine FcgRs and express hFcgRI, hFcgRIIAR131, hFcgRIIBI232,
hFcgRIIIAF158, and hFcgRIIIB under the control of their endogenous
human regulatory elements [34]. Importantly, in these humanized
mice FcgR expression patterns recapitulate those reported in
humans, and the FcgR-mediated effector functions are normal [34].
However, although the expression patterns of hFcgRs have been
characterized for the majority of hematopoietic cell types in these
mice [34], macrophages that are known to contribute to inflam-
mation in EAE models [51] were not included in these analyses. We
therefore used flow cytometry to investigate the surface expression
levels of hFcgRI, hFcgRIIA, hFcgRIIB, hFcgRIIIA/B and hFcgRIIIB. All
FcgRs were expressed by both F4/80hiCD11blo and F4/80loCD11bhi

macrophages, although for F4/80loCD11bhi cells several sub-
populations with different levels of FcgR expression were observed
(Fig. S1).

To assess the ability of MOG-specific antibodies to exacerbate
EAE in hFcgR mice, two mouse monoclonal MOG-specific anti-
bodies (1005, 1011) described in our earlier study [25] with
different affinities for hMOG and mouse MOG (mMOG) were chi-
merized using the human IgG1-derived constant region. The MOG-
specific antibody 1011 competes with the well-characterized
mouse antibody, 8-18C5 [42], for binding to mMOG. The interac-
tion of 8-18C5 with MOG has been shown to be dependent on
residues 103,104 in the FG loop of this protein, which is exposed at
the tip of the immunoglobulin-like domain [9,52]. By contrast,
antibody 1005 does not compete with 8-18C5 or 1011 for MOG
binding [25], demonstrating that 1005 and 1011 recognize distinct
epitopes. The affinities of the chimerized antibodies for binding to
hMOG and mMOG were similar to those of their parent mouse
antibodies [25], with chimeric 1005 (c1005) exhibiting a ~10- and
~100-fold lower affinity for hMOG and mMOG, respectively,
compared with chimeric 1011 (c1011; Supplementary Table 1) [25].
To investigate whether these chimeric MOG-specific antibodies
could exacerbate EAE, hFcgRmice were immunized with hMOG35-
55 and 15 days later, c1011, c1005 or human IgG1 control (Trastu-
zumab; human HER2-specific) were delivered intravenously. The
delivery of c1011 or c1005 exacerbated the disease, demonstrating
the pathogenicity of these chimeric antibodies in hFcgR mice
(Fig. 1A and B).

3.2. IgG in MS patient sera, but not healthy control sera, recognize
hMOG and mMOG

To extend our studies to MOG-specific antibodies isolated from
MS patients, we next analyzed the presence of hMOG-specific IgG
in purified polyclonal IgG preparations from ten MS patients (age
range: 23-54 years) and 2 healthy controls (aged 25 and 40 years).
The use of protein G-Sepharose to isolate these IgG samples cir-
cumvents the possibility of false positives in binding assays due to
non-specific binding of anti-IgG secondary/detection antibody to
IgM [53], since protein G binds specifically to human IgG, but not to
other immunoglobulin classes. Of these ten MS patients, seven
(MS-1 to MS-7) responded to plasmapheresis and three (MS-8 to
MS-10) had not undergone this treatment (Supplementary Table 2).
Comparedwith IgG isolated fromhealthy controls (HC-1 and HC-2),
IgG from all of the MS patients showed significant binding to hMOG
(Fig. 2A), although hMOG-specific IgG signals varied amongst
different patients. These differences could be due to variations in
specific IgG levels and/or their affinity for binding to hMOG. Isotype
analyses of the MOG-specific IgGs demonstrated that IgG1 repre-
sented the predominant or the only isotype amongst hMOG-
reactive IgGs (Fig. 2B). For eight patients, levels of hMOG-specific
te glycoprotein-specific antibodies from multiple sclerosis patients
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Fig. 1. Chimeric MOG-specific antibodies exacerbate EAE in hFcgR mice. (A, B) hFcgR mice (n ¼ 5e6 mice/group) were immunized with 100 mg hMOG35-55 and treated with
200 ng pertussis toxin on days 0 and 2. On day 15, mice were sorted into equivalent groups (mean disease score of ~2) and intravenously injected with 200 mg c1005 (A), c1011 (B) or
isotype control, human IgG1 (trastuzumab). Mice were scored daily for disease activity. Error bars indicate SEM and significant differences (p < 0.05; two-way ANOVA and Tukey's
multiple comparison test) between the groups are indicated by *. Data are representative of two independent experiments.

P. Khare et al. / Journal of Autoimmunity xxx (2017) 1e12 5
IgG4 above background were found, whereas one patient sample
(MS-4) contained levels of hMOG-reactive IgG3 that were higher
than the other isotypes (Fig. 2B).

We next investigated whether the patient-derived IgG samples
cross-reacted with mMOG. Conformation-dependent antibodies
that recognize ‘native’ MOG expressed on the surface of mamma-
lian cells have been shown to be relevant to demyelinating activity
[7,9,13e15]. The binding of the IgG samples to mMOG on the sur-
face of mMOG-transfected EL4 lymphoma cells (EL4-MOG) [14] was
therefore assessed using flow cytometry. Significantly, all of the
patient IgG samples, but not healthy control IgG samples, bound
specifically to EL4-MOG cells (Fig. 2C and D). We also investigated
whether the binding of the human IgGs overlapped with that of the
mMOG-specific monoclonal antibody, 8-18C5 [42]. Consistent with
an earlier report using hMOG-expressing glioma cells [13], sub-
stantial inhibition of binding to EL4-MOG cells by 8-18C5 was
observed for 8 of 10 patients (Fig. 2D). IgG derived from patient MS-
1 showed no significant inhibition by 8-18C5, whereas MS-2 IgG
showed less inhibition compared with the other eight patient-
derived IgG samples.
3.3. MOG-specific IgG in MS patient sera exacerbates disease in
hMOG35-55-immunized hFcgR mice

Having established that IgGs derived from MS patients recog-
nize both hMOG and mMOG, the ability of IgG samples derived
from two patients (MS-3 and MS-6) to exacerbate EAE was
analyzed by transferring 250 mg polyclonal IgG into hMOG35-55-
immunized hFcgR mice on day 15 post-immunization. Polyclonal
IgG from patients MS-3 and MS-6 were used in these studies due to
their relatively high reactivity to both hMOG and mMOG (Fig. 2A
and D). Importantly, IgG isolates from these patients had signifi-
cantly higher activity in exacerbating disease compared with the
effects of healthy control (HC-1) IgG (Fig. 3A), with effects that are
comparable to those induced by encephalitogenic chimeric anti-
bodies, c1005 and c1011 (Fig. 1). By comparison with treatment
with the monoclonal HER2-specific antibody, trastuzumab, de-
livery of HC-1 IgG resulted in slight exacerbation of the disease
(Fig. 3A). This could be due to the very low levels of mMOG-specific
antibodies observed in binding assays (Fig. 2D) and/or the presence
of IgGs that recognize other mouse central nervous system (CNS)
antigens.

Although the above studies indicate thatMS patient-derived IgG
samples recognize mMOG and hMOG and exacerbate disease in a
mouse EAE model, they do not directly show that amongst the
injected polyclonal IgG samples, MOG-specific antibodies
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contribute to this exacerbation. Therefore, to evaluate the role of
MOG-specific IgG in disease exacerbation, the antigen-specific IgG
was depleted from the polyclonal IgG sample (MS-3) by incubation
with EL4-MOG cells. The efficiency of MOG-specific antibody
depletion was determined by measuring the binding of these cell-
treated samples to hMOG using ELISA. Following treatment with
EL4-MOG cells, IgG derived from MS-3 exhibited close to back-
ground levels of binding to hMOG which was similar to that
observed with IgG from a healthy control, HC-1 (Fig. 3B). By
contrast, incubation of MS-3 IgG with EL4 cells resulted in only a
slight reduction inMOG binding by comparisonwith untreatedMS-
3 IgG (Fig. 3B), demonstrating specific depletion of MOG-specific
antibodies by EL4-MOG cells. 250 mg EL4-MOG-treated MS-3-
derived IgG was delivered into hMOG35-55-immunized hFcgR
mice on day 15 post-immunization. Control groups of mice were
injected with 250 mg untreated MS-3 IgG, EL4-treated MS-3 IgG or
healthy control (HC-1) IgG. Importantly, the delivery of EL4-MOG-
treated IgGs did not exacerbate EAE and the disease in this group
was similar to that observed in mice administered with healthy
control IgG (Fig. 3C). In addition, the disease exacerbation induced
by EL4-treated MS-3 IgG was comparable to the effect of untreated
MS-3 IgG (Fig. 3C). These observations indicate that MOG-specific
IgG in the patient serum is responsible for disease exacerbation.
In addition, consistent with the increased disease activity, immu-
nohistochemical analyses of spinal cords demonstrated higher
levels of inflammatory infiltrates following the delivery of MS-3 IgG
(or c1011) compared with those for control IgG (Fig. 4).
3.4. Exacerbation of EAE by chimeric anti-MOG antibodies requires
Fc-FcgR interactions

To delineate the role of FcgRs in antibody-mediated disease
exacerbation, variants of c1011 and c1005 with substantially
reduced binding to hFcgRs were generated by mutating Asp265 in
the Fc region to alanine (D265A; Table 1) [40,54]. By contrast with
wild type (WT) chimeric antibodies (c1011WT and c1005WT), D265A
variants of c1011 and c1005 (c1011D265A and c1005D265A, respec-
tively) did not exacerbate disease in hMOG35-55-immunized
hFcgR mice (Fig. 5A and B), indicating a critical role for FcgRs in
the pathophysiology of antibody-induced EAE exacerbation. How-
ever, the D265A mutation also reduces binding to complement C1q
[54] and it was therefore also important to exclude the possibility
that complement activation via the classical pathway is involved in
EAE exacerbation. The K322A mutation, which is known to reduce
binding to mouse C1q and ablate CDC towards target cells in the
presence of mouse serum [55,56], was therefore inserted into the Fc
te glycoprotein-specific antibodies from multiple sclerosis patients
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Fig. 2. MS patient-derived polyclonal IgG isolates recognize native MOG and are primarily of the IgG1 isotype. (A) Binding of MS patient- and HC-derived IgG to recombinant
hMOG and an irrelevant antigen (hen egg lysozyme, HEL) was determined by direct ELISA. The mouse (IgG1) monoclonal MOG-specific antibody, 8e18C5, was used as a control. (B)
Pie charts showing the relative levels of hMOG-specific IgG1, IgG2, IgG3 and IgG4 antibodies in polyclonal IgG isolated from MS patient sera, determined by direct ELISA. (C, D) EL4
cells or EL4-MOG (transfected to express full-length mMOG) cells were incubated with polyclonal IgG from MS patients or HCs and analyzed by flow cytometry. Binding of the
human antibodies to the cells was detected using DyLight 650elabeled anti-human IgG (H þ L) conjugate. (C) Representative histogram plot showing flow cytometry analyses for
EL4 and EL4-MOG cells treated with MS-3 and HC-1 IgG. (D) Binding analyses of patient- or HC-derived IgG to EL4 or EL4-MOG cells in the presence or absence of a 5-fold excess of
8-18C5 or control mouse IgG1 (D1.3, mouse monoclonal HEL-specific antibody). Averages of mean fluorescence intensities (MFIs) are shown for triplicate samples with error bars
indicating SEM. Significant differences (p < 0.05; two-tailed Student's t-test) between the binding to hMOG and HEL (A) and between the co-incubations with 8-18C5 and D1.3 (D)
for each IgG sample are indicated by *. Data are representative of two independent experiments.
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region of c1011 (c1011K322A; Table 1). Importantly, c1011K322A was
as effective as its wild type parent antibody in exacerbating EAE
(Fig. 5C).

hFcgRs include both activating (FcgRI, FcgRIIA and FcgRIIIA/B)
and inhibitory (FcgRIIB) receptors and among the activating re-
ceptors, FcgRIIA and FcgRIIIA play an important role in IgG-
mediated effector functions [35,57]. An increase in the ratio of
activating FcgR binding affinity to inhibitory FcgR binding affinity
(A/I ratio) of an IgG molecule translates into increased FcgR-
dependent effector function [27]. One set of hIgG1 mutations, ADE
(G236A/S239D/I332E; Table 1), leads to an increase in the A/I ratio
from 2.5 (hFcgRIIA/hFcgRIIB) and 2.3 (hFcgRIIIA/hFcgRIIB) to 13
and 5.3, respectively [37]. ADE variants of c1005 and c1011
(c1005ADE and c1011ADE, respectively) were generated and
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administered to hMOG35-55-immunized hFcgRmice. Significantly,
disease exacerbation following the delivery of c1005ADE and
c1011ADE was greater than that induced by the corresponding WT
chimeric antibodies (Fig. 5D and E), confirming an important role
for FcgRIIA- and/or FcgRIIIA-dependent effector functions in
antibody-mediated disease.

We next dissected the relative importance of hFcgRIIA and
hFcgRIIIA in disease exacerbation induced by the chimeric anti-
bodies by generating additional c1011 mutants harboring G236A
[37] (c1011G236A) or A330L/I332E [38] (c1011LE). G236A and LE
mutations have been shown to selectively increase the affinity of
hIgG1 towards hFcgRIIA (9.3-fold) and hFcgRIIIA (5.4-fold),
respectively (Table 1) [38]. Following transfer into hMOG35-55-
immunized hFcgR mice, c1011G236A induced greater exacerbation
te glycoprotein-specific antibodies from multiple sclerosis patients
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Fig. 3. Polyclonal MOG-specific IgG from MS patients exacerbates EAE in hFcgR
mice. (A) hFcgR mice (n ¼ 5e6 mice/group) were immunized as in Fig. 1. 15 days post-
immunization, mice were sorted into equivalent groups (mean disease score of ~1) and
intravenously injected with 250 mg IgG purified from the serum of MS patients MS-3 or
MS-6 or from a healthy control (HC-1). Control mice were injected with trastuzumab.
Mice were scored daily for disease activity. (B) MS patient (MS-3)-derived IgG was
incubated with EL4 or EL4-MOG cells at 4 �C. The binding of the IgG recovered
following incubation with cells to recombinant hMOG was determined by direct ELISA.
(C) hFcgR mice (n ¼ 5e6 mice/group) were immunized as in panel A and 250 mg
untreated, EL4 or EL4-MOG-treated IgG intravenously transferred into mice on day 15
post-immunization. As a control, mice were injected with IgG derived from HC-1. Mice
were scored daily for disease activity. Error bars indicate SEM. Significant differences
between the groups in panels A and C (p < 0.05; two-way ANOVA and Tukey's multiple
comparison test) or in panel B (p < 0.05; one-way ANOVA and Tukey's multiple
comparison test) are indicated by *. Data are representative of two independent
experiments.
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than c1011WT that was analogous to the activity of c1011ADE

(Fig. 5E). By contrast, the effect of c1011LE was similar to that of
c1011WT, except that the disease exacerbation lasted for a shorter
time period in c1011LE-treated mice (Fig. 5E).

It was also important to investigate whether the FcgR-
enhancing mutations affected their pharmacokinetic behavior in
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hFcgR mice. Although c1011WT, c1011K322A, c1011G236A and
c1011D265A showed similar behavior to that described previously
for human IgG1 in mice [58], c1011LE and c1011ADE were cleared
more rapidly than their wild type parent (Fig. 6A). Further, the
highly biphasic clearance curves for c1011LE and c1011ADE indicated
target-mediated clearance by hFcgRs, suggesting that different
clearancemodels would need to be used to determine the half-lives
of these antibodies compared with the models required for
c1011WT, c1011K322A, c1011G236A and c1011D265A. As an alternative
to half-life determination, we therefore assessed the whole body
exposure to the antibodies following delivery by calculating the
areas under the curves (AUCs) for clearance curves obtained for
c1011WT andmutated variants (Fig. 6B). This revealed that the AUCs
for c1011D265A, c1011K322A and c1011G236A were similar to that of
c1011WT, whereas for c1011LE and c1011ADE, were significantly
lower. Importantly, the variant with the highest clearance rate,
c1011ADE, has the greatest activity in exacerbating EAE (Figs. 5E and
6), indicating that despite this behavior, FcgR-enhancement can
increase disease severity. Further, the observation that the AUC for
c1011LE is greater than that for c1011ADE suggests that, by contrast
with FcgRIIA, FcgRIIIA interactions play a lesser role in exacerbating
EAE.

3.5. EAE exacerbation is associated with increased levels of
infiltrating, activated FcgRIIAþ macrophages

We next used flow cytometry to characterize the hFcgRIIAþ cells
present in the spinal cords of mice following the transfer of MS
patient-derived IgG. These analyses demonstrated elevated levels
of CD86 expression on macrophages (CD11bþCD45hiF4/80þI-
AbþFcgRIIAþ) for mice treated with MS-3 IgG relative to control IgG
(Fig. 7A and B). Although a trend towards higher levels of CD86 was
observed for microglia (CD11bþCD45loF4/80þI-AbþFcgRIIAþ) inMS-
3 IgG-treated mice relative to mice in the control group, this dif-
ference was not statistically significant (Fig. 7A and B). In addition,
no difference in CD86 levels between groups was observed for
granulocytes (CD11bþCD45hiF4/80�FcgRIIAþ) (data not shown).
The numbers of macrophages and microglia in the spinal cords of
mice treated with MS-3 IgG were also greater than the numbers
observed for the control mice (Fig. 7C and D). Increased disease
activity is therefore accompanied by higher levels of CD86 on
infiltrating macrophages combined with elevated numbers of
macrophages and microglia in the spinal cord.

4. Discussion

The contribution of MOG-specific antibodies to pathogenesis
and the mechanism of action of such antibodies in MS represent
matters of controversy [10e13,30,31,59e62]. In the current study
we have demonstrated that human MS patients have circulating
antibodies specific for both human and mouse MOG. Further, pu-
rified antibodies from two of these patients exacerbate EAE in a
transfer model involving mice that transgenically express human
FcgRs [34], and exacerbation is inhibited by antigen-specific
removal of MOG-specific antibodies. By engineering the Fc region
of MOG-specific antibodies to modulate their FcgR and comple-
ment binding activity, we also demonstrate that FcgR interactions,
particularly those involving FcgRIIA, are necessary and sufficient for
EAE exacerbation.

In earlier studies, IgGs derived from a MS patient have been
demonstrated to exacerbate EAE and increase demyelination and
inflammation in the CNS of proteolipid protein (PLP)139-151-
immunized mice [61]. In addition, although transfer of concen-
trated MS patient sera into MBP72-85-immunized rats did not
affect the EAE score, increased demyelination and axonal loss was
te glycoprotein-specific antibodies from multiple sclerosis patients
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Fig. 4. Immunohistochemical analyses demonstrate that EAE exacerbation is accompanied by increased inflammatory infiltrates. hFcgR mice (n ¼ 4 mice/group) were
immunized and treated with 200 mg control IgG (human IgG1), 200 mg c1011 or 250 mg MS-3 IgG as described in Fig. 1 (control, c1011) or Fig. 3 (MS-3). Three days following the
delivery of IgG, spinal cords were isolated, sectioned, stained with H&E and imaged. Two representative images from each group are shown. Bar ¼ 100 mm.

Table 1
Properties of Fc mutations.

Mutation Effect on FcgR/Clq binding

D265A ↓↓ FcgRsa

G236A/S239D/I332E (ADE) ↑ FcgRs
G236A ↑ FcgRIIA
A330L/I332E (LE) ↑ FcgRIIIA
K322A ↓↓ C1q

a hIgG1 variants harboring D265A mutation have substantially reduced binding
to all hFcgRs [40].
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observed [13]. MS patient-derived IgGs have also been shown to
lead to demyelination (and axonal loss) and cell death in in vitro
cultures of oligodendrocytes and a MOG-expressing glioblastoma
cell line, respectively [13,62]. However, by contrast with our results,
antibodies isolated fromMS patients in two of the above studies did
not recognize MOG [61,62]. The reason for these apparent dis-
crepancies is not clear, although they could relate to the differences
in binding assays (e.g. antigen form, threshold used to score posi-
tives etc.) and rodent models, and/or the use of serum rather than
purified IgG in transfer [13,61,63]. An earlier study, employing a
cell-based assay and sera from MS patients, demonstrated that
non-specific binding of anti-human IgG (heavy and light chain-
specific) antibody to human IgM can lead to detection of false
positives during screening for MOG-specific IgG in patients [53].
Significantly, in the current study we used protein G-Sepharose,
which can only bind to human IgG and not other human immu-
noglobulin classes, to purify IgG from the patient sera. In addition,
whilst all 10 MS patients included in this study met 2011 revised
McDonald Diagnostic Criteria for MS, it is worth noting that the two
patients with the highest anti-MOG titers (patientsMS-3 andMS-6)
had clinical histories that suggest possible neuromyelitis optica
spectrum disorder. One patient had severe optic neuritis and
myelitis with only mild brain involvement, whereas the other pa-
tient had optic neuritis and significant brainstem involvement.
Both patients failed initial therapies and had to progress to more
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immunosuppressive regimens. These findings suggest that
screening for MOG-specific antibodies that exacerbate EAE in
mouse models could be helpful in identifying MS patients that may
have predominantly antibody-mediated pathology.

Our results also demonstrate that for most (8/10) of the patient
IgGs analyzed, the well characterized MOG-specific antibody, 8-
18C5 [42], effectively competes with binding of patient-derived
antibodies to mMOG expressed on the surface of transfected EL4
cells. This competition is similar to that observed for two reports in
which antibodies in pediatric MS patients were analyzed, and also
for one adult MS patient in a distinct study [13,64,65]. These ob-
servations indicate that the patient-derived antibodies recognize
an epitope(s) encompassing FG-loop amino acids of MOG, since
residues 103 and 104 in this loop have been demonstrated to be
core residues of the 8-18C5 epitope [9,52]. Alternatively, as shown
in earlier studies [25,63], MOG-specific antibodies that are not
dependent on residues 103 and 104 for recognition can still
compete with 8-18C5 for binding due to steric effects.

In the current study, Fc engineering of MOG-specific antibodies
has been used to delineate the roles of complement and FcgRs in
disease exacerbation. Ablation of binding of the MOG-specific,
human IgG1 chimeric antibody (K322A mutation) to mouse com-
plement does not affect the ability of this antibody to increase
disease activity, whereas reduced FcgR binding (D265A mutation)
eliminates the ability of MOG-specific antibodies to exacerbate EAE.
Although the D265A mutation also decreases complement binding,
based on the results obtained using an antibody variant harboring
the K322A mutation, we have excluded a role for complement
activation via the classical pathway. Autoantibodies can also func-
tion through the alternative complement pathway in animal
models of autoimmunity and humans [66], but it is currently un-
known whether the K322A or D265A mutations affect this arm of
the complement pathway. In addition, despite substantial re-
ductions in FcgR interactions for IgGs containing the D265A mu-
tation, recent studies have demonstrated that the presence of such
antibodies inmultivalent form i.e. on opsonized cells, is sufficient to
te glycoprotein-specific antibodies from multiple sclerosis patients
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Fig. 5. Fc-FcgR interactions are required for antibody-mediated EAE exacerbation and FcgR enhancement can increase disease activity in hFcgR mice. hFcgR mice (n ¼ 4e6
mice/group) were immunized as in Fig. 1. On day 15 post-immunization, mice were sorted into equivalent groups (mean disease score of ~1e2) and were intravenously admin-
istered with 200 mg c1011D265A (A), c1005D265A (B), c1011K322A (C), c1005ADE (D), c1011ADE, c1011G236A or c1011LE (E). Mice injected with c1011WT or c1005WT were included in the
experiments shown in panels AeE as comparators, and trastuzumab was used as a negative control. Mice were scored daily for disease activity. Error bars indicate SEM and
significant differences (p < 0.05; two-way ANOVA and Tukey's multiple comparison test) between the groups are indicated by *. Data are representative of two independent
experiments.
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Fig. 6. Increased binding to hFcgRs results in reduced persistence in mice. (A) hFcgR mice (n ¼ 4e5 mice/group) were injected with 125I-labeled c1011 variants and remaining
radioactivity levels in the whole body assessed at the indicated times. (B) Areas under the curves (AUCs) for whole body (mCi � h) for wild type and mutated c1011 variants in hFcgR
mice (n ¼ 4e23 mice/group) were calculated. Error bars indicate SEM and significant differences (p < 0.05; One-way ANOVA and Tukey's multiple comparison test) between the
groups are indicated by *. N.S., no significant difference. Data shown in (A) and (B) are representative of, or combined from, at least two independent experiments, respectively,
except for c1011K322A.

Fig. 7. EAE exacerbation is accompanied by increased numbers of hFcgRIIA-expressing cells in the CNS. (AeD) hFcgR mice (n ¼ 7 mice/group) were immunized and treated
with 250 mg control (human IgG1, trastuzumab) or patient-derived IgG (MS-3) as described in Fig. 3. Three days following the delivery of IgG, spinal cords were isolated and single
cell suspensions stained with antibodies specific for CD45, CD11b, F4/80, I-Ab, CD86 and hFcgRIIA. Stained cells were analyzed by flow cytometry. (A) Representative histogram plots
for individual mice showing flow cytometry analyses of CD86 levels for CD11bþCD45hiF4/80þI-AbþFcgRIIAþ macrophages or CD11bþCD45loF4/80þI-AbþFcgRIIAþ microglia. (B)
Averages of mean fluorescence intensities (MFIs) showing CD86 levels on macrophages or microglia for each treatment group. (C, D) Numbers of infiltrating macrophages (C) or
microglia (D). For panels BeD, error bars indicate SEM and statistically significant differences are shown by * (p < 0.05; two-tailed Student's t-test).
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induce FcgR-mediated effector functions, albeit at lower levels than
for the corresponding wild type antibodies [67]. Our observations
therefore indicate the need to achieve a threshold level of FcgR
engagement for disease exacerbation.

In further support of the involvement of FcgRs, engineered an-
tibodies with increased affinity for activating FcgRs induce higher
disease severity. Interestingly, selective enhancement for FcgRIIA
binding (G236A mutation) exacerbates EAE more effectively than
thewild type parent antibody, whereas this effect was not observed
following the delivery of a MOG-specific antibody specifically
enhanced for FcgRIIIA interactions. In earlier studies, FcgRIIA on
macrophages has been shown to be involved in antibody-
Please cite this article in press as: P. Khare, et al., Myelin oligodendrocy
exacerbate disease in a humanized mouse model, Journal of Autoimmun
dependent cell-mediated phagocytosis (ADCP) of opsonized tu-
mor cells [37]. Our data indicate that in the presence of MOG-
specific antibodies, FcgRIIA on infiltrating macrophages that are
known to be crucial for EAE pathogenesis may play a similar role
[51]. Consistent with this possibility, we observe increased activa-
tion and numbers of FcgRIIAþ macrophages in the spinal cords of
mice following the delivery of MS patient-derived IgG. In addition,
neutrophils can be important in EAE pathogenesis [68], and
therefore FcgRIIA engagement on this cell type could contribute to
the MOG-specific antibody-induced disease exacerbation observed
in our studies.

An important outcome of our studies, that has broad
te glycoprotein-specific antibodies from multiple sclerosis patients
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implications for the engineering of antibodies for increased binding
to FcgRs, is that the in vivo persistence of FcgR-enhanced antibodies
is reduced compared with that of their parent, wild type antibody.
This effect is most likely due to the propensity of such enhanced
antibodies to bind in monomeric form to the low affinity FcgRs on
cells in vivo, whereas wild type antibodies typically require aggre-
gation to bind [35,69]. However, despite the decreased persistence,
and consistent with our observations in the current study,
increased potency of FcgR-enhanced antibodies in FcgR-mediated
functions can counteract their relatively short half-lives [38].

In summary, we have shown that MOG-specific antibodies from
MS patients can contribute to EAE exacerbation in a transfer model,
and that antibody-mediated disease is dependent on FcgR
engagement. These studies not only describe an instructive model
for assessing MS patient-derived antibodies, but also suggest that
the targeting of antigen-specific B cells, their corresponding anti-
bodies and FcgR-mediated effector functions may provide an
effective strategy for the treatment of MS cases where antibody
involvement is indicated.
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