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Much data support a role for central nervous system antigen-specific antibodies in the pathogenesis of multiple sclerosis
(MS). The effects of inducing a decrease in (auto)antibody levels on MS or experimental autoimmune encephalomyelitis
(EAE) through specific blockade of FcRn, however, remain unexplored. We recently developed engineered antibodies
that lower endogenous IgG levels by competing for binding to FcRn. These Abdegs (“antibodies that enhance IgG
degradation”) can be used to directly assess the effect of decreased antibody levels in inflammatory diseases. In the
current study, we show that Abdeg delivery ameliorates disease in an EAE model that is antibody dependent. Abdegs
could therefore have promise as therapeutic agents for MS.

Introduction
Multiple sclerosis (MS) is a demyelinating, neurodegenerative disease involving autoreactive T and B cells.1,2 Evidence to
support the involvement of antibodies in the pathogenesis of
this disease includes the detection of Ig+ plasma cells in active
MS lesions and the presence of central nervous system (CNS)
antigen-specific antibodies in the serum and cerebrospinal fluid
of MS patients.1,2 However, it is currently unknown whether a
reduction in (auto)antibody levels can ameliorate MS or experimental autoimmune encephalomyelitis (EAE) in antibodydependent models. Although B cell depleting antibodies such
as the anti-CD20 antibody rituximab have been shown to have
some efficacy in treating MS, this treatment does not delete longlived, CD20-negative plasma cells and (auto)reactive antibody
levels remain unaffected.3-6 The current study is directed toward
analyzing the therapeutic effects of directly reducing endogenous
IgG levels in a mouse model of EAE that is both T cell and antibody dependent.7,8
Several different classes of reagents that decrease antibody levels in vivo by inhibiting the MHC class I-related receptor, FcRn,
have been described.9-14 FcRn regulates the levels and transport
of antibodies by binding and recycling or by transcytosing IgG
molecules, thereby preventing their lysosomal degradation.15 We

have generated a novel class of antibody-based inhibitors of FcRn
that are engineered to bind to this receptor through their Fc
regions with increased affinity in the pH range of 6.0–7.4.9 In the
presence of these inhibitors, competing IgGs are driven into the
degradative, lysosomal pathway within cells.9,16 Consequently,
Abdegs (“antibodies that enhance IgG degradation”) can be
used to induce a rapid decrease in endogenous IgG levels in the
body.9,17,18 High dose intravenous gammaglobulin (IVIG) can
also compete for FcRn binding;10,19 however, the relatively low
competitive activity of IVIG for FcRn necessitates the use of
doses approaching the whole body load of IgG (i.e., ~1–2 g/Kg
body weight).10,19 By contrast, Abdegs inhibit FcRn at comparatively low doses (~50–100 mg/Kg)9,18 due to their increased binding affinity for this receptor. As such, these engineered antibodies
can be used as specific tools to reduce antibody levels in vivo.
Demyelinating antibodies specific for myelin oligodendrocyte glycoprotein (MOG) can contribute to pathogenesis in EAE
models involving autoreactive CD4+ T cell responses.7,8,20,21 For
example, immunization of B cell deficient mice with recombinant human MOG to induce a poorly encephalitogenic,
MOG-specific CD4+ T cell response followed by the transfer
of anti-MOG antibodies results in aggressive disease.7,20 In the
study of the effect of (auto)antibody depletion reported here,
we used a model recently developed in our laboratory in which
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Figure 1. Exacerbation of EAE by transfer of 8–18C5 mAb into
hMOG35–55-immunized C57BL/6 mice. C57BL/6 mice were immunized
with hMOG35–55 (Materials and Methods) and treated with 200 ng
pertussis toxin on days 0 and 2. On day 15, in (A) mice were sorted into
equivalent groups (n = 10 mice/group; mean disease score of ~1.5) and
were injected intravenously with 200 μg 8–18C5 or PBS vehicle. Mice
were scored daily. Error bars indicate SEM. Significant differences (p
< 0.05; Student’s t-test for pairwise comparison of groups) between
8–18C5 and PBS treated mice are indicated by a bar. (B) Mice were
sorted into equivalent groups (n = 6 mice/group for 8–18C5 and 2 mice/
group for PBS) and were treated as in (A), except that 200 μg Alexa
647-labeled 8–18C5 or PBS vehicle was injected on day 15. Spinal cords
were harvested at 2 or 6 h post-delivery of 8–18C5 or PBS, stained with
anti-PLP antibody (pseudocolored red) and imaged. Cropped images
of representative data are shown. Alexa 647-labeled 8–18C5 and DAPI
stained nuclei are pseudocolored green and blue, respectively. For the
PBS-injected group the upper and lower images correspond to spinal
cord harvested at 2 h and 6 h post-delivery, respectively. The upper and
lower panels in the 8–18C5 treated groups correspond to spinal cord
harvested at either 2 h (middle column) or 6 h (right column) postdelivery. Bar = 50 μm.

encephalitogenic anti-MOG antibodies exacerbate EAE.8 This
model involves the immunization of wild type (WT),8 rather
than B cell deficient,7 mice with a weakly encephalitogenic peptide (residues 35–55 of human MOG, hMOG35–55), followed
by the transfer of the demyelinating monoclonal antibody (mAb),
8–18C5.21,22 Delivery of 8–18C5 into hMOG35–55 immunized
mice at day 15 post-immunization exacerbates EAE relative to
the disease activity observed in phosphate-buffered saline (PBS)
vehicle-treated mice (Fig. 1A). In addition, treatment with isotype control (mouse IgG1), anti-lysozyme antibody D1.323 does
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not exacerbate EAE (data not shown). Following injection, the
accumulation and binding of 8–18C5 can be detected in spinal
cord sections at two hours post-delivery, and the levels of this
mAb in the CNS increase at six hours post-delivery (Fig. 1B).
This EAE model is therefore instructive for the analysis of the
effects of decreasing (auto)antibody levels in vivo.
To investigate the effects of Abdeg delivery on the clearance of
8–18C5 in mice with EAE, hMOG35–55 immunized mice were
divided into equivalent groups with similar mean and median
clinical scores and injected with radiolabeled (125I) 8–18C5 on
day 17 post-immunization. The mean clinical score for each
mouse group at the time of 8–18C5 injection was ~1.5. Two
hours later, mice were injected with MST-HN Abdeg9 (human
IgG1-derived) or, as controls, WT human IgG1 or PBS vehicle.
A dose of 1.5 mg Abdeg (or WT IgG1) per mouse was chosen
since the delivery of 1–2 mg MST-HN Abdeg per mouse induces
a maximum decrease in endogenous IgG levels.18 The levels of
labeled 8–18C5 remaining in the mice were determined by analysis of blood samples and whole body counting (Fig. 2A and B).
Abdeg delivery induces a rapid decrease in 125I-labeled 8–18C5
levels in the blood and whole body relative to the slower clearance observed in control mice treated with WT IgG1 or PBS
vehicle. Importantly, 125I-labeled 8–18C5 levels in the spinal cord
and brain were also lower in mice following Abdeg delivery relative to those in WT IgG1-treated mice (Fig. 2C). Thus, Abdegs
are effective in reducing accumulation of this encephalitogenic
mAb in the CNS.
We next assessed the effect of Abdeg delivery on
8–18C5-mediated exacerbation of EAE. In initial experiments,
the anti-lysozyme human IgG1 antibody 9 that differs from the
Abdeg at the MST-HN mutation sites was used as a control. In
contrast with our earlier studies in an arthritis model,18 however, delivery of this antibody resulted in a slight exacerbation
of disease relative to control, vehicle-treated mice (data not
shown). Trastuzumab, a human IgG1 anti-HER2 mAb that
does not recognize mouse HER2, was therefore used as a WT
IgG1 control. Mice were immunized with 100 μg hMOG35–
55 and, at day 15, divided into groups with similar mean and
median clinical scores (mean clinical score for each group ~2)
and disease history prior to day 15. Two hours following the
delivery of 8–18C5, when this mAb is detectable in the CNS
(Fig. 1B), mice were treated with 1.5 mg MST-HN or as controls, WT IgG1 or PBS vehicle. The data presented in Figure
3 demonstrate that Abdeg delivery results in amelioration of
EAE. The positive effect of the Abdeg on disease activity is
rapid and is observed within one day of treatment, consistent
with the dynamics of Abdeg-mediated clearance of 8–18C5
(Fig. 2). Although the delivery of WT IgG1 into mice results in
reduced disease activity relative to vehicle-treated mice, possibly
due to anti-inflammatory effects analogous to those described
for high dose IVIG,24,25 the differences between WT IgG1- and
PBS-treated mouse groups are not significant for the majority of
days post-treatment (Fig. 3).
Collectively, we demonstrate that a reduction of (auto)
antibody levels ameliorates disease in a mouse model of EAE
in which antibodies contribute to pathogenesis. Our studies
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Figure 2. MST-HN Abdeg treatment induces a rapid decrease in the
levels of 8–18C5 mAb in vivo. Mice were immunized with hMOG35–55
as in Figure 1, sorted into equivalent groups (n = 4–6 mice/group; mean
disease score ~1.5) on day 17 and injected with a mixture of 125I-labeled
8–18C5 and unlabeled 8–18C5 (total of 200 μg mAb/mouse). Two hours
later, mice were injected with 1.5 mg MST-HN, 1.5 mg WT IgG1 or PBS.
Radioactivity levels were analyzed in blood (A) or by whole body counting (B) at the indicated times. (C) 48 h post-delivery of MST-HN or WT
IgG1, mice were perfused with heparin/PBS and CNS tissue (brains and
spinal cords) isolated. Radioactivity levels in these tissues were determined and mean values for each group are shown. Error bars indicate
SEM and in panels (A) and (B) are obscured by the symbols. Significant
differences (p < 0.05; Student’s t-test for pairwise comparison of groups)
between MST-HN and WT IgG1/PBS treated mice are indicated by
asterisks.

indicate that FcRn blockade could have beneficial effects in MS,
given the evidence to support a role for antibodies in pathogenesis.1,2 Currently available treatments that lower IgG levels
are the use of IVIG or plasmapheresis26,27 which can both have
adverse effects, and, in the case of IVIG, require high doses and
are limited by supply.28 It will be of interest to analyze the effects
of Abdegs on disease following the transfer of humanized antiMOG antibodies into mice that transgenically express human
FcRn.29 Abdeg-mediated inhibition of FcRn provides a new
potential treatment for MS that, in combination with T celltargeted treatments, could hold considerable promise for ameliorating this complex disease.
Materials and Methods
Mice. Female C57BL/6 mice were purchased from the Jackson
Laboratory and used at 9–10 weeks of age. Mice were housed in
the animal facility at University of Texas Southwestern Medical
Center and handled according to protocols approved by the
IACUC.
Recombinant antibodies and MOG. Clinical grade WT
human IgG1 trastuzumab (Herceptin®) was obtained from the
pharmacy at UT Southwestern Medical Center. NS0 transfectants expressing WT humanized (IgG1) anti-hen egg lysozyme
antibody30 and the MST-HN mutant derivative9 (Met252 to Tyr,
Ser254 to Thr, Thr256 to Glu, His433 to Lys and Asn434 to Phe)
were cultured and antibodies were purified using lysozyme-Sepharose as described previously.30 The MST-HN mutant was also
scaled up in a bioreactor by BioXCell. Mouse IgG1 (anti-hen egg
lysozyme, D1.323) was purified using lysozyme-Sepharose from
hybridoma culture supernatants.
The V H and V L domain genes of the 8–18C5 mAb (PDB code,
1PKQ)31 were synthesized (Genscript USA Inc.) and used to generate full-length (mouse IgG1, kappa) expression constructs with
codons encoding the leader peptide of the immunoglobulin heavy
(MAVLVLFLCLVAFPSCVLS) and light (MKLPVRLLVL
MFWIPASSS) chain genes of the anti-lysozyme D1.3 hybridoma 23 appended by PCR to the 5' ends of the V H and V L genes,
respectively. PCR products encoding the complete 8–18C5 heavy
and light chain genes were cloned into pOptiVEC-TOPO and
pcDNA 3.3-TOPO (OptiCHO™ antibody express kit, Life
Technologies Inc.), respectively.
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Stable CHO DG44 transfectants were generated by first
transfecting the 8–18C5 light chain expression construct and
selecting the clone expressing the highest levels of light chain by
ELISA. This clone was then transfected with the 8–18C5 heavy
chain expression plasmid. Stably transfected clones were selected
in Opti-CHO medium (Life Technologies Inc.) containing
500 μg/ml geneticin. The CHO DG44 clones expressing the
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Figure 3. Delivery of the MST-HN Abdeg ameliorates EAE. Mice were
immunized with hMOG35–55 as in Figure 1, sorted into equivalent
groups (n = 8–9 mice/group; mean disease score ~2) on day 15 and
injected with 200 μg 8–18C5. Two hours later, mice in each group were
treated with 1.5 mg MST-HN, 1.5 mg WT IgG1 or PBS vehicle. Mice were
scored daily for disease activity. Data are combined from two independent experiments, totaling 17–18 mice for each treatment group. Error
bars indicate SEM. Significant differences (p < 0.05; Student’s t-test for
pairwise comparison of groups) are indicated by bars (MST-HN vs. PBS
treated mice) and asterisks (WT IgG1 vs. PBS treated mice).

highest levels of antibody were identified by ELISAs using
96-well plates coated with recombinant mouse MOG and rabbit anti-mouse immunoglobulin conjugated to HRPO (Life
Technologies Inc.) for detection and cultured in increasing concentrations of methotrexate (MTX, 50 nM–4 μM). For large
scale production of 8–18C5 mAb, transfectants were expanded
and antibody purified using protein G-Sepharose by BioXCell
(West Lebanon, NH).
The extracellular domain (residues 1–121) of mouse MOG
was expressed in recombinant form in baculovirus-infected High
Five™ insect cells (Life Technologies Inc.) using an analogous
construct design to that described previously for the production
of recombinant human MOG,32,33 except that codons encoding
the honey bee melittin leader peptide sequence34 were appended
to the 5' end of the gene.
Antibody labeling. The 8–18C5 mAb was labeled with Alexa
647 carboxylic acid, succinimidyl ester (Life Technologies Inc.)
using methods recommended by the manufacturer. Iodination
(125I) of 8–18C5 was performed using Iodogen as previously
described.35 The activity of the labeled 8–18C5 was verified by
carrying out surface plasmon resonance (BIAcore) analyses.
EAE exacerbation, pharmacokinetics and treatment.
C57BL/6 mice were immunized subcutaneously at four sites in
the flanks with 100 μg hMOG35–55 peptide (MEVGWYRPPF
SRVVHLYRNGK; CSBio Inc.) emulsified with complete
Freund’s adjuvant (Sigma Aldrich Inc.) containing an additional 4 mg/ml heat-inactivated Mycobacterium tuberculosis
(strain H37RA, Difco). 200 ng of pertussis toxin (List Biological
Laboratories) was injected i.p. on days 0 and 2 to disrupt the
blood-brain barrier. Mice were monitored daily for disease and at
day 15 were sorted into equivalent groups using a cost function

658

mAbs

(implemented in MATLAB) based on EAE scores prior to and
including day 15. This cost function takes into account the
similarity (in average scores and covariance) and the standard
deviation of the disease scores. On day 15, mice were injected
intravenously with 200 μg of Alexa 647-labeled or unlabeled
8–18C5 for immunofluorescence and treatment, respectively. For
immunofluorescence, one group of mice was also injected with
PBS as a control. Two or six hours later, mice in both groups were
perfused with heparin/PBS and spinal cords isolated. For treatment, groups of mice were injected two hours following 8–18C5
delivery with MST-HN (1.5 mg/mouse), WT human IgG1 (1.5
mg/mouse) or PBS vehicle. Mice were monitored daily for clinical signs of EAE for 30 d post-immunization as described previously.36 Data are presented as mean clinical scores for each group,
and dead animals were given a score of 6 from the day of death
onwards.
To analyze the effects of MST-HN delivery on the levels of
8–18C5, mice were immunized as above and at day 17, sorted
into equivalent groups and each mouse injected with a mixture
of 15 μg 125I-labeled 8–18C5 and 185 μg unlabeled 8–18C5.
Two hours later, groups of mice were injected with MST-HN
(1.5 mg/mouse), WT human IgG1 (trastuzumab; 1.5 mg/mouse)
or PBS vehicle. Levels of radioactivity were determined at the
indicated times in 10 μl blood samples by gamma counting and
by whole body counting using a Biodex Atom Lab 100 dose calibrator. To determine the levels of radioactivity in the CNS, mice
were perfused with heparin/PBS 48 h following the delivery of
MST-HN or WT human IgG1. Following perfusion, brains and
spinal cords were isolated and the levels of 125I-labeled 8–18C5 in
these tissues were determined by gamma counting.
Immunofluorescence analyses. Spinal cord tissue was embedded in Tissue-Tek® OCT compound (Sakura Finetek USA Inc.),
sectioned (5 μm thick) using a Leica cryotome and stored at
-80°C. Frozen sections were fixed in acetone (-20°C) and airdried overnight. After washing with PBS, sections were blocked
using 5% goat serum, followed by incubation with polyclonal
rabbit anti-mouse proteolipid protein (PLP) antibody (Abcam).
Bound anti-PLP antibody was detected using Alexa 555-labeled
goat anti-rabbit IgG (Life Technologies Inc.). Following washing,
coverslips were mounted using Vectashield mounting medium
containing DAPI (Vector Laboratories).
Sections were imaged using a Zeiss Axiovert 200M inverted
microscope equipped with a Zeiss 20×, 0.5 NA Plan-Neofluar
objective and an ORCA CCD camera (Hamamatsu). Images
were acquired with filtersets specific for Alexa 555 Fluor
(TRITC-B-000-ZERO; Semrock), Alexa 647 Fluor (Cy5–
4040C-ZERO; Semrock) and DAPI (Part No 31013v2; Chroma
Technologies). The data were processed and displayed using the
microscopy image analysis tool (MIATool) software package
(www4.utsouthwestern.edu/wardlab/miatool.asp) in MATLAB
(Mathworks). The acquired images were embedded in 16-bit
grayscale format and overlaid for presentation. For comparative
purposes, the intensities of the Alexa 647 Fluor channel were
adjusted in an analogous manner across the data sets. Images
were exported into Adobe Photoshop CS6 for final composition
of the figures.
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Statistical analyses. Statistical analyses of disease data were
performed using Student’s t-test in the statistics toolbox of
MATLAB (Mathworks). p values of less than 0.05 were taken
to be significant.
Disclosure of Potential Conflicts of Interest
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