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Abstract

Myasthenia gravis (MG) is an autoimmune disorder caused by target-specific pathogenic
antibodies directed toward postsynaptic neuromuscular junction (NMJ) proteins, most commonly
the skeletal muscle nicotinic acetylcholine receptor (AChR). In MG, high-affinity anti-AChR Abs
binding to the NMJ lead to loss of functional AChRs, culminating in neuromuscular transmission
failure and myasthenic symptoms. Intravenous immune globulin (IVIg) has broad therapeutic
application in the treatment of a range of autoimmune diseases, including MG, although its
mechanism of action is not clear. Recently, the anti-inflammatory and anti-autoimmune activities
of 1VIg have been attributed to the IgG Fc domains. Soluble immune aggregates bearing intact Fc
fragments have been shown to be effective treatment for a number of autoimmune disorders in
mice, and fully recombinant multimeric Fc molecules have been shown to be effective in treating
collagen-induced arthritis, murine immune thrombocytopenic purpura, and experimental
inflammatory neuritis. In this study, a murine model of MG (EAMG) was used to study the
effectiveness of this novel recombinant polyvalent 1gG2a Fc (M045) in treating established
myasthenia, with a direct comparison to treatment with 1VIg. M045 treatment had profound
effects on the clinical course of EAMG, accompanied by down-modulation of pathogenic antibody
responses. These effects were associated with reduced B cell activation and T cell proliferative
responses to AChR, an expansion in the population of FoxP3* regulatory T cells, and enhanced
production of suppressive cytokines, such as IL-10. Treatment was at least as effective as IVIg in
suppressing EAMG, even at doses 25-30 fold lower. Multimeric Fc molecules offer the
advantages of being recombinant, homogenous, available in unlimited quantity, free of risk from
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infection and effective at significantly reduced protein loads, and may represent a viable
therapeutic alternative to polyclonal IVIg.

Keywords

1gG; Fc; 1VIg; multimers; EAMG; T cells; Regulatory T cells; B cells; Dendritic cells

1. Introduction

Myasthenia gravis (MG) is an autoimmune disorder characterized in most cases by T cell
and antibody (Ab) responses to the skeletal muscle nicotinic acetylcholine receptor (AChR).
High-affinity, anti-AChR Abs bind to the muscle endplate leading to AChR dysfunction or
loss via activation of complement, cross-linking of AChR receptors, or direct blockade of
acetylcholine binding sites [1,2]. MG is typically managed with acetylcholinesterase
inhibitors and immunosuppressive medications, but acute exacerbations are treated using
either therapeutic plasma exchange or intravenous immune globulin (IV1g). The
effectiveness of 1VIg in MG has been demonstrated in a randomized clinical trial [3], and it
is often preferred due to its ease of administration, although it has definite limitations due to
its expense, potential side effects, and the high volume load of a therapeutic dose [4].

Although the mode of action of IVIg in MG is still not clear, several possibilities have been
proposed, including actions related to the Fc portion of 1gG. In fact, recent studies suggest
that the anti-inflammatory and anti-autoimmune effects of 1VIg reside primarily in the Fc
fragment [5-7]. While the exact mechanisms of Fc-mediated immune tolerance are
controversial, it is likely that Fc interactions with Fc gamma receptors (FcyRs) are critically
involved. FcyRs play an essential role in antibody-mediated effector functions, and blocking
of activating FcyRs results in the abrogation of antibody activity in autoimmune models [7].
It is also well-known that the majority of FcyRs are low-affinity receptors, binding Fc
bearing immune aggregates more efficiently than homodimeric Fc fragments that comprise
normal IVIg [7]. Along these lines, aggregated IgG fragments have been shown to be
required for suppression of inflammation in immune thrombocytopenic purpura (ITP) and
inflammatory arthritis animal models [8-11].

Fc-based fusion protein therapeutics have recently emerged as a significant class of highly
efficient pharmaceuticals, in which the Fc region of an antibody of the IgG isotype is joined
to a different protein [12,13]. Moreover, their effectiveness is commonly believed to be due
to their interaction with specific effector proteins, such as the neonatal Fc receptor (FcRn),
which increases 1gG serum half-life and prolongs therapeutic activity [14,15]. Fc fragments
have also been tested along with adjuvants for the stimulation of protective immunity or
induction of tolerance against specific antigens due to their ability to activate specific
FCyRs[16]. However, current approaches that use Fc fragments to deliver Ag to immune
cells have a major disadvantage in that the stalk from their monomeric structure are unable
to cross-link multiple FcyRs required for enhanced cell signaling [17]. Thus, it has been a
long-sought goal to develop a strategy to couple homodimeric 1gG Fc-fusion proteins
efficiently into polymeric immune complexes.
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Murine 1gG2a is the homologue of human IgG1, and both molecules have a high affinity for
FcyRI [18,19], share the ability to fix complement and bind to protein antigens [20,21]. The
IgG1 is the most abundant human immunoglobulin and thus the major component of IVIG
[22-24]. Therefore, to develop a platform for clinical translation, fully recombinant Fc
molecules consisting of multimerized murine 1gG2a Fc (termed M045) were developed and
shown to bind with high affinity to canonical FcyRs, and to effectively ameliorate collagen-
induced arthritis and murine immune thrombocytopenic purpura [25]. In the present study,
we sought to compare the therapeutic efficacy of M045 with that of 1\VVIg in a murine model
of autoimmune myasthenia gravis (EAMG). Our findings show that M045 effectively down-
modulated ongoing EAMG, and these clinical effects were accompanied by lowered serum
autoantibody levels, reduced splenic B cell number and T cell proliferative responses, an
expansion in the population of splenic FoxP3* regulatory T cells and a reduction in the
expression of co-stimulatory molecules on B cells and dendritic cells.

2. Materials and Methods

2.1 Antibodies and cell culture reagents

2.2 Mice

APC-conjugated anti-mouse CD11c, CD19 and FOXP3, FITC-conjugated anti-mouse
CD80, CD25 and BAFF-R, PE-conjugated anti-mouse CD40, eFluor 450-conjugated anti-
mouse CD4 and CD16/CD32 (for FCyRIIB), and respective isotype controls were purchased
from eBioscience, CA, USA. RPMI 1640 medium supplemented with 1% sodium pyruvate,
1% non-essential amino acids, 2mM L-glutamine, 20mM HEPES, 50 U/ml penicillin and 50
pg/ml streptomycin (GIBCO, CA), 50uM 2-ME, 10% heat inactivated FBS (Invitrogen, CA)
was used as culture medium. Anti-mouse CD3 (clone OKT3) and carboxyfluorescein
succinimidyl ester (CFSE) were purchased from eBioscience and Invitrogen, respectively.
Complete Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant (IFA) were purchased
from Sigma, Saint Louis.

Eight-week-old female C57BL/6J mice were purchased from The Jackson Laboratory. Mice
were housed in the Biologic Resources Laboratory facilities at the University of Illinois at
Chicago and provided food and water ad libitum. All mice were cared for in accordance
with the guidelines set forth by the University of Illinois Animal Care and Use committee.

2.3 Purification of Torpedo AChR (tAChR) and induction of EAMG

tAChR was purified from the electric organs of Torpedo californica by affinity
chromatography using a conjugate of neurotoxin coupled to agarose as described previously
[26,27]. Purity of the isolated product was tested by SDS-PAGE. The purified tAChR was
used to induce EAMG and as Ag for in vitro testing of immune responses. To induce
EAMG, mice were immunized with 40 pg of tAChR emulsified in CFA in a total volume of
200 pl s.c. along the back and at the base of the tail on day -1. Mice were boosted with 20 ug
of tAChR emulsified in IFA in 200 ul of volume injected in the flanks and tail base on day
26 after first immunization.
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2.4 Clinical scoring of EAMG

For clinical examination, mice were observed on a flat platform for a total of 2 min. They
were then exercised by gently dragging them suspended by the base of the tail across a cage
top grid repeatedly (20-30 times) as they attempted to grip the grid. They were then placed
on a flat platform for 2 min and again observed for signs of EAMG. Clinical muscle
weakness was graded as follows: grade 0, mouse with normal posture, muscle strength, and
mobility at baseline and after exercise; grade 1, normal at rest but with muscle weakness
characteristically shown by a hunchback posture, restricted mobility, and difficulty in raising
the head after exercise; grade 2, grade 1 symptoms without exercise during observation
period; grade 3, dehydrated and moribund with grade 2 weakness; and grade 4, dead.

2.5 Generation of recombinant IgG2a Fc multimers (M045)

MO045 and human 1V1g were kindly provided by Gliknik, Baltimore, MD, USA. To test the
efficacy of polyvalent FcR-binding fragments in the treatment of EAMG, fully recombinant
forms of polyvalent murine 1gG2a Fc were constructed by linking the hinge-CH2-CH3
domain of murine IgG2a Fc to a multimerization domain at the carboxy terminus (M045) as
described previously [25]. These proteins were manufactured in a shake flask system using
transient transfection of an HEK cell line and purified on a GE AktaXpress system using GE
mADb Select Proetin A affinity columns [15]. Enhanced formation of highly ordered 1gG2a
Fc multimers was confirmed by SDS-PAGE. Upon purification, M045 exists as homodimers
and highly ordered multimers of the homodimer, as defined by both SDS-PAGE and
analytical ultracentrifugation.

2.6 Purification of mouse AChR

To purify AChR, mouse muscle was used to prepare extracts containing mouse AChR,
according to the method published by Wu et al [28]. Briefly, mouse muscle was
homogenized in buffer A containing 0.1M NaCl; 10mM NaN3; 0.01M EDTA,; 0.01M
EGTA; 0.01M iodacetamide; 1mM PMSF; 1mM sodium phosphate buffer; pH 7.5). The
resulting homogenate was clarified at 17,000xg for 30 min at 4 °C. The resultant pellet was
resuspended in buffer A containing 0.1% Triton X-100, agitated at low speed 3 to 4h at 4°C
and centrifuged at 17,000xg for 30min at 4°C. The resultant supernatant was centrifuged at
50,000x%g for 30 min at 4 °C to yield supernatants containing crude AChR. This crude
preparation was then applied to a neurotoxin-3 affinity column [29] to prepare AChR.
Fractions rich in AChR (as determined by protein quantitation assay) were collected, pooled,
and further fractionated by hydroxylapatite column chromatography. Highly pure AChR was
then aliquotted and stored at —70°C for use as antigen in the ELISA assays.

2.7 Treatment with recombinant IgG2a Fc multimers (M045) and IVIG

Mice were immunized with tAChR and then divided into five groups (n=15 per group).
Group - I: Control mice received PBS. Group - 1I: Mice received M045 at a dose of
20mg/kg body weight. Group - I11: Mice received M045 at a dose of 40mg/kg body weight.
Group - IV: Mice received M045 at a dose of 60mg/kg body weight. Group - V: Mice
received IVIG at a dose of 1g/kg body weight. The experiment was blinded with respect to
all treatment groups except IVIG. M045 was administered via tail vein in a single dose on

J Autoimmun. Author manuscript; available in PMC 2015 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thiruppathi et al.

Page 5

day +1. IVIG was administered via intraperitoneally on two consecutive days. PBS was
administered on day 2. Treatments were repeated on day 14 and day 28. Mice received
AChR immunizations on day -1 and boost on day 26 and were scored every other day after
initiation of treatment using a standard EAMG clinical severity grading scale. Mice were
bled on days 0, and 45 to obtain sera and then sacrificed on day 45. Spleens were collected
for use in various immunological assays. Separate groups of mice were immunized (day 1)
and boosted (day 2) and scored for 10 days. We then divided these animals into three groups
(n=12) with an equal balance of the various disease severities in each group. Group - I:
Control mice received PBS. Group - Il: Mice received M045 at a dose of 400mg/kg body
weight for 5 consecutive days. Group - I11: Mice received IVIG at a dose of 0.8g/kg body
weight for 5 consecutive days. Clinical muscle weakness was scored every other day after
initiation of treatment.

2.8 T cell proliferation assay

Single cell suspension of splenocytes prepared in PBS (0.1% BSA) was used at 2x108
cells/ml and incubated with CFSE (final concentration 2 pM) for 10 min at 37°C. Cells were
washed and re-suspended in culture medium for 15 min to stabilize the CFSE staining. After
a final wash, cells were re-suspended in culture medium and seeded in triplicate into 96-
well, round-bottom plates at 5x10% cells per well in 200 pl of medium with/without the
addition of anti-CD3 (2 pug/ml) or tAChR (5 pg/ml). After 5 days, cells were harvested,
stained for CD4 and the gated lymphocytes were analyzed by flow cytometry (CyAn ADP,
DakoCytomation) to determine CFSE dilution. Supernatant was collected for cytokine
measurement.

2.9 Phenotypic analysis

Single-cell suspension of splenocyte was prepared, washed once and re-suspended in flow
cytometry (FACS) buffer (PBS + 0.5% BSA + 2 mM EDTA). After addition of 0.25ug anti-
mouse CD4, CD25, CD11c, CD19, CD40, CD80, BAFF-R and CD16/CD32, the cell
suspension was mixed gently and incubated at 4°C for 30 min. Cells were washed, pelleted
and re-suspended in 100 pl FACS buffer. Intracellular staining to determine FOXP3
expression was performed as per the manufacturer’s recommendations (eBioscience, CA,
USA). Briefly, CD4 and CD25 stained cells were washed once with FACS buffer and fixed
overnight. After washing again with FACS buffer, cell pellet was re-suspended in 100pl
FACS buffer. Anti-mouse FOXP3 was added to the cell suspension and incubated at room
temperature for 30 min. After incubation, FACS buffer was added to each sample and cells
were pelleted, resuspended in 200 ul buffer and subjected to FACS analyses. Isotype
controls were used to determine the gating parameters.

2.10 Reverse Transcription-Polymerase Chain Reaction

Splenocytes (1x108) were washed once and re-suspended in 500pl FACS buffer in a 5ml
polystyrene round bottom tube. After addition of 0.5ug APC-anti-mouse CD19, the cell
suspension was mixed gently and incubated at 4°C for 30 min. Cells were then washed once
in cold FACS buffer. Labeled CD19* B cells were sorted using a MoFlo (Becton
Dickinson). The gates for the sorted B cell subsets were set to include only those events
exhibiting the CD19-specific fluorescence. Isotype controls and unstained cells were used to
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determine the gating parameters. The resulting B cell preparation was >85 pure. Total RNA
was isolated from the sorted B cells using RNase Micro kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. The purity of RNA obtained was >1.75. For
cDNA synthesis, a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
was used according to manufacturer’s instructions. Briefly, 2 ug of total RNA was reverse
transcribed using MultiScribe™ Reverse Transcriptase (50 U/pl) in the presence of 2 pl
Random primers, 0.8 pl 100 mM dNTP Mix, 1 pl of RNase Inhibitor and 10xRT Buffer in a
final volume of 20 pl. The reaction was carried out in an iCycler (Biorad, Germany)
thermocycler at 25°C for 10 min, 37°C for 120 min and 85°C for 5 min. The following
specific oligonucleotide primers were used in the multiplex PCR: i) Mice FcyRIIB (PubMed
Nucleotide Accession No. NM_010187.2) sense primer 5’-
GGATTGCTGTCGCAGCCATTGTTA-3, and the antisense primer 5’-
TGCTCTGTTTCTTCATCCAGGGCT-3'. The predicted size of the amplified fragment by
multiplex PCR is 172 base pairs (bp). ii) Mouse B-actin (PubMed Nucleotide Accession No.
M12481.1) sense primer 5-TCTTGGGTATGGAATCCTGTGGCA-3, and the antisense
primer 5-ACTCCTGCTTGCTGATCCACATCT-3'. The predicted size of the amplified
fragment by multiplex PCR is 288 bp. Reaction was performed in triplicate in 50 pL using
200 nM of specific primers, 1pl cDNA, and 2x QIAGEN Multiplex PCR Master Mix
(Qiagen, Valencia, CA) according to the manufacturer’s instructions. Thirty-five cycles of
amplification reaction was carried out as follows: initial PCR activation at 95 °C for 15 min,
denaturation for 30 sec at 94 °C, annealing for 1.5 min at 58 °C, extension for 1.5 min at 72
°C, with a final extens ion at 72 °C for 10 min. Finally, the reaction mixture containing PCR
products were separated by electrophoresis using a 2% agarose gel along with 100 bp
marker DNA. Gels were densitometrically (Bio-Rad) scanned and the cDNAs were
normalized to that of the house keeping gene or internal control (B-actin), which was co-
amplified along with the cDNA of interest.

2.11 Cytokine Assay

Culture supernatants were collected and frozen at —20°C until quantification. Cytokine
levels were measured by mouse Th1/Th2 enzyme-linked immunosorbent assay (ELISA)
Ready SET Go! Kit (eBioscience, San Diego, CA). We measured interleukin (IL)-2 and
interferon (IFN)-y as Th1-type and IL-4 and IL-10 as Th2-type cytokines. The sensitivity of
the assay for each cytokine was as follows: 2 pg/ml for IL-2, 15 pg/ml for IFN-v, 4 pg/ml for
IL-4 and 30 pg/ml for IL-10.

2.12 ELISA for anti-mouse AChR antibody isotypes

Affinity-purified mouse AChR (0.5 pg/ml) was used to coat 96-well microtiter plates
(Corning Costar) with 0.1 M carbonate-bicarbonate buffer (pH 9.6) overnight at 4°C. The
plates were blocked with 10% FBS in PBS at room temperature for 30 min. Serum samples,
obtained from mice bled on day 0 prior to the treatment and day 45 after the treatment, were
diluted 1:2000 to 1:10,000 in blocking buffer were added and incubated at 37°C for 90 min.
After four washes, horseradish peroxidase (HRPO)-conjugated goat anti-mouse IgG, 1gG2b
(Caltag Laboratories, Burlingame) diluted 1/2000 in blocking buffer was added and
incubated at 37°C for 90 min. Subsequently, tetramethylbenzidine substrate solution
(eBioscience) was added and color was allowed to develop at room temperature in the dark
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for 15 min. The reaction was stopped by adding 2M H,SO,4 and absorbance values were
measured at a wavelength of 450 nm using a Bio-Rad microplate reader. Serially diluted
anti-tAChR sera (from tAChR immunized mice) were used as a positive control, and normal
mouse serum was used for background determination. The results were expressed as OD
values.

2.13 Statistical analysis

3. Results

The data were subjected to statistical analysis using Student’s t test and Wilcoxon signed
test to assess the significance of individual variations between the control and treatment
groups using a computer based software (SPSS 7.5 for windows student version). Non-
parametric Wilcoxon signed test was used for statistical analysis of clinical severity;
Student’s t test was used for ELISA, proliferation assays, and flowcytometry. A value of
p<0.05 was considered significant.

3.1 Suppression of clinical EAMG by M045 is comparable to IVIg and is associated with
reduced serum anti-AChR antibody levels

To study the therapeutic efficacy of M045 in EAMG, mice were immunized with tAChR
and treated with different doses of M045, or IVIG or PBS as described under Materials and
Methods. Mice were scored on every 2"d or 3rd day. Mice treated with M045 and IVIG
developed significantly less frequent and severe disease, compared with control animals, in
which continuous worsening and pronounced ongoing disease were observed(Fig. 1a). Mice
treated with either 40 or 60mg of M045 showed significant decreases in disease severity
when compared to those treated with 20mg of M045. The disease suppression in mice
treated with 40mg of M045 was comparable to the disease suppression seen in mice treated
with IVIg 1g/kg (Fig. 1b).

To evaluate the antibody response to AChR in treated versus untreated mice, circulating
anti-mouse AChR antibody levels were determined by ELISA. By the end of the observation
period, at which time the animals had received three doses of treatment, circulating anti-
AChR total IgG (Fig. 2a) and 1gG2b (Fig. 2b) antibody levels were significantly reduced in
animals treated with either 40 or 60 mg of M045 or 1VVlg compared to those treated with
20mg of M045 and PBS. These data, demonstrate the therapeutic effectiveness of M045 in a
classic antibody-mediated autoimmune disease, with effects comparable to that of IVIg even
at 25-30 fold lower doses. Since a dose of 40mg of M045 was most beneficial, we used this
dose in further mechanistic studies.

3.1.1 Effect of M045 on ongoing EAMG—To scrutinize whether M045 is also
potentially suitable for treatment of myasthenia gravis, we tested its efficacy on mice
suffering from the disease. For that, administration of M045 and I\VVIG were initiated 10 days
after induction of EAMG and was continued for 5 consecutive days. Mice treated with
MO045 and 1VIG developed significantly less frequent and severe disease, compared with
PBS treated animals, in which continuous worsening and pronounced ongoing disease were
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observed (Fig. 1c). The suppressive effect of M045 and IVIG on EAMG lasted at least up to
2 weeks after cessation of the treatment.

3.2 M045-mediated amelioration of EAMG is associated with a decrease in splenic B cell
numbers, down-regulation of CD40 and BAFF-R expression, and up-regulation of
inhibitory FcyRIIb expression

MO45-induced suppression of anti-AChR antibody levels in the serum could result from
either inhibition of B cell activation or a reduction in their numbers. Therefore, we
determined the B cell frequency as well as the expression levels of activation markers CD40
and B cell activating factor receptor (BAFF-R). As expected, compared to mice treated with
PBS (63%), mice treated with either M045 (53%) or 1V1g (52%) showed significant
reductions in B cell numbers (Fig. 3a) as well as in the percentage of cells expressing
activation markers CD40 (Fig. 3b) and BAFF-R (Fig. 3c). Interestingly, the percentage of
cells expressing CD40 and BAFF-R was lower in M045-treated mice (24% vs 43% in PBS
treated mice) than in IVIG treated mice (35%). Since B cell activation can be prevented by a
negative feedback upon engagement of an inhibitory FcyRIIb, we measured the levels of
inhibitory FcyRIIB expression in B cells. We observed a significant increase in surface
expression of FcyRIIB protein (Fig. 3d) and its mRNA levels in B cells from M045 and
IVIg treated mice (Fig. 3e) relative to B cells from PBS treated mice, although this increase
was more pronounced in B cells from IVIg treated mice.

3.3 Suppression of AChR-specific T cell proliferation in M045-treated mice is coupled with
expansion of Foxp3* T cells

To evaluate the effects of M045 on T cells, we analyzed tAChR stimulated T cell
proliferation. Both anti-CD3-induced polyclonal and auto-antigen (tAChR) specific T cell
proliferation were significantly decreased in M045 (21% and 12% respectively) and 1VIg
(32% and 15% respectively) treated mice when compared to PBS (57% and 32%
respectively) treated animals (Fig. 4a & b). Interestingly, M045 treatment suppressed both
anti-CD3-induced and antigen-specific T cell proliferation more effectively than did IVIG
treatment. Foxp3+ regulatory T cells (Tregs) are a specialized subpopulation of T cells that
actively suppress T cell responses and help maintain self-tolerance. Therefore, we analyzed
for CD4+CD25+ as well as Foxp3+ T cells. The percentages of both CD4*CD25" (Fig. 5a)
as well as CD4*CD25"Foxp3™* (Fig. 5b) T cells were significantly higher in M045 (14.2 and
11.3 respectively) and 1V1g (11% and 7.9% respectively) treated mice compared to the PBS
group (6.3 and 4.6% respectively). Moreover, M045 and IVIG treatment significantly
increased CD4*CD25 Foxp3* T cells (17% and 12% respectively) compared to PBS treated
mice (9%) (Fig. 5b).

3.4 Treatment with M045 decreases co-stimulatory molecule expression on dendritic cells

To investigate the effect of M045 on dendritic cells (DC), we assessed the DC phenotype
and observed a significant decrease in the percentages of CD11¢*CD40™ (Fig. 6a) and
CD11c*CD80™ dendritic cells (Fig. 6b) in splenocytes from M045 (4.5 and 6.1%
respectively) and 1VIg (1.0% and 1.45% respectively) treated mice relative to PBS (7.0%
and 8.7% respectively) treated mice. Treatment with IVIg also decreased the percentage of
CD11c*CD80™ cells more significantly than did treatment with M045.
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3.5 Suppression of T cell proliferation in M045 treated mice is associated with decreased
pro-inflammatory cytokines and increased anti-inflammatory cytokines

Levels of IL-2, IFN-y IL-4 and IL-10 were measured in the supernatants obtained from
cultures stimulated with anti-CD3 and tAChR as described above. Compared to the PBS-
treated group, splenocytes from M045 and 1VIg-treated mice secreted significantly lower
amounts of pro-inflammatory cytokines such as IL-2 (Fig. 7a&e) and IFN-y (Fig. 7b&f),
while they produced much higher amounts of anti-inflammatory cytokines such as 1L-10
(Fig. 7c&Q) and IL-4 (Fig. 7d&h). Interestingly, the increase in the levels of IL-10 was more
pronounced in M045-treated group when compared to the 1\VIg-treated group.

4. Discussion

IVI1g has been shown to have broad therapeutic application in the treatment of a number of
autoimmune diseases, including MG (3,30). As noted, the anti-inflammatory activities of
IVIg are now generally attributed to the IgG Fc domain [16,31], and soluble immune
aggregates bearing intact Fc fragments have previously been shown to be effective in the
treatment of autoimmune disorders in mice [9-11]. We directly compared treatment with
IVIg to novel fully recombinant 1gG2a Fc multimers (M045) and determined the effects on
myasthenic weakness and immune regulatory functions in EAMG.

Our results indicate that 1\VVlg and multimerized murine 1gG Fc (M045) (at two of the tested
doses) have similar therapeutic efficacy. The presentation of multimerized, polyvalent Fc to
FcyRs by M045 is hypothesized to enhance binding to these low-affinity receptors, thereby
promoting immune modulation. In support of this hypothesis, the therapeutic potential of
IgG containing Fc multimers has been demonstrated in animal models [10,11] and the
translational relevance is suggested by clinical studies in ITP, in which the therapeutic
effects of IVIg directly correlate with the presence of immune aggregates in the sera [32].
Despite these data, there have been few previous studies investigating the therapeutic
potential of recombinant IgG Fc multimers.

In this study, we have demonstrated that multimerized murine 1gG Fc is capable of
protecting mice against subsequently induced EAMG and suppressing ongoing disease.
Administration of M045 to mice with EAMG significantly reduced muscle weakness when
compared to mice treated with PBS. The disease suppression in mice receiving 40 mg of
MO045 was comparable to that noted in the 1VIg-treated group. Moreover, the observed
improvement in muscle strength in both M045 and IV1g treatment groups was associated
with diminished serum anti-AChR-antibody levels. The 20 mg dose exhibited lesser
(although non-significant compared to placebo) effects, while the 60 mg dose was somewhat
less beneficial compared to the 40 mg dose. These observations indicate that the therapeutic
effect of M045 was dose-dependent and was as effective as 1VIg, even when used at 25-30-
fold lower amounts. Our findings in the 1VIg-treated mice are consistent with an earlier
study [33] which showed that 1VIg can suppress disease in the rat model of EAMG. In
addition, these results add to previously published studies in which fully recombinant 1gG2a
Fc multimers have been shown to alleviate collagen-induced arthritis in a dose-dependent
fashion, to prevent idiopathic thrombocytopenic purpura in mice [25], and to ameliorate
clinical, electrophysiologic, and histologic disease in experimental autoimmune neuritis
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(EAN) [34]. Interestingly, we noted a rapid decline in the clinical score shortly after each
treatment with M045 and IVIG. Although we do not know the underlying cause for this
effect, we suspect that M045 and 1VIG directly acted at the neuromuscular junction, by
scavenging the active complement components and thus diverting the harmful action of
complement on the end plates [35-37]. This may have provided the transient clinical relief
noted in the treated animals.

B cells play a key role in the pathogenesis of MG and EAMG by producing autoantibodies
[2,38]. While higher levels of BAFF-R and CD40 expression in B cells enhance their
survival [39,40], the inhibitory receptors FcyRIIB negatively regulate antigen-specific
proliferation and differentiation of B cells [41,42]. Interestingly, both M045 and IVIg
treatments decreased B cell numbers as well as the levels of expression of activation
markers CD40 and BAFF-R on B cells. In contrast, the level of expression of the inhibitory
FcyRIIb mRNA and protein was increased. These results suggest that M045 may suppress B
cell activation, and as a consequence AChR antibody production, by up-regulating the levels
of expression of inhibitory FcyRIIb in B cells. However, higher levels of FcyRIIb transcripts
were found in B cells from 1VIg-treated mice relative to M045-treated mice and it correlated
somewhat better with a more significant reduction in anti-AChR antibody levels (Fig-2). In
contrast, the B cell activation markers were more potently suppressed in M045-treated mice.
These somewhat discordant results may be due to differences in the mechanisms of action of
MO045 and IVIG, or may also be attributable to the fact that M045 is mouse-derived and IVIg
is human-derived.

Interaction of B cells with auto-reactive AChR-specific CD4* T cells is necessary for full
activation of the B cells and high affinity autoantibody production in EAMG and MG [2,43].
The interaction of CD40L expressed on activated T cells with CD40 expressed on B cells
induces B-cell proliferation and differentiation into antibody-secreting cells [44].
Diminished polyclonal as well as tAChR-specific T cell proliferation noted in splenocytes
from M045 and IVIG treated mice imply that loss of optimum T cell help may also have
contributed to blunting of B cell activation. It is well known that Foxp3™ Tregs can suppress
the activation and proliferation of, and cytokine production by, autoreactive T cells and thus
control autoimmunity [45-47]. Interestingly, the decreased T cell proliferation noted in
MO045-treated mice was associated with an increase in the number of splenic Foxp3™* Tregs,
with these cells possibly mediating the suppression of T cell proliferation. Furthermore, we
not only observed an expansion of CD4*CD25*FOXP3™ cells, but also

CD4*CD25 "FOXP3* cells having a phenotype consistent with type 1 Tregs (Trl). This may
be consistent with the hypothesis that naturally occurring CD4*CD25* Tregs play a role in
the induction and differentiation of Tr1 cells, which are induced upon Ag exposure under
certain tolerogenic conditions [48-50]. Future studies will help more clearly define the role
of these two Tregs subset in disease suppression noted in both M045 and IVIG treated mice.

The activation of T cells is determined by their interactions with antigen presenting cells
(APCs). DCs are the most potent APCs and play an important role in MG by presenting self-
antigenic peptides required for priming and/or activation of AChR-specific T cells [51-53].
Furthermore, signaling through CD40 expressed on DCs can up-regulate the expression of
CD80 co-stimulatory molecule [54,55]. Blockade of T cell interaction with CD80 on DCs
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inhibits immune responses including autoimmune responses [56]. In addition, DCs, which
are not fully activated have a better ability to induce Tregs than CD40 and CD80 expressing
matured DCs [27,46,47,57]. We found that the levels of expression of DC maturation
markers CD40 and CD80 was significantly or IVIG. reduced in mice treated with M045 or
IVIG. In this respect, it is worth noting that FcyRIIB-deficient DCs, or DCs incubated with a
mADb that blocks immune complex binding to FcyRIIB, show a spontaneous maturation
[-58-60]. These observations imply that M045 decreased DC maturation, which in turn led
to suboptimal T cell activation and increased Treg frequency.

Helper T cells can differentiate into two major subtypes known as Ty1 and T2 cells. The
Th1-type cells secrete pro-inflammatory cytokines, mainly IL-2 and IFN-vy; the Ty2-type
cells produce among others IL-4 and IL-10. While Ty 1-type cytokines are thought to play a
critical role in the pathogenesis of autoimmune diseases [61] including EAMG [62,63], by
facilitating the production of complement activating 1gG2b isotypes [64,65], while the T2
cytokines have been shown to be protective in EAMG [66,67] by facilitating the production
of non-complement activating IgG1 antibodies [64,65]. Apart from Th2 cells, tolerogenic
DCs are also known to express high amounts of IL-10 and TGF-a [68], and induce/expand
Tregs in vitro and in vivo [69]. Our results showed that reduced T cell proliferation as well
as DC activation in M045 or IVIg treated mice were accompanied by a reduction in the
levels of IFN-y and IL-2 and an increase in IL-4 and I1L10. Taken together, this suggests that
MO045 or IVIG can down regulate pathogenic T cell responses by modulating DC maturation
as well as Th1/Th2 cytokine balance. These findings are fully consistent with our earlier
studies which showed that GM-CSF mediated reversal of myasthenogenic manifestations in
EAMG was accompanied by decreased T cell proliferation, increased Treg numbers and
altered levels of Thl and Th2 cytokines [27]. It is persuasive to speculate that the selective
response of T cells and dendritic cells in EAMG mice to M045 treatment may result in T,2-
type responses and thus favor IgG1 production, which are non-pathogenic due to their
inability to activate complement [65]. Further investigation including examining 1gG1 or
IgG2a anti AChR titers and complement activation may help clarify the underlying
mechanism.

IgG mediates its effector functions by interacting with its cognate cellular Fc-y receptors
(FcyR) through their Fc portion [16]. These receptors can be either activating or inhibitory,
and both types of FcyR are expressed on most hematopoietic cells except T cells [70]. While
FcyRI and FcyRIII are activating receptors, the FcyRIIb is inhibitory. The
immunomodulatory effects of 1gG results from the net effect of engaging both types of
FcyR. In B cells, FcyRIIb, upon IgG binding and co-ligation of the B cell receptor,
transduces an inhibitory signal thereby preventing B cells with low affinity or self-reactive
receptors from entering the germinal center and becoming antibody producing plasma cells
[16]. FcyRIlb receptors are also important negative regulators of DC activation and function
[71]. Immature DCs express high levels of FcyRI1b [66] and their engagement limits
phagocytosis and decreases cytokine production by DCs, leading to reduced expansion of
memory T lymphocytes [72] and induction of regulatory T cells [68]. The
immunomodulatory effects of M045 are believed to be mediated through interactions with
the low/intermediate affinity FcRs, the stability of which is directly related to the degree of
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Fc multimerization [25]. Although the present study did not investigate IgG2aFc-FcRs
interaction, it is likely that 1gG2a Fc interaction with FcyRs could be involved in mediating
the aforementioned MO045-induced changes in DCs, T cells and B cells. In accordance with
this idea, Mekhaiel et al [73] have also reported that polymeric IgG1-Fc molecules are
capable of binding selectively to FcyRs, with significantly increased affinity owing to their
increased valency. Further studies are needed to fully elucidate the precise mechanism of
action of M045 in the treatment of EAMG along these lines, and to determine whether
Fc:FcyR interactions are a primary mode of action for IVIg’s demonstrated clinical effects in
MG.

In conclusion, treatment with recombinant 1gG2a Fc multimers (M045) produced effective
suppression of established murine EAMG. The therapeutic response is dose-dependent and
comparable to that of IVlg. M045 is formed and exists as multimers in solution similar to
the naturally occurring aggregates found in 1V1g, although these aggregates comprise the
minority of the I\VV1g preparation. Perhaps as a consequence, M045 is therapeutically as
effective as 1VIg, but at much lower concentrations. The immunomodulatory effects of
MO045 in EAMG include suppression of autoantibody responses, B cell and T cell activation,
and DC maturation, as well as expansion of Tregs. Multimerized Fc constructs have been
manufactured utilizing recombinant human 1gG1 and can be produced in unlimited quantity
using recombinant DNA technology, therefore ensuring homogeneity and freedom from risk
of infection. Notably, our findings indicate that the therapeutic effect of Fc multimers would
be at least as effective as IVIg at significantly reduced protein loads, thus providing an
additional advantage as a therapeutic alternative to 1VIg in the treatment of MG.
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Figure 1. Recombinant 1gG2a Fc multimers (M045) improve disease severity in EAMG
Clinical score was evaluated in M045, IVIG and PBS treated mice as described in materials

and methods. (a) The average clinical scores during the 45 day observation period are shown
for the four groups. (b) Disease severity was significantly lower in M045 and IVIG-treated
mice compared with the PBS treated tAChR-immunized controls. (¢c) M045 and IVIG
treatment significantly suppresses the disease severity in mice with established EAMG. The
values in the bar diagram represent the mean + SEM of three separate experiments.
Significance at p<0.05. *, compared to PBS.
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Figure 2. Effect of M045 on serum anti-AChR Ab levels in EAMG
Anti-AChR Abs and isotypes were analyzed by ELISA at baseline and at the end of

treatment in the four experimental groups. (a) total serum anti-AChR 1gG; (b) anti-AChR
1gG2b serum levels. The values in the bar diagram represent the mean + SEM of duplicate
values of three separate experiments. Significance at p<0.05. *, compared to PBS.

J Autoimmun. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Thiruppathi et al.

Page 20

a b
Isotype i PBS MO045 wiG Isotype PBS __Mo4s IG
ot 0% .| 63% 53% 52% ol el 1l Tl i
ET - e A R R
" al’ { 14 4 Bl—t
» L LNl PN
o FACRE FEEXE v I
co19
& * * 60
g % 50 . *
sS4 g,w *
3
E 30 g 30
a2 g 20
10 a
0 10
PBS Mo45 IG o
PBS M045 IG

CD19" B cells
CD19°CD40° B cells

. _Isotype , PBS , Mo45 ,  vic © PBS MO4S  IVIG

d
"F L] of | oA LT S0MF ST d6MAL L ST MF —mem
; .; i Ll Bl | [ fg b i
e i wael BUIE el ' -

5 D19 - cD19 * 4 "
* . ®
56 Lo * 2 08
4 * ) 23
) & -4 .
40 * ) Saos
S a2 wicl Zo *
2 2 k] Eg 04
£ g® 23
% I l§§ 02
0 0 = 0
PBS Mo45 IG PBS M045 wIG PBS M045 IG
CD19°BAFF-R’ B cells CD19° B cells CD19" B cells

Figure 3. Recombinant 1gG2a Fc multimers (M045) downregulate B cell activation markers in
EAMG

Splenocytes were isolated and stained with APC-labeled anti-mouse CD19, FITC-labeled
anti-mouse BAFF-R, eFluor 450-labeled anti-mouse CD16/CD32 (for FCyRIIB) and PE-
labeled CD40. Representative plots and bar diagrams showing the percentage of CD19* B
cells (a), CD19*CD40* B cells (b), CD19"BAFF-R* B cells (c) and the intensity of cell
surface inhibitory FcyRI1Ib protein expression (d) are shown. Inhibitory FcyRIIb mRNA
expression was determined by Multiplex PCR. Total RNA, extracted from B cells, was
reverse transcribed and a 172bp fragment corresponding to FcyRI1b was amplified and
separated on a 2% agarose gel. Gels were densitometrically scanned and cDNAs were
normalized to that of &beta:-actin, which was co-amplified along with the cDNA of interest.
(e) Representative gel and bar diagram showing relative FcyRIIb mRNA expression in B
cells from recombinant 1gG2a Fc multimers (M045) and IVIG treated compared to PBS
treated controls. The values in the bar diagram represents the mean + SEM of triplicate
values of three separate experiments. Significance at p<0.05. *, compared to PBS; #,
compared to IVIG.
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Figure 4. Recombinant 1gG2a Fc multimer (M045) suppresses polyclonal and antigen-specific T
cell proliferation
CFSE-labeled splenocytes were stimulated with anti-mouse CD3 or tAChR as described in

Materials and methods. (a) Representative flow cytometry plots illustrate CFSE dilution
profiles of anti-CD3 and tAChR driven T cell proliferation. (b) Bar diagram shows the
percent of CD4* T cell proliferation from splenocyte cultures upon stimulation with anti-
CD3 and tAChR. The values in the bar diagram represent the mean + SEM of duplicate
values of three separate experiments. Significance at p<0.05. *, compared to PBS; 4,
compared to IVIG.
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Figure 5. Recombinant 1gG2a Fc multimer (M045) induces expansion of CD4*CD25* and
FOXP3 expressing T cells

Splenocytes were isolated and stained with CD4, CD25 and Foxp3 antibodies.
Representative plots and bar diagrams show the percentages of CD4*CD25* T cell (a),
CD4*CD25*Foxp3* and CD4*CD25 Foxp3™ T cells (b). The values in the bar diagram
represent the mean + SEM of duplicate values of three separate experiments. Significance at
p<0.05. *, compared to PBS.
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Figure 6. Recombinant 1gG2a Fc multimers (M045) down-modulate dendritic cell maturation
markers in EAMG

Splenocytes were isolated and stained with CD11c, CD40 and CD80 antibodies.
Representative plots and bar diagrams show the percentage of CD11c*CD40™ dendritic cells
(a) and CD11c*CD80* dendritic cells (b). The values in the bar diagram represents the mean
+ SEM of duplicate values of three separate experiments. Significance at p<0.05. *,
compared to PBS; #, compared to IVIG.
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Figure 7. Down modulated T cell proliferation in splenocytes obtained from recombinant IgG2a
Fc multimers (M045)-treated mice is associated with decreased levels of pro-inflamatory
cytokines and elevated level of IL-4 and IL-10

The cytokines IL-2 (a&e), INF-y (b&f), IL-10 (c&g) and IL-4 (d&h) were measured in the
supernatants obtained from the proliferation assay cultured in which anti-CD3 and tAChR
were used to stimulate T cells. The values in the bar diagram represents the mean + SEM of
duplicate values of two separate experiments. Significance at p<0.05. *, compared to PBS;
#, compared to IVIG.
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