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Fc multimers effectively
treat murine models of
multiple sclerosis
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Multiple Sclerosis (MS) is a chronic neurodegenerative disease with limited

therapeutic options. Recombinant Fc multimers (rFc), designed to mirror many

of the anti-inflammatory activities of Intravenous Immunoglobulin (IVIG), have

been shown to effectively treat numerous immune-mediated diseases in

rodents . In th is s tudy we used the exper imenta l auto immune

encephalomyelitis (EAE) murine model of MS to test the efficacy of a rFc,

M019, that consists of multimers of the Fc portion of IgG2, in inhibiting disease

severity. We show that M019 effectively reduced clinical symptoms when given

either pre- or post-symptom onset compared to vehicle treated EAE induced

mice. M019 was effective in reducing symptoms in both SJL model of relapsing

remitting MS as well as the B6 model of chronic disease. M019 binds to FcgR
bearing-monocytes both in vivo and in vitro and prevented immune cell

infiltration into the CNS of treated mice. The lack of T cell infiltration into the

spinal cord was not due to a decrease in T cell priming; there was an equivalent

frequency of Th17 cells in the spleens of M019 and vehicle treated EAE induced

mice. Surprisingly, there was an increase in chemokines in the sera but not in the

CNS of M019 treated mice compared to vehicle treated animals. We postulate

that M019 interacts with a FcgR rich monocyte intermediary to prevent T cell

migration into the CNS and demyelination.

KEYWORDS

autoimmunity, multiple sclerosis, FC, therapeutic, EAE
Introduction

Multiple Sclerosis (MS) is a complex immune-mediated neurodegenerative disease

characterized by immune cell infiltration of the central nervous system (CNS),

demyelinating lesions, and axonal damage leading to progressive paralysis [reviewed in

(1)]. The disease course is heterogeneous; most patients exhibit a relapsing-remitting
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(RRMS) course with no clinical progression between flare-ups (2,

3). Other MS patients develop a progressive form of the disease with

either no relapses (primary progressive) or few relapses (secondary

progressive) and an accumulation of disabilities from disease onset

(3, 4). Currently, there are several immune-modulating therapies

for MS e.g. rIFNb, anti-CD20 (rituximab) and anti- a4b1 antibody
(natalizumab), that have been successful in reducing disease severity

in RRMS patients. However, they do not cure or prevent disease

progression, nor do they work for all MS patients. Collectively, these

data highlight the need for additional therapies (5, 6).

Naturally occurring immune complexes (ICs) have

immunoregulatory properties in a host of diverse infectious and

inflammatory diseases. For instance, chronic viral infection with

lymphocytic choriomeningitis virus (LCMV) leads to naturally

occurring antigen antibody ICs which inhibit FcgR mediated

functions such as antibody dependent cell mediated cytotoxicity

(ADCC), antibody dependent cell mediated phagocytosis (ADCP)

and antigen presentation (7, 8). Likewise, approximately 5-15% of

IVIG is composed of aggregates resulting from idiotype anti-

idiotype interactions (9) and clinical studies of Immune

thrombocytopenia (ITP) have demonstrated that the anti-

inflammatory effects of IVIG directly correlate with the level of

immune aggregates in the sera (10). Based on the supposition that it

is the Fc portion of the IgG molecule in IVIG that contributes to its

anti-inflammatory activity, we generated a series of recombinant

proteins consisting of homodimers and highly ordered IgG Fc

multimers (11, 12). These Fc multimers bind to FcgRs with high

avidity and also inhibit complement. In preclinical models, these Fc

multimers effectively treat numerous immune-mediated diseases in

rodents such as collagen-induced arthritis, experimental

autoimmune neuritis and experimental autoimmune myasthenia

gravis (11, 13). Their therapeutic efficacy likely involves multiple

mechanisms of action including but not limited to inhibition of

ADCC, ADCP, and activation mediated inhibition of the

complement cascade. Similar anti-inflammatory activities are also

evident in non-human primates, where Fc multimers decrease IL-8

and increase IL-1RA and IL-10 in the sera while reducing

expression of CD14 on monocytes (12). These compelling data

suggest that Fc multimers may also be an effective therapeutic

for MS.

Experimental autoimmune encephalitis (EAE) is a murine

model of MS which has been successfully used to test several MS

therapeutics including IFNb and natalizumab (14–16).

Pathogenicity in the EAE model is driven by the influx of

autoreactive Th1 and Th17 cells into the CNS where they become

reactivated and induce an inflammatory cascade that ultimately

leads to neurodegeneration [reviewed in (17)]. These Th17 cells are

critical to disease pathogenicity and recent studies have

demonstrated that the highly pathogenic Th17 cell subset is Th1-

like and expresses IL-17, IFNg and GM-CSF (9, 18–20).

Myeloid cells also contribute to EAE; the number of pro-

inflammatory monocytes (Ly6Chi CCR2+) increases in the

circulation shortly after EAE induction and their depletion with

chlodronate liposomes suppresses the development of EAE (10, 21,

22). Similarly, CCR2 KO mice also do not develop EAE,

demonstrating the critical role that monocytes play in the disease
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(23–25). Following migration into the CNS, these cells differentiate

into pro-inflammatory macrophages [or myeloid derived DCs

(mDCs)] producing inflammatory cytokines such as TNFa, IL-
1b, and IL-6 and upregulate genes necessary for antigen

presentation to reactivate infiltrating T cells (26). CNS damage is

believed to occur through the actions of activated myeloid cells,

encephalitogenic T cells, autoantibodies and complement activation

and direct cytotoxicity due to T cell activity. The continued

destruction of myelin ultimately results in axonal degeneration

and progression of clinical symptoms.

In this study we sought to test the hypothesis that Fc multimers

have the potential to be developed as effective therapeutics for MS.

Using the EAE model, we show that one Fc multimer, M019,

effectively treats both early and clinically apparent EAE. These

therapeutic effects are associated with reduced spinal cord

inflammation and demyelination despite similar numbers of IL-

17 and IFNg positive T cells in the spleens of M019 and vehicle

treated EAE mice. Surprisingly, M019 treated mice had significantly

higher levels of a defined group of CC and CXC chemokines in their

periphery than either vehicle treated EAE mice or untreated

controls. Collectively, these data suggest that Fc multimers can

effectively treat EAE by preventing the entry of pathogenic cells into

the CNS and that these trafficking changes are associated with

defined patterns of chemokine elevation in the periphery.
Materials and methods

Animals

C57BL/6 or SJL female mice were purchased from Jackson

Laboratories (Bar Harbor, ME) at 8-10 weeks of age. All animals

were housed in sterile micro-isolator cages on a 12-hour light/dark

cycle with sterile food and water ad libitum. Hydrogels were added

to the cages twice weekly following development of clinical

symptoms. The mice were maintained by the Division of

Comparative Medicine at UTHSC according to the guidelines of

the Animal Welfare Act.
EAE induction and therapeutic treatment

C57Bl/6 mice (10/group) were immunized via sc route with 200

µg of myelin oligodendrocyte glycoprotein (MOG35-55) emulsified

in complete Freunds adjuvant (CFA) (Hooke Laboratories,

Lawrence MA). The mice were injected IP with 110-250 ng of

pertussis (PTX) at-2 and 24hrs post-immunization. Mice were

treated with either M019 or saline (vehicle) via daily sc injections

beginning on day 4 post-induction or at onset of symptoms as

described in figure legends. The second model tested was the

relapsing remitting model of EAE; SJL mice were injected sc with

[Ser140]-PLP139-151/CFA on day 0, followed by IP injection of PTX 2

hrs post-immunization. Mice were treated with increasing doses

(0.2mg to 2mg) of M019 via sc injection daily beginning day 4

through day 21 post-immunization. In both models mice were

scored and weighed daily using the following scale: 0 = no signs of
frontiersin.org
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EAE, 0.5 = distal limp tail, 1=Flaccid tail; 1.5 = Limp tail and hind

leg inhibition; 2 = Weakness of both hind limbs; 2.5 = paralysis in

one hind limb with partial paralysis in second limb; 3 = paralysis of

both hind limbs; 3.5 = paralysis of both hind limbs and inability to

right itself; 4= limp tail complete hind limb paralysis and partial

front limb paralysis. Mice that reached a score ≥ 4 or ≥30% body

weight loss were euthanized.
Brain and Spinal cord isolation

Mice were euthanized at various timepoints post-immunization

and perfused with PBS through the left ventricle to remove blood.

The spinal cord and/or brain were harvested. Single cell suspensions

of CNS tissue was obtained by digestion with DNAse (50µg/ml) and

Collagenase D (1mg/ml) and homogenization at 37°C for 30min

using the gentleMACS Octo Dissociator with heaters (Miltenyi

Biotec, Auburn, CA). The cells were filtered through a 70µM

filter, centrifuged and the myelin debris removed by resuspending

the pellet in 37% percoll and centrifuging at 860g for 20 min. The

cell pellet was resuspended in culture media and used for cell

surface flow cytometry and intracellular cytokine staining.
Flow cytometry, intracellular cytokine
staining and M019 binding

Cell surface flow cytometry was performed on isolated spinal

cord or spleen cells using the following fluorochrome-conjugated

antibodies:CD11b (clone M1/700), CD45 (clone 30-F11), Ly6C

(clone HK1.4), CD115 (clone AFS98), SIGLEC H (clone 551),

CX3CR1 (clone SAO11F11), F4/80 (clone BM8), NK1.1 (clone

PK136), CD80 (clone 16-10A0), IA/IE (clone M5/114.15.2), CD19

(clone ebio1D3), CD4 (clone RM4-5), CD8 (clone 53-6.7), bTcR
(clone H57-597), CD44 (clone IM7) and CD69 (clone H1.2F3)

(Biolegend, CA or eBioscience, San Diego, CA). A minimum of

10,000 events/sample were collected on a Bio-Rad ZE5 Cell

Analyzer (Bio-Rad, CA). Expression of cell surface markers were

analyzed using FlowJo software version10.7.2 (BD Biosciences).

For intracellular cytokine staining, spleen cells were incubated

overnight with plate bound anti-CD3 and soluble anti-CD28

antibodies in the presence of protein transport inhibitor cocktail

(eBioscience) for the last 4hrs of culture. The cells were harvested

and incubated with antibodies to CD4 and CD8 and then fixed and

permeabilized with 1% saponin followed by incubation with IFNg
(Clone XMG1.2) or IL-17 (clone eBio1787) antibodies. To measure

Treg levels, cells were harvested from spleen and incubated with

antibodies to CD4, TcRb and CD25 followed by fixation and

permeabilization (eBioscience) and incubation with FoxP3 (clone

FJK-16s) antibody based on manufacturer’s instructions. A

minimum of 10,000 events/sample were collected on the Bio-Rad

ZE5 Cell analyzer and expression of intracellular cytokines was

analyzed using FlowJo software.

For in vitro binding of M019 to peripheral immune cells, M019

or IgG2Fc was conjugated with Dylight488 (ThermoFisher Science)

per manufacturer’s instructions and incubated with peripheral
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blood from healthy mice for 45 min followed by Fc blocking with

anti-CD16 and anti-CD32 antibodies (Fc block; clone 2.4G2, BD

biosciences). To block M019 binding, cells were incubated with

anti-CD16 and anti-CD32 antibodies for 30 min prior to incubation

with Dylight488-M019. Cells were incubated with antibodies to NK

cells, T cells, B cells and monocytes and the percentage of immune

cells binding M019 was determined for phenotype.

For in vivo binding studies, M019 was labeled with CF680

(Biotium, San Francisco, CA) per manufacturer’s instructions.

CF680-M019 preparations with a degree of labeling between 3-5

were used. Healthy mice were injected sc with 2mg of CF680-M019,

unlabeled M019 or free fluor and peripheral blood collected 24hrs

later. The cells were incubated with antibodies to T cells, NK cells, B

cells and monocytes and percentage of bound M019 determined for

each phenotype.
Multiplex immunoassay for cytokines and
chemokines and ELISA

The levels of a panel of inflammatory mediators in brain

samples were measured using a 26-plex ProcartaPlex™ Multiplex

Immunoassay according to manufacturer ’s instructions

(Invitrogen, Carlsbad CA, USA). Cytokine standards were

prepared to determine the concentration of cytokines/chemokines

in the samples. The samples were run on a Luminex 100/200

instrument and analyzed with xPONENT 4.2 software. For data

analysis, a five-parameter logistic curve fitting method was applied

to the standards and the sample concentrations extrapolated from

the standard curve.

To measure IL-17 and IFNg in culture supernatants we used

cytokine specific ELISA’s (Biolegend). Spleen cells from M019 or

vehicle treated EAE induced mice or control mice were stimulated

with 15µg/ml of MOG35-55 peptide, scrambled peptide (30µg/ml) or

were left unstimulated. Cultures were incubated for 72hrs at 37°CC.

The culture supernatants were collected and IL-17 and IFNg were
measured by ELISA. Cytokine standards were prepared to

determine the concentration of cytokines and the results were

read on a BioTek Cytation 5 Imaging microplate reader (Agilent,

Santa Clara CA). For data analysis a five-parameter logistic curve

fitting method was applied to the standards and the sample

concentrations were extrapolated from the standard curve.
qRT-PCR

Total RNA was extracted from the brain of individual mice using

Trizol (Invitrogen). Contaminating genomic DNA was removed by

treatment with DNA-free (Ambion, Austin, TX) according to

manufacturers’ directions. Two µg of RNA was reverse transcribed

into cDNA with the Promega reverse transcription system (Promega,

Madison, WI). Real time PCR was performed with gene specific

primers to IL-17A, IL-10, IFNg, CCL7, CXCL10, and IL-18

(Supplemental Table 2) using a LightCycler 480 real time PCR

thermal cycler (Roche Diagnostics, Indianapolis, IN). All primers

and probes were chosen using the online software Universal Probe
frontiersin.org
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Library. All primers were purchased from Integrated DNA

Technologies, Inc. (Coralville, IA). Data are normalized for

GAPDH and plotted as fold induction over control mice that have

not been induced with MOG/CFA.
Histology

Spinal cord and brain were removed and fixed with neutral

buffered formalin and embedded in paraffin. Eight-micron sections

were cut and stained with Hematoxylin and Eosin to analyze

inflammation or Luxol Fast Blue to analyze demyelination. Slides

were digitized (Scanscope XT, Aperio, Vista, CA) and analyzed in a

blinded manner using CaseViewer v2.4 software (HisTech Ltd). The

area of the spinal cord was manually traced, and area calculated.

Regions of myelination were also manually traced, and the

percentage of myelination determined for each section (27).
SDS PAGE electrophoresis

Analysis of M019 by SDS-PAGE was performed using a 3-8%

NuPAGE Tris Acetate 3-8% gel (Invitrogen, Carlsbad CA) for 1h

20min at 130V using Tris Acetate SDS as running buffer as

previously described (11).
Complement ELISA

Inhibition of classical complement pathway activity was

assessed using a murine specific functional complement pathway

ELISA assay (Hycult Biotech, Wayne, PA) as described by

the manufacturer.
Statistical analysis

Data are expressed as mean ± S.E.M. in graphs and plots. Data

were plotted in GraphPad PRISM v9.3.1 and R 4.4.2 utilizing the

ggplot2-package v3.3.0 (28). Statistical significance was determined

using t-test for comparing groups where appropriate, and

permutation testing (29) (based on 100,000 permutations for each

of the experiments) for the criteria of interest with respect to clinical

scores, relative weight loss, disease development, and survival. P<0.05

was considered statistically significant, applied for the family-wise

error rate of multiple group-wise comparisons with application of the

Holm-Bonferroni sequential adjustment procedure (30).
Results

M019 characterization

M019 consists of murine IgG2A Fc domain and incorporates a

linked multimerization domain (MD) sequence from the hinge

region of human IgG2 to the carboxy terminus of murine IgG2a.
Frontiers in Immunology 04
The IgG2 hinge region results in formation of multimers of the

murine Fc domain containing both homodimers and highly

ordered multimers of the Fc homodimers, the majority of which

span a size range from ~ 60 to 300 kD (Figure 1A). Because M019

contains the CH2 and CH3 regions of IgG2a heavy chain it has

potential to bind to both FcgR’s and complement components. To

determine whether M019 binds to complement we measured the

ability of M019 to inhibit the classical complement pathway using a

functional ELISA (Figure 1B). Like other compounds we have

developed (31), our data demonstrate that M019 inhibits

complement activation as does the human Fc Multimer G019 that

contains a human IgG1 Fc core, likely through C1q mediated

competitive inhibition.

To determine the ability of M019 to bind to immune cells we

incubated DyLight-488 labeled M019 with peripheral blood cells

isolated from healthy mice (Figure 1C). In comparison with a

homodimer DyLight488-IgG2aFc control, M019 efficiently bound

to monocytes. To determine whether this binding was secondary to

the engagement of low affinity FcgRs, we incubated leukocytes with

anti-CD16 and anti-CD32 antibodies (Fc block) prior to M019

exposure (Figure 1D). These antibodies inhibited the binding of

M019 to monocytes, demonstrating that M019 binds FcgRII
(CD32) and/or FcgRIII (CD16). Importantly, and unlike other

compounds we have previously tested, M019 did not demonstrate

any binding to B cells or NK cells in vitro (Figure 1E) (12).

To determine whether M019 binding to monocytes was

preserved in vivo (Figure 1F), B6 mice were injected with CF680-

labeled M019 or free CF680, to measure non-specific binding of any

remaining unbound CF680 in the preparation, and peripheral blood

was collected 24hrs later. The binding of labeled CF680-M019 to

immune cell populations was analyzed by flow cytometry with

phenotypic markers for monocytes, T, B, and NK cells (Figure 1F).

M019 effectively bound monocytes in vivo as measured by the

increased MFI compared to free CF680. Interestingly, we also

observed a low level of binding to a small population of B cells,

NK cells and NK T cells. Surprisingly, there was a low level of

binding observed on T cells although this wasn’t observed when the

dose of labeled M019 was reduced to 1 mg. Collectively, these data

indicate the M019 can influence complement activity and

preferentially binds monocytes through FcgR engagement in vitro

and in vivo.
M019 inhibits EAE disease severity and
demyelination in the MOG EAE model

To evaluate the potential clinical utility of Fc multimers in MS,

we tested the efficacy of M019 in reducing symptoms of EAE using

the C57BL/6 (B6) model of MOG-induced EAE which mimics

chronic neuroinflammation. B6 mice were immunized with

MOG35-55 peptide emulsified in CFA followed by two PTX

injections, 2 and 24 hours after immunization. Beginning day 4

post-immunization, mice were treated daily with subcutaneous (sc)

injections of M019 (0.2mg or 2mg) or vehicle through day 29 post-

immunization (Figure 2; Table 1). M019 treatment reduced the

proportion of mice developing disease (clinical score >1.0) from
frontiersin.org
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100% (10/10), to 40% (4/10, p = 0.012) in the 0.2 mg M019 treated

mice and 20% (2/10, p <.001) in the 2.0 mg M019 treated mice

(Table 1). Importantly, M019 also significantly reduced the number

of EAE mice reaching euthanasia criteria with only 50% (5/10)

surviving in the vehicle treated mice, but 90% (9/10, p = 0.010) and

100% (10/10, p <.001) surviving in the 0.2 mg and 2.0 mg M019

treated mice, respectively (Table 1).
Frontiers in Immunology 05
M019 also delayed disease onset in the treated EAE mice that

developed symptoms; vehicle treated mice developed clinical

symptoms on day 12.9 post-immunization whereas, EAE mice

treated with 0.2 mg or 2 mg of M019 developed symptoms on

day 15.7 and day 19, respectively. There was a dose dependent

reduction in clinical scores with average peak score of vehicle

treated EAE mice = 3.9, EAE mice + 0.2 mg M019 = 1.45, and
B

C D

E

F

A

FIGURE 1

Characterization of M019 and binding to complement and immune cells. (A) M019 was electrophoresed using SDS-PAGE under reducing conditions.
(B) M019 and G019 were analyzed using a functional complement ELISA. (C) Representative histograms demonstrating percentage of monocytes
(CD11b+CD115+ cells) binding M019 (red) or the homodimer control IgG2Fc (blue). (D) Percentage of monocytes binding M019 following
pretreatment with anti-16 and anti-CD32 antibodies (Fc block; blue). (E) Percentage of B cells (CD19+), T cells (TcRb+), NK cells (NK1.1+ TcRb-), and
NK T cells (NK1.1+ TcRb+) binding M019 in vitro. F). Representative histograms demonstrating % of peripheral blood immune cells binding M019
following in vivo injection. In (C-E) n=4-6 mice/group.
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EAE mice + 2.0 mg M019 = 0.5. Furthermore, the observed

differences between the 0.2 mg and 2.0 mg M019 mice compared

to the vehicle treated mice were statistically significant (p = 0.004

and <.001, respectively, obtained by permutation testing with

100,000 permutations), see Table 1 for details. Along with the

reduction in clinical scores we observed a corresponding
Frontiers in Immunology 06
reduction in weight loss in the M019 treated mice (Figures 2A, B)

with 14.52 (p = 0.003) and 16.95 (p <.001) percentage points (%p)

less relative weight-loss in the 0.2 mg and 2.0 mg M019 treated

mice, respectively. While treatment with 0.2 mg and 2.0 mg M019

on a biweekly basis did not prevent disease, it did reduce the number

of mice reaching euthanasia criteria with only 50% (5/10) remaining
FIGURE 2

M019 reduces clinical symptoms and demyelination in the spinal cords of mice immunized with MOG. (A) Daily clinical scores of MOG immunized
mice treated with vehicle, 0.2 mg M019 or 2.0 mg M019 beginning day 4 post-immunization. Each graph represents individual mice in the group
(n=10/group). (B) Weights of individual mice in each group with circle size representing the clinical score. Dashed lines trace the average within each
group (last observation carried forward for euthanized mice. (C-H) Luxol Fast blue staining of spinal cord sections from surviving mice in A at 40x
magnification (C, E, G) or 200x magnification (D, F, H). (I) Quantitation of myelination is expressed as mean ± S.D. *p ≤ 0.05, one way ANOVA with
Tukey’s post comparison test was used to determine statistical significance.
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in the vehicle treated mice, but 66% (6/9) and 100% (10/10)

remaining in the 0.2 mg and 2.0 mg M019 treated mice,

respectively (Supplemental Figure 1).

To determine if the reduction in clinical scores in the M019

treated mice correlated with reduced demyelination, we stained

spinal cord sections from the surviving mice with Luxol Fast Blue

(Figures 2C–H). Mice treated with either 0.2 mg or 2.0 mg of M019

had significantly less demyelination than vehicle treated mice

(Figures 2E–I). M019 treated mice that did not develop

symptoms did not show evidence of demyelination or

inflammation (Supplemental Table 1).
The therapeutic effects of M019 in the
treatment of EAE are not strain specific

To determine if M019 could effectively reduce disease severity

when EAE was induced using a different peptide and mouse strain,

we tested the SJL model of relapsing remitting (RR) EAE. SJL mice

were injected sc with [Ser140]-PLP139-151 emulsified in CFA on day 0

and treated with or without M019 (0.2 mg or 2.0 mg) using biweekly

sc injections from day 4 post-immunization to day 21 post-

immunization (Figure 3; Table 2). During the treatment period,

M019 reduced the proportion of mice developing disease (clinical

score >1.0) from 80% (4/5) in the vehicle treated mice to 0% (0/5,

p=0.003) in the 2.0 mg M019 treated mice (Table 2). M019

treatment also significantly reduced the number of mice reaching

euthanasia criteria with only 20% of vehicle treated mice surviving

compared to 100% of the 0.2 mg and 2.0 mg M019 treated mice

(p<0.001) surviving during the treatment period. M019 reduced

disease severity in a dose dependent manner: avg max EAE score –

EAE + Vehicle=3.3; EAE + 0.2 mg M019 = 1.2; EAE + 2 mg

M019 = 0.0 with a statistically significant difference in the 2 mg

M019 treated mice vs. vehicle (p <0.001; Figures 3A, B; Table 2).

Once treatment with M019 was stopped on day 21 post-

immunization, the mice receiving 0.2 mg of M019 did not

experience disease progression. However, mice receiving 2.0 mg

of M019, which did not develop disease while on treatment,
Frontiers in Immunology 07
developed symptoms within 1-7 days following the last treatment.

The rapid development of disease onset after treatment cessation in

these mice provides presumptive evidence that M019 does not affect

T cell priming. These results demonstrate that M019 reduces EAE

symptoms regardless of the peptide used or the genetic background

of the mice. Furthermore, they suggest that M019 does not cure

the disease.
M019 reduces disease severity and lethality
when given at onset of symptoms

The previous studies demonstrate the effectiveness of M019 when

given prior to symptom onset, however, MS patients would be treated

with a human version of M019 after diagnosis of clinical symptoms.

To measure the efficacy of M019 when given at onset of symptoms,

we treated MOG immunized B6 mice with M019 (2 mg) on the day

of symptom onset using a rolling enrollment strategy. Mice that

reached a clinical score of 1.0 on the same day were randomly divided

into M019 treated or vehicle treated groups (n=12 mice/group in

total). Mice that developed symptoms were enrolled between days 9-

14 post-immunization. Treatment was initiated the same day as

symptom onset via sc injection and given daily until day 25 (Figure 4;

Table 3). Mice treated with M019 had statistically significantly lower

max clinical scores compared to mice that received vehicle only;

EAE + Vehicle=3.83, EAE + 2 mgM019 = 2.25 (p=0.002, Table 3). In

addition, there was a decrease in the number of M019 treated mice

that reached a clinical score >4.0 and had to be euthanized (EAE +

vehicle = 42% survived; EAE + M019 = 92% survived, p=0.002).

These data demonstrate that M019 ameliorates disease severity in a

therapeutic model.
M019 reduces immune cell infiltration into
spinal cord of MOG immunized mice

Complex interactions between autoreactive lymphocytes with

infiltrating and resident myeloid cells contribute to the pathology
TABLE 1 M019 reduces disease severity in MOG induced EAE model.

Average max. clinical
score

Percent mice with clinical
score >= 1

Average max. %-weight-
change

Percent mice
surviving

Observed P-value1 Observed P-value1 Observed P-value1 Observed P-value1

Vehicle (n = 10) 3.9 – 100% – -20.20% – 50% –

0.2mg M019 (n = 10) 1.45 – 40% – -5.69% – 90% –

2.0mg M019 (n = 10) 0.5 – 20% – -3.26% – 100% –

0.2mg M019 vs. Vehicle -2.45 0.004* -60%p2 0.012* 14.52%p2,3 0.003* 40%p2,4 0.010*

2.0mg M019 vs. Vehicle -3.4 <.001* -80%p2 <.001* 16.95%p2,3 <.001* 50%p2,4 <.001*

2.0mg M019 vs. 0.2mg M019 -0.95 0.285 -20%p2 0.276 2.43%p2,3 0.636 10%p2,4 0.595
fro
1Two-sided P-value (permutation test based on 100,000 permutations).
2Percentage points (%p): the arithmetic difference between the percentages in the two groups.
3Positive number implies that first mentioned group keeps higher weight (on average).
4Positive number implies that first mentioned group has higher proportion of survivors (on average).
*Statistically significant on 5%-level with Holm-Bonferroni adjustment for multiplicity in pairwise comparisons (3 for each criterion).
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observed in spinal cords of EAE mice and ultimately disease severity.

Because M019 treatment inhibited development of EAE clinical

symptoms and demyelination, we speculated that there would also

be reduced immune cell infiltration into the spinal cords of the

treated EAE mice. We measured the level of cellular infiltration into

the spinal cords of mice immunized with EAE and treated with

vehicle or M019 (2mg) daily beginning day 4 post-immunization by

flow cytometry. The vehicle treated immunized mice developed

clinical symptoms and reached an average peak score of 3.5 by day

17 post-immunization whereas the M019 treated mice did not

develop symptoms (Figure 5A). Overall, flow cytometric analysis of

the cells in the spinal cord revealed that M019 treatment reduced the

infiltration of CD45hi immune cells compared to the vehicle treated
Frontiers in Immunology 08
mice. Using CD11b and CD45 as parental gates, we identified 3 major

cell populations in the spinal cords of EAE mice; cells that were

CD45hi CD11blo (R1 gate) which includes lymphocytes, cells that

were CD45hi CD11bhi (R2 gate) which contains myeloid cells such as

monocytes, DCs and neutrophils and finally, cells that were CD45int

CD11b+ gate (R3 gate) which includes microglia (Figure 5B). As

expected, there was a significant increase in both the frequency and

number of cells within the R1, R2 and R3 gates in the vehicle treated

EAE mice compared to control mice (Figures 5C, D). However,

treatment with M019 significantly reduced the frequency and total

cell number of lymphocytes (R1) and the frequency of myeloid cells

(R2) in the spinal cord demonstrating that M019 blocked immune

cell infiltration into the CNS. In addition, there was also a significant
TABLE 2 M019 reduces disease severity in PLP induced EAE model**.

Average max. clinical
score

Percent mice with clinical
score >= 1

Average max. %-weight-
change

Percent mice
surviving

Observed P-value1 Observed P-value1 Observed P-value1 Observed P-value1

Vehicle (n = 5) 3.3 – 80% – -21.70% – 20% –

0.2mg M019 (n = 5) 1.2 – 80% – -10.51% – 100% –

2.0mg M019 (n = 5) 0 – 0% – -13.35% – 100% –

0.2mg M019 vs. Vehicle -2.1 0.053 0%p2 0.763 11.19%p2,3 0.022* 80%p2,4 <.001*

2.0mg M019 vs. Vehicle -3.3 <.001* -80%p2 0.003* 8.35%p2,3 0.103 80%p2,4 <.001*

2.0mg M019 vs. 0.2mg M019 -1.2 0.277 -80%p2 0.003* -2.84%p2,3 0.591 0%p2,4 0.743
fro
1Two-sided P-value (permutation test based on 100,000 permutations).
2Percentage points (%p): the arithmetic difference between the percentages in the two groups.
3Positive number implies that first mentioned group keeps higher weight (on average).
4Positive number implies that first mentioned group has higher proportion of survivors (on average).
*Statistically significant on 5%-level with Holm-Bonferroni adjustment for multiplicity in pairwise comparisons (3 for each criterion).
**Includes data up to and including day 21 post-immunization, the end of M019 treatment.
A

B

FIGURE 3

M019 reduces clinical symptoms in SJL mice immunized with PLP. (A) Daily clinical scores of PLP-immunized mice (n=5/group) treated with 0.2 mg
or 2.0 mg of M019 twice weekly beginning day 4 and ending day 21 post-immunization (gray line). Each graph line represents an individual mouse in
the group. (B) Weights of individual mice in each group. Dashed lines trace the average within each group (last observation carried forward for
euthanized mice.
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A B

FIGURE 4

M019 reduces disease severity when given at onset of symptoms. (A) Daily clinical scores of MOG immunized mice randomly enrolled into M019 or
vehicle treatment groups (n=12 mice/group) when they reached a clinical score of 1 on the same day. Mice were enrolled between days 9-14 post-
induction and each graph panel represents mice enrolled at a specific time point. (B) Weights of individual mice in each group with circle size
representing the clinical score. Dashed lines trace the average within each group (last observation carried forward for euthanized mice).
TABLE 3 M019 inhibits disease severity when given at onset of symptoms.

Average max. clinical score Average max. %-weight-change Percent mice surviving

Observed P-value1 Observed P-value1 Observed P-value1

EAE+Vehicle (n = 12) 3.83 – -17.27% – 42% –

EAE+M019 (n = 12) 2.25 – -11.54% – 92% –

EAE+M019 vs. EAE+Vehicle -1.58 0.002* 5.73%p2,3 0.071 50%p2,4 0.002*
F
rontiers in Immunology
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1Two-sided P-value (permutation test based on 100,000 permutations).
2Percentage points (%p): the arithmetic difference between the percentages in the two groups.
3Positive number implies that first mentioned group keeps higher weight (on average).
4Positive number implies that first mentioned group has higher proportion of survivors (on average).
*Statistically significant on 5%-level.
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reduction in the frequency and total cell number of microglia (R3) in

the M019 treated EAE mice compared to the vehicle treated

EAE mice.

The pathogenicity of EAE is dependent on autoreactive CD4+ T

cells infiltrating the CNS, whereas the role of CD8+ T cells is less
Frontiers in Immunology 10
clear, with some reports suggesting they are protective and others

suggesting they contribute to disease (32, 33). Cells within the R1

gate include lymphocytes and our results demonstrate a large

increase in CD4+ T cells in the vehicle treated EAE-induced mice

that was significantly decreased in frequency and cell number by
B

C D

E F

G H

A

FIGURE 5

M019 reduces infiltration of immune cells into spinal cord in EAE mice. (A) Clinical scores of MOG immunized or control mice treated with vehicle
or M019 daily beginning day 4 post-immunization. (B) Representative FACS plots demonstrating the % of cells expressing CD11b and CD45.
(C) Quantitative analysis of data from B demonstrating % and (D) total number of cells within each gate. (E) Representative FACS plots of cells in the
R1 gate that are TcRb+ and express either CD4 or CD8. (F) Quantitation of FACS plots in (E). (G) Representative FACS plot of MHC II expression on
Ly6C+ cells in the R2 gate infiltrating spinal cords. (H) Quantitation of the percentages and total number of Ly6C+ cells and expression of MHC II. All
panels represent data pooled from 2 experiments with a total n=6/group; *p ≤ 0.05, one way ANOVA with Tukey’s post comparison test was used to
determine statistical significance.
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M019 treatment (Figures 5E, F). There was also a notable decrease

in the total number of CD8+ T cells in the M019 treated mice

compared to vehicle treated EAE-induced mice, although the

percentage of CD8+ T cells in the M019 treated mice was

significantly increased compared to the vehicle treated mice. To

better to understand the nature of these cells, we assessed their

expression of CD44, a marker of effector and memory cells. CD4+

and CD8+ T cells in both the vehicle and M019 treated EAE-

induced mice expressed similar levels of CD44 suggesting that the

small number of T cells in the CNS of M019 treated EAE-induced

mice were effector T cells (data not shown).

Myeloid cells contribute significantly to EAE pathogenesis and

monocyte recruitment into the CNS is critical for driving EAE

pathogenesis. In the EAE model the number of pro-inflammatory

monocytes increases in the circulation shortly after immunization

and their migration into the spinal cord correlates with onset of

clinical symptoms (10, 21). Cells within the R2 gate include

monocytes, as defined by Ly6C expression, that have infiltrated the

CNS. There was a non-significant decrease in the number of Ly6C+

cells in the M019 treated EAE-induced mice compared to the vehicle

treated EAE-induced mice (Figure 5G, H). However, the frequency of

Ly6C+ cells was significantly increased in the M019 treated EAEmice

suggesting that it is mainly the Ly6C+ cells that can infiltrate the CNS

during M019 treatment. To determine if M019 treatment affected

molecules involved in antigen presentation in the CNS, we measured

the expression of MHC II on the cells within the R2 gate (Figures 5G,

H). M019 treatment significantly inhibited the expression of MHCII

by both Ly6C+ and Ly6C- cells compared to the vehicle treated EAE-

induced mice, suggesting these cells would not be effective at

reactivating infiltrating autoreactive T cells.
M019 treatment inhibits co-stimulatory
molecule expression by microglial cells
following EAE induction

Cells within the CD45int CD11b+ gate (R3) include microglia as

well as CNS-associated macrophages and infiltrating monocyte-

derived macrophages which can be difficult to distinguish (34–37).

We further analyzed cells within this gate for expression of the

microglial markers, SIGLEC H and CX3CR1 (Figure 6A). There was

a significant decrease in CX3CR1+ SIGLEC H+ cells in the vehicle

treated EAE mice compared to the control mice (Figure 6B).

However, this decrease was not significant in the M019 treated

mice. CX3CR1 expression on microglia decreases during peak EAE

(38) and we observed a significant decrease in CX3CR1 expression

in the vehicle treated EAE mice (as measured by MFI) compared to

the M019 treated and control groups (Figure 6B). However, there

was also a significant decrease in CX3CR1 expression in the M019

treated mice compared to the control group suggesting M019 did

not completely prevent its downregulation. Analysis of co-

stimulatory markers on cells within the R3 gate demonstrated

that there was a significant increase in the frequency of cells

expressing MHCII in the vehicle treated EAE-induced mice (67.5

± 9.5%) compared to M019 treated EAEmice (18.0 ± 21.2%; Figures

6C–E). Although the frequency of cells expressing CD80 in the R3
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gate was not different between vehicle and M019 treated mice there

was a significant difference in the number of CD80+ cells between

the two groups of mice (Figures 6D, E). These results suggest that

M019 limits the ability of microglia to present antigen to

autoreactive T cells following MOG immunization.
M019 does not alter the frequency or
number of myeloid cell populations in
the periphery

The reduced numbers of myeloid cells infiltrating the CNS of

M019 treated mice from the periphery may be due to cell death

induced by M019 binding. We analyzed the monocyte and

neutrophil populations in the circulation and spleen at 7- and 13-

days post-induction (Table 4). The percentage of neutrophils in the

blood of M019 and vehicle treated mice was significantly increased

in comparison to control mice at both timepoints. However, at day

7 post-induction the vehicle treated mice had double the percentage

of neutrophils as the M019 treated mice. By day 13 post-induction,

both the M019 and vehicle treated mice had a similar frequency of

neutrophils. The percentage of inflammatory monocytes (Ly6C+

CD11b+ Ly6G-) in the blood was not significantly different in the

M019, vehicle treated, or control groups at day 7 post-induction.

However, there was a significant increase in the percentage of Ly6C+

monocytes in the M019 treated mice compared to vehicle treated

and control mice by Day 13. Within the spleen there was no

difference in the percentage or number of neutrophils or Ly6C+

monocytes between the M019 and vehicle treated mice although

both were significantly increased compared to the control mice at

both time points. There were also significant differences in the

frequencies of CD4+ T cells, CD8+ T cells and B cells in the M019

and vehicle treated mice compared to the control mice. However,

M019 treatment did not alter those frequencies and there was no

difference in cell numbers between any of the groups.

We also measured splenic hypertrophy in the M019 and vehicle

treated EAE induced mice. Spleen weights from vehicle treated EAE

induced mice were significantly increased in comparison to control

mice (EAE spleen weight = 0.169 g ± 0.015; control spleen weight =

0.084 g ± 0.008; p=0.0008; One-way ANOVA). However, there was

no significant difference in the spleen weights between the vehicle

treated and M019 treated EAE induced mice (EAE spleen weight =

0.169 g ± 0.015; M019 treated EAE spleen weight = 0.167 g ± 0.011;

p=0.9932). Taken together, these data suggest that the decrease in

cell infiltration into the CNS was not due to a depletion of these cell

populations in the periphery. The increased frequency of monocytes

in the peripheral blood of the M019 treated mice provides

additional support for the idea that these cells might be

sequestered in the periphery.
M019 does not alter Th17 or Treg
cell numbers

It is conceivable that M019 might function by working on Fc

bearing APCs in the periphery to limit differentiation of Th17 cells.
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To determine the extent to which M019 limits Th17 cell generation

following EAE induction, we stimulated spleen cells from vehicle

and M019 treated EAE induced mice with anti-CD3 and anti-CD28

antibodies and measured IL-17 and IFNg cytokine expression by

ICC (Figures 7A, B). The results demonstrate that compared to the

stimulated cells from control mice, there was a significant increase

in IL-17 single positive and IL-17, IFNg double positive CD4+ T
Frontiers in Immunology 12
cells in both the vehicle and M019 treated EAE induced mice

demonstrating the M019 treatment did not inhibit Th17 cell

generation (Figure 7B). Interestingly, the frequency of IFNg
expressing CD4+ T cells was increased in the M019 treated EAE

induced mice compared to the vehicle treated and control mice.

To demonstrate that the response was MOG specific, we

stimulated spleen cells from both vehicle and M019 treated EAE
B

C D

E

A

FIGURE 6

M019 reduces microglial cell activation in spinal cords of EAE mice. (A) Representative FACS plots of cells from R3 gate expressing SIGLEC H and
CX3CR1. (B) Mean Fluorescence intensity of CX3CR1 expression on the CX3CR1+ population. (C) Representative FACS plots demonstrating
expression of MHCII and CD80 on cells in the R3 gate. (D) Frequency and (E) total number of cells expressing MHCII and CD80. All panels represent
data pooled from 2 experiments with a total n=6/group; *p<0.05, one way ANOVA with Tukey’s post comparison test was used to determine
statistical significance.
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TABLE 4 M019 treatment does not reduce circulating or splenic myeloid cells following EAE induction.

Day 7 Day 13

Blood

% PMNs
(Ly6G+ CD11b+)

EAE 17.8 ± 9.4 31.0 ± 14.4*

EAE+M019 8.9 ± 5.4 32.3 ± 9.4*

Control 1.6 ± 0.8 6.7 ± 1.9

% Inflammatory monocytes
(Ly6C+ CD11b+ Ly6G-)

EAE 3.9 ± 0.7 12.6 ± 7.4**

EAE+M019 7.2 ± 3.0 20.5 ± 2.4**

Control 5.1 ± 1.8 4.5 ± 0.8

Spleen

% PMNs
(Ly6G+ CD11b+)

EAE 13.2 ± 1.9 8.6 ± 2.5*

EAE+M019 8.7 ± 2.7 8.3 ± 1.5*

Control 0.93 ± 0.17 0.22 ± 0.02

PMN cell number EAE 1.0x107 ± 0.4 7.0125x106 ± 2.18*

EAE+M019 0.9 x107 ± 0.3 6.388 x106 ± 1.83*

Control 0.04 x107 ± 0.001 0.120 x106 ± 0.0027

% Inflammatory monocytes
(Ly6C+ CD11b+ Ly6G-)

EAE 2.4 ± 0.59 4.4 ± 0.5**

EAE+M019 3.0 ± 0.08 5.2 ± 0.27**

Control 1.4 ± 0.26 1.04 ± 0.18

Inflammatory monocyte cell number EAE 2.002x106 ± 0.75 3.595x106 ± 0.62*

EAE+M019 3.016x106 ± 0.26 4.165x106 ± 1.56*

Control 0.603x106 ± 0.008 0.437x106 ± 0.24

% CD4+ T cell EAE 12.6 ± 1.3*

EAE+M019 11.7 ± 2.3*

Control 15.6 ± 1.9

CD4+ T cell number EAE 1.02x107 ± 0.19

EAE+M019 0.94 x107 ± 0.39

Control 0.86x107 ± 0.25

% CD8+ T cell EAE 5.8 ± 1.0*

EAE+M019 5.3 ± 1.8*

Control 9.2 ± 0.6

CD8+ T cell number EAE 0.47x107 ± 0.13

EAE+M019 0.43x107 ± 0.23

Control 0.50x107 ± 0.11

% B cells EAE 41.4 ± 5.8*

EAE+M019 37.6 ± 4.2*

Control 61.5 ± 1.6

B cell number EAE 3.36 x107 ± 0.66

EAE+M019 2.99 x107 ± 1.1

Control 3.30 x107 ± 0.74
F
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Frequency of cell populations are expressed as average percentage of the cell population with respect to total population. * P<0.05 compared to control, ** P<0.05 between M019 and vehicle
treated groups; two-way ANOVA followed by Tukey’s post-comparison test.
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induced mice with MOG35-55 peptide, scrambled peptide or media

alone and measured IFNg and IL-17 in the culture supernatants

after 72hrs (Figures 7C, D) The results demonstrate that there was

an increase in both IL-17 and IFNg in MOG35-55 stimulated cells

from both M019 and vehicle treated EAE induced mice in

comparison to the control mice. The response was specific for

MOG35-55 peptide because there was no response to the scrambled
Frontiers in Immunology 14
peptide control. These data suggest that M019 treatment did not

affect the generation of a Th17 response in the periphery.

To determine if M019 induced an increase in Treg cells we

measured the frequency and number of Tregs (defined by CD4+

CD25+ FoxP3+) in the spleens of M019 and vehicle treated EAE

induced mice (Figures 7E, F). The results demonstrate that although

both groups have a significant increase in the percentage of splenic
B
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FIGURE 7

M019 does not affect Th17 development in EAE mice. (A) Representative FACS plots of intracellular cytokine staining of spleen cells from EAE mice
treated with vehicle or M019 daily beginning day 5 post-immunization. (B) Quantitation of Th17, Th1 or double positive cells. Panels represent data
pooled from 2 experiments with a total n=6/group; (C) Quantitation of IL-17 and IFNg (D) in culture supernates from MOG stimulated spleen cells.
(E) Representative FACS plots of Treg cells (TcRb+ CD4+ FoxP3+ CD25+) in spleens of EAE mice treated with vehicle or M019 daily. (F, G) Frequency
and number of Treg cells in spleen. Panels represent data from n = 6-7 mice/group; *p ≤ 0.05, two-way ANOVA with Tukey’s post-comparison test
was used to determine statistical significance.
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Tregs compared to the control mice, there was no significant

difference between the M019 treated and vehicle treated EAE

mice. Additionally, there was no significant difference in the

number of Tregs in the spleen of M019 or vehicle treated EAE

mice. We also measured the frequency and cell number of CD4+

CD25- FoxP3+ cells which are reported to be less suppressive than

conventional Tregs (Figure 7G) (39, 40). Both M019 and vehicle

treated EAE induced mice exhibited a significant increase in the

frequency of these cells compared to control mice. However, there

was also no difference in the frequency or cell number of these cells

between the M019 and vehicle treated mice. These results suggest

that the lack of clinical symptoms and immune cell infiltration is

not due to an increase in Treg cells in the M019 treated mice.
M019 alters chemokine expression
patterns in MOG immunized mice

Based on our observations that most animals treated with M019

did not develop inflammatory infiltrates in the CNS yet were not

deficient in Th17 cell generation in the spleen, we postulated that

M019 might influence trafficking of immune cells into the CNS

through alterations in cytokine and/or chemokine levels. We used a

26-plex immunoassay to measure the level of cytokines and

chemokines in the serum of MOG immunized mice treated with

vehicle or M019 daily beginning on day 4 post-immunization; the

serum was collected on days 5, 6, 7 and 17 post-EAE induction

(Figure 8). In this experiment, the disease incident rate at day 17

post-immunization in the EAE + vehicle group was 100% and 33%

in the EAE + M019 treatment group. The average clinical score of

mice with symptoms at day 17 in the EAE + Vehicle group = 3.5 ± 0

and in the EAE + M019 treated group was 1.25 ± 0.75 (Figure 8A).

Neither M019 treated nor vehicle treated EAE induced mice

exhibited increased levels of anti-inflammatory or Th2 associated

cytokines such as IL-10, IL-4, IL-5, IL-9, or IL-13 (data not shown).

There was an increase in IL-18 and IL-22 in the M019 treated EAE

induced mice on day 5 and an increase in IL-6 on days 6 and17

post-induction compared to vehicle treated and control mice. We

did not detect GM-CSF, IL-2, IL-23, IL-12p70, IL-17A, IL-27, or IL-

1b in any of the serum samples (data not shown).

In contrast to the cytokine results, several chemokines were

expressed at significantly different levels between the vehicle and

M019 treated EAE mice. The chemokines CXCL10/IP-10, CCL7/

MCP-3, and CXCL2/MIP-2a were all increased in the serum of

M019 treated mice compared to the vehicle treated EAE induced

mice, in at least 3 of the timepoints tested (Figure 8B). M019

treatment increased the levels of CXCL1/Gro-a and CCL2/MCP-1

on days 5 and 17 post-induction and CCL11/Eotaxin on days 5 and

6 post-induction compared to the vehicle treated EAE induced mice

and control mice. We did not detect MIP-1a (CCL3), RANTES

(CCL5), or MIP-1b (CCL4) in any of the serum samples. To

determine if there was differential regulation of cytokines or

chemokines in the CNS, we analyzed mRNA expression in brains

of mice at day 7 and 17 post-induction using qRT-PCR

(Supplemental Figure 2). The results demonstrate that by day 17

post-immunization, the level of IFNg mRNA was significantly
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increased in the vehicle treated EAE mice in comparison to the

M019 treated EAE mice. However, there was no significant

difference in the levels of CCL7/MCP-3 and CXCL10/IP-10

between the vehicle and M019 treated groups; although they

exhibited a trend towards reduced levels in the M019 treated mice.

To confirm that M019 altered chemokine levels in the sera and

spinal cord at the time of symptom onset, we measured their levels

in the sera by multiplex immunoassay and in the spinal cord by

qRT-PCR at days 11 and 13 post-immunization (Figure 9). There

was a significant increase in CXCL10, CCL7, CXCL1 and CCL2 in

the sera of M019 treated EAE mice at day 11 post-immunization

compared to the vehicle treated EAE and control mice (Figure 9A).

We did not detect IFNg or IL-17 in the sera, however there was a

significant increase in IL-6 in the sera of M019 treated mice

compared to the vehicle treated mice. Conversely, there was a

significant reduction in CCL7 and CCXCL10 mRNA expression

in the spinal cord, as well as the pro-inflammatory cytokines IL-6,

IFNg, and IL-17 in the M019 treated mice compared to the vehicle

treated EAE mice (Figure 9B). These results suggest that there is a

decrease in inflammatory cytokine and chemokine production in

the CNS despite the increased chemokine levels in the serum,

suggesting that altered migration patterns may contribute to the

therapeutic activities of M019.
Discussion

We demonstrate that the Fc multimer, M019, inhibits EAE

associated clinical symptoms and demyelination in both the

relapsing remitting and chronic inflammation EAE mouse models

and these effects are observed even after the onset of clinical

symptoms. Our data suggests the abrogation of disease activity is

not secondary to a decrease in Th17 cells particularly since clinical

symptoms develop shortly after cessation of treatment. Rather,

M019 prevents migration of myeloid and lymphoid cells into the

CNS with associated reduction in the expression of co-stimulatory

molecules on microglia. While the mechanism(s) responsible for

these trafficking changes remain uncertain, the limited infiltration

into the CNS of M019 treated animals is associated with distinct

patterns of chemokine upregulation in the sera. These results

suggest that M019 inhibits the trafficking of pathogenic cells into

the CNS of mice with EAE and might offer a new approach for the

treatment of MS and potentially other neuroinflammatory diseases.

Patients with MS manifest a spectrum of clinical symptoms (3,

4) and our studies demonstrated that M019 effectively reduced

disease severity in terms of clinical scores and demyelination in the

spinal cord in the B6 model of chronic inflammation and the SJL

model of relapsing remitting EAE when given at day 4 post-

immunization. In both models, the incidence rate was reduced,

and the day of onset delayed in a dose dependent manner,

suggesting that the therapy may be effective in patients with

different forms of the disease. The SJL model required a lower

amount of M019 to reduce disease severity compared to the B6

model (twice weekly vs daily injections). While there are several

potential explanations for the improved potency of M019 in SJL

mice, e.g. the role of specific chemokines differs between the SJL and
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B6 EAE models [reviewed in (41)], we did not address these in the

present study. These results suggest that the Fc multimers may

benefit patients with heterogeneous clinical symptoms, even after

the onset of disease.

M019 significantly inhibited the infiltration of CD4+ and CD8+

T cells into the CNS without altering their numbers of frequencies

in the periphery. Several lines of evidence suggest that this effect did

not result from an inability to generate a Th17 cell response. For

example, our studies in SJL mice revealed that they developed
Frontiers in Immunology 16
disease within days of stopping M019 treatment. This rapid course

of disease onset suggests that antigen specific T cells were present in

the periphery and poised to enter the CNS upon cessation of M019

dosing. Furthermore, intracellular cytokine staining demonstrated

no differences in the frequency of Th17 cells (IL-17 single positive

or IL-17+ IFNg+ double positive) in the spleens of M019 treated

mice compared to the vehicle treated mice following ex vivo

polyclonal stimulation. Studies have suggested that Th17 cells

expressing both IL-17 and GM-CSF are pathogenic in EAE (42)
BA

FIGURE 8

M019 treatment results in increased chemokine levels in the sera of EAE mice. (A) Daily clinical scores of MOG immunized mice treated with vehicle
or 2.0 mg M019 beginning day 4 post-immunization. Data represents that avg ± S.E.M. (B) Chemokine levels in the sera of mice measured with a
multiplex immunoassay. All panels represent data pooled from 2 experiments with a total n=6/group; *p ≤ 0.05, two-way ANOVA followed by
Tukey’s post-comparison test.
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(43), however we were unable to detect GM-CSF expression in

CD4+ T cells in either of these groups. There was a significant

increase in the frequency of Th1 cells in the M019 treated mice

compared to the vehicle treated mice. Studies have suggested that

Th1 cells are critical for allowing entry of Th17 cells into the CNS

during EAE and our results demonstrate that M019 treatment did

not inhibit the generation of these cells when given prior to the

onset of symptoms (44). There was no evidence of an increase in

Th2 cells (e.g. no increase in IL-4). MOG35-55 stimulation of the

spleen cells resulted in increased IL-17 and IFNg in the culture

supernatants in comparison to stimulation with scrambled peptide
Frontiers in Immunology 17
suggesting that the response was antigen specific. Additionally, we

did not detect an increase in the frequency of conventional Treg

cells or CD25- FoxP3+ Treg cells in the spleens of M019 treated

mice compared to the vehicle treated mice, although both were

increased compared to control mice. It has been reported that the

level of suppressive activity of Tregs correlates with the level of

CD25 expression; cells expressing higher levels of CD25 exhibit the

most suppressive activity (45). Although we did not measure the

suppressive function of either of these cell populations, the lack of

change in cell number or frequency with M019 treatment,

particularly with the CD25+ Foxp3+ population, suggests that
B

A

FIGURE 9

Cytokine and chemokine mRNA expression in spinal cord of M019 and vehicle treated EAE induced mice. Cytokine and chemokine levels in the sera
of EAE mice treated with and without M019 at days 11 and 13 post-immunization (A). Relative expression of cytokine and chemokine mRNA in the
spinal cord from M019 or vehicle treated mice normalized to the housekeeping gene HPRT and expressed as fold induction over control mice (B).
All panels represent data pooled from 2 experiments with a total n=6/group; *p ≤ 0.05, Data analyzed using Mann-Whitney test.
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M019 is not inhibiting disease through increased induction of Treg

cells. These results suggest that M019 does not act as a general

immunosuppressant or prevent Th1 or Th17 cell development, but

effectively prevents their migration into the CNS.

We postulate that because T cells lack FcgRs, M019 inhibition of

T cell migration into the CNS is likely mediated through an FcgR
rich population of monocytic lineage. This hypothesis is supported

by our binding studies, demonstrating that monocytes are a major

cellular target for M019 both in vivo and in vitro. Furthermore,

M019 treatment reduced myeloid cell infiltration into the CNS and

those cells that were present expressed lower levels of MHC class II,

likely limiting their ability to present antigen to autoreactive T cells.

The failure of myeloid cells to migrate into the CNS is not due

M019-triggered cell depletion. We did not observe any significant

decrease in the inflammatory (Ly6C+) monocyte population or

neutrophils in either the blood or spleen at day 7 or day 13 post-

induction. In fact, we observed a significant increase in the

frequency of Ly6C+ monocytes in the blood at day 13 suggesting

that they are sequestered in the periphery.

Monocytic infiltration of the CNS is critical for driving disease

pathogenesis in the B6 model of EAE. The number of pro-

inflammatory monocytes increases in the circulation shortly after

immunization and their migration into the spinal cord correlates

with onset of clinical symptoms (46). Depletion of monocytes with

chlodronate liposomes suppresses the development of EAE and

CCR2 KO mice do not develop EAE demonstrating the critical role

that monocytes play in the disease (23, 24, 47). Once in the CNS, the

Ly6C+ CCR2+ monocytes are necessary for reactivation of

autoreactive Th17 cells and disease pathogenesis (26). Therefore,

the reduced numbers of Ly6C+ monocytes in combination with the

reduced MHCII expression observed in the M019 treated mice

likely contributes to the decreased severity of EAE.

The role of microglia in antigen presentation to autoreactive T

cells is unclear. Studies have demonstrated they can take up myelin

and express MHCII and co-stimulatory molecules (48, 49).

However, other studies have demonstrated that MHCII

expression by microglia is not necessary for disease pathogenesis

or T cell priming (50, 51). We observed a significant decrease in

MHCII expression by cells in the microglia gate (R3) frommice that

had been treated with M019 compared to the vehicle treated mice.

Additionally, M019 treatment preserved expression of CX3CR1 on

the SIGLEC H+ microglia population compared to the vehicle

treated EAE mice which exhibited reduced expression of

CX3CR1. CX3CR1 is a critical neuromodulator that contributes

to neurogenesis and neuroprotection. CX3CR1 expression has been

reported to be decreased on microglia during peak EAE (38) and

induction of EAE in cx3cr1-/-mice results in a significant increase in

disease severity, demyelination and neurological deficiencies (52). It

is unclear whether M019 can enter the CNS during different stages

of the disease process. In healthy mice it is unlikely that the larger

aggregates in M019 can cross the blood brain barrier (BBB) which

also restricts IgG entry. However, once the disease is initiated and

there is loss of BBB integrity it is possible that M019 may enter the

CNS and bind to FcgRs which are known to be expressed by
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microglia (53). Collectively, these data suggest that M019 is either

directly or indirectly affecting microglia phenotype and conceivably

their function.

The lack of immune cell infiltration in M019 treated animals

suggested that it might function by altering expression of specific

cytokine/chemokine pathways that are necessary for cell

recruitment into the CNS. Somewhat to our surprise, cytokine

and chemokine multiplex data revealed that the M019 treated

mice had higher levels of the chemokines CXCL10, CCL11, CCL2,

CXCL2, and CCL7 in the serum compared to the vehicle treated

and control mice. The identity of the cells producing the

chemokines in the serum is unclear. Many of these chemokines

are produced by T cells as well as myeloid cells and we are currently

working to identify the cell source. There was also an increase in the

levels of IL-6, IL-18, and IL-22 at specific timepoints in the sera of

M019 treated mice compared to vehicle treated EAE mice.

However, we did not observe the upregulation of any anti-

inflammatory cytokines such as IL-10 suggesting that the

mechanism of action does not rely on increased anti-

inflammatory molecules.

These results differ from studies using a different Fc multimer,

GL2045 which induced expression of IL-10 and reduced IL-17 and

IL-6 expression (12). These differences may be due to different

model systems and/or timing of sample collection in relationship to

drug dosing. In contrast, we did not observe a significant increase in

CXCL10 or CCL7 mRNA in the Spinal cords of the M019 treated

mice in comparison to the vehicle treated mice instead there was a

trend towards lower levels of these chemokines in the CNS.

Additionally, there was a significant decrease in the level of IFNg
in the CNS of M019 treated mice suggesting that M019 reduced the

inflammatory environment in the CNS when given prior to the

onset of symptoms.

Several of the chemokines expressed at higher levels in M019

treated mice are important for monocyte and T cell recruitment.

For instance, CCL2 and CCL7 both bind to CCR2 expressed on

Ly6C+ monocytes which are critical for driving EAE pathogenesis

(25). Similarly, CCL2 and CXCL10 are among the chemokines

upregulated in the CNS during the acute stages of EAE and levels of

CCL2 and CCL5 in the CNS have been shown to correlate with

disease severity. However, there is also some evidence that these

chemokines may play a protective role. CXCL10 binds to CXCR3

and is critical for recruiting T and NK cells. C57Bl/6 mice deficient

in CXCR3 exhibit increased EAE disease severity which may be due

to reduced Treg cell migration and unrestrained spatial

organization (54). Future studies will identify the cells producing

these chemokines.

While naturally occurring and rICs are recognized to inhibit

ADCC, ADCP and CDC, to the best of our knowledge, this is the

first report showing that a recombinant Fc multimer designed to

mimic the anti-inflammatory properties of ICs inhibit migration of

both myeloid and lymphoid cells into the CNS. Our working model

is that M019 engages FcgR rich monocytic cells altering their

activation status, migratory capacity and patterns of chemokine

secretion. These changes inhibit the migration of pathogenic T cells
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into the CNS with resultant abrogation of EAE. An important

caveat to this is that these studies were performed using daily dosing

that began prior to onset of clinical symptoms. To develop Fc

multimers as a treatment for MS, it is imperative to test our

hypothesis using a therapeutic dosing strategy. Future studies to

validate/refute this model with dosing starting after the onset of

clinical symptoms is need for determining if myeloid cells are

necessary/sufficient for M019 anti-inflammatory activity, defining

whether M019 acts on myeloid cell populations centrally and/or

peripherally, and determining if there is a direct effect of M019 on

autoreactive T cell priming.
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