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Granulocyte–macrophage colony-stimulating factor 
(GMCSF) and MCP3 (aka CCL7) exert complemen-
tary, nonoverlapping, proimmune effects on responsive 
lymphoid and myeloid cells. We hypothesized that a 
synthetic cytokine linking GMCSF to MCP3 (hereafter 
GMME3) as part of a single polypeptide would acquire 
novel, therapeutically desirable immunomodulatory 
properties. We demonstrate that GMME3 has enhanced 
CC-chemokine receptor (CCR)–mediated intracellular 
Ca++ mobilization with selective effects on the CD21hiC-
D24hi CD1.dhi subset of splenic B cells inducing substan-
tial interleukin 10 (IL10) production. We demonstrate 
that BGMME3 exert their suppressive effect through an 
IL10-mediated inhibition of antigen presentation. More 
importantly, BGMME3 inhibit the reactivation of encepha-
lomyelitis (EAE)-derived or TGFβ/IL6 differentiated Th17 
cells by altering their polarization toward a Th1 or Th2 
phenotype. The secretion of interferon-γ (IFNγ) and IL4 
in turn inhibits IL17 production. The adoptive transfer of 
BGMME3, but not IL10–/– BGMME3 cells, to mice symptomatic 
with experimental autoimmune encephalitis significantly 
improves their disease score and inhibits lymphoid infil-
tration into the central nervous system (CNS). We pro-
pose that designed CCR modulators such as GMME3, 
allows for conversion of naive B-cells to a novel suppres-
sor phenotype allowing for the personalized cell therapy 
of autoimmune ailments.
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Introduction
B cells can influence the development of autoimmunity in both 
pathogenic and protective ways. Self-reactive B cells can produce 
pathogenic tissue damaging auto-antibodies against self-antigens 
in systemic lupus erythematosus.1 In addition to antibody-medi-
ated mechanisms, activated B cells can facilitate T cell-mediated 
inflammation through antigen presentation, costimulation and 
cytokine production. In fact, emerging clinical data demon-
strated that the efficacy of B cell-depletion therapy in T-cell medi-
ated autoimmune diseases such as multiple sclerosis and type 1 

diabetes is independent of the levels of circulating autoantibody.1,2 
A number of B-cell subsets with varying and overlapping pheno-
types have been shown to possess regulatory function primarily 
via the production of IL10 in certain T-cell driven inflammatory 
responses. For example, CD1.dhiCD5+ splenic B cells are capable of 
suppressing central nervous system (CNS) and colonic inflamma-
tion.3 In collagen-induced arthritis, transitional 2 (T2)—marginal 
zone (MZ) (T2-MZ) B cells have also been identified to regulate 
inflammation.4,5 It has been speculated that B-cells conditioned in 
an inflammatory environment acquire a regulatory phenotype.6,7 
In line with this thought, methods of ex vivo generation of IL10-
producing regulatory B cells have been developed including CD40 
monoclonal antibody and B cell-activating factor activation of 
naive B cells.4,8

As part of our group’s strategy to develop novel therapeutic 
immunomodulators, we have designed fusion proteins consist-
ing of two functional distinct cytokines as a single polypeptide 
chain: a fusokine. We have previously demonstrated that fusok-
ines borne of the coupling of granulocyte–macrophage colony-
stimulating factor (GMCSF) and common γ-chain interleukins 
(hereafter GIFTs) acquire biological properties distinct from the 
predicted summation.9 Structurally, N-terminal GMCSF has been 
shown to enhance protein production, increase plasma half-life 
of the fusion, and alter receptor binding. We have also demon-
strated that fusokines combining GMCSF and a CC-chemokine 
can lead to unheralded biological activities.10–12 While 
CC-chemokines initiate a lymphomyeloid chemotatic response 
by binding to cognate G-protein-coupled receptor (GPCR) to 
sustain an inflammatory response, we have demonstrated that 
fusing GMCSF to the N terminus of monocyte chemoattrac-
tant protein 1 had novel proapoptotic effects on CC-chemokine 
receptor 2 (CCR2)-expressing lymphomyeloid cells, inducing 
the reversal of symptoms in murine models rheumatoid arthritis 
and encephalomyelitis (EAE) by directly depleting the mice of 
Th17 cells.11 In this study, we demonstrate that coupling GMCSF 
to CC-chemokine MCP3 (hereafter GMME3) generates a GPCR 
hyperagonist ligand. B cells stimulated ex vivo with GMME3 
(BGMME3) upregulate IL10 production. BGMME3 can modulate the 
progression of experimental autoimmune EAE, a murine model 
of multiple sclerosis, characterized by T-cell driven pathologi-
cal inflammation and demyelination in the CNS. Upon adoptive 
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transfer, BGMME3 attenuate disease progression and inhibit immune 
infiltrate to the CNS. We further characterized BGMME3 regulatory 
capacity: they directly inhibit macrophages to prime CD4+ T cells 
via IL10, and skew the polarization of encephalitogenic Th17 
cells to a Th1 or Th2 profile. Subsequent interferon-γ (IFNγ) and 
IL4 production suppressed IL17 expression. This finding suggests 
a role for hyperactive B cells in the network of Th cells plasticity 
and differentiation. Thus, our current work has identified a novel 
strategy to generate immune suppressive B cells ex vivo with 
therapeutic potential and provided insight to previously unrec-
ognized link between chemokine receptor biology and suppres-
sor B-cell potentiality.

Results
Fusokine GMME3 structure and expression
Human MCP3 cDNA was amplified by PCR and subsequently 
cloned in frame to a 3′ truncated derivative of mouse GMCSF 
cDNA. The nucleotides encoding for the last 12 amino acid at 
the carboxyl terminal of GMCSF were deleted to generate a sin-
gle polypeptide which encodes for a 207 amino acid polypeptide 
chain—hereafter GMME3 (Figure 1a). From in silico structural 
homology modeling of GMME3 and solvent accessible sur-
face analysis, N-terminal GMCSF was predicted to be permis-
sive for the interaction of C-terminal MCP3 with its receptor 
(Figure  1b). Denaturing immunoblotting using conditioned 
media derived from human embryonic kidney (HEK) 293 cells 
transfected with the GMME3 transgene demonstrated that the 
fusokine was expressed, secreted extracellularly, and recognized 

by both anti-GMCSF and anti-MCP3 antibodies at the predicted 
molecular weight of 24 kDa (Figure 1c).

GMME3 induces a B-regulatory cell phenotype
The in vitro treatment of unfractionated splenic lymphocytes 
with GMME3 led to the selective survival of CD19+ B cells 
(data not shown). Consequently, we analyzed the phenotype of 
GMME3 stimulated CD19+ B cells (hereafter BGMME3) and found 
they expressed CD19, CD1.d, CD5, CD21, CD22, CD24, CD38, 
but not IgD (Figure 2a). BGMME3 also acquired expression of major 
histocompatibility complex II (MHCII), CD80, and CD86. After 
72 hours of culture, ELISAs were performed on the supernatant 
of BGMME3 to measure cytokine production. We demonstrated 
that compared to controls, GMME3 significantly upregulated 
the production of IL10 (Figure  2b), but not IL4, IL6, tumor 
necrosis factor α (TNFα), IFNγ, or TGFβ (data not shown). The 
GMME3-mediated IL10 production was observed in a dose-de-
pendent manner, whereas increasing dose of GMCSF and MCP3 
did not lead to significant IL10 induction (Figure 2c). It is con-
ceivable that GMME3 selectively activate a subset of B cell with 
a regulatory phenotype to secrete IL10. We therefore performed 
intracellular IL10 staining along with CD1.d, a known marker 
for regulatory B cells and demonstrated that the IL10+ popula-
tion of BGMME3 had a CD19+CD1.dhi phenotype (Figure 2d). We 
subsequently cultured sorted CD19+CD1.dhi or CD19+CD1.dlow 
B cells with GMME3 or media alone. CD19+CD1.dhi B-cell sub-
set is significantly more responsive to GMME3-mediated IL10 
induction (Figure 2e). Taken together, our data suggest GMME3 
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Figure 1  Generation of the fusion GMME3. (a) Amino acid sequence of GMME3. Schematic representation of the fusion GMME3 showing granulo-
cyte–macrophage colony-stimulating factor (GMCSF) at the N-terminus linked to C-terminal domain MCP3 by alanine. (b) Solvent accessible surface 
and ribbon representation of the GMME3 structural model predicted by homology modeling (GMCSF in cyan ribbon, linker A in yellow ribbon, the 
first six residues of MCP3 in red ribbon and the remaining residues of MCP3 in blue ribbon) (c) Denatured immunoblotting using supernatant derived 
from GMME3 or mock-transfected 293 cells. Recombinant murine GMCSF or recombinant human MCP3 were used as controls. The blot was probed 
with polyclonal goat anti-MCP3 and anti-GMCSF antibody to detect fusion protein secretion.
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preferentially activate a subset of B cells marked by high expres-
sion of CD1.d to produce IL10.

The cellular biochemical response to GMME3
We next investigated the biochemical effect of GMME3 on puri-
fied splenic B cells. Since cellular Ca++ influx is downstream of 
multiple chemotactic pathways, we measured the fluorescence 
of Fluo-4 dye-loaded B cells upon GMME3 or cytokine control 
treatment. At 0.4 nmol/l—the concentration where IL10 produc-
tion from splenic B cells was readily induced—GMME3 led to 
significantly greater Ca++ influx as compared to GMCSF, MCP3 
alone or in combination with GMCSF in a dose-dependent man-
ner (Figure 3a,b). To investigate the signaling response derived 
from the GMCSF domain of GMME3, we utilized the RAW264.7 
macrophage cell line, expressing both α- and β-subunits of 
the GMCSF receptor. STAT5 phosphorylation (pSTAT5) was 

used as a measure of the potency of GMCSF-mediated signal-
ing.13 Immunoblotting of RAW264.7 stimulated with GMME3 
or cytokine controls showed that GMME3 induced comparable 
pSTAT5 to GMCSF or GMCSF and MCP3. MCP3 alone did 
not lead to pSTAT5 activation in RAW264.7 cells (Figure  3c). 
This observation fits with our previous work, where we have 
found that N-terminal GMCSF of the fusion often does not 
acquire enhanced signaling property but altered the binding of 
C-terminal moiety to its receptor. Our cell biochemical data sug-
gested that fusing GMCSF at the N-terminus of MCP3 did not 
lead to enhanced GMCSFR-mediated response but profoundly 
increases the signaling potency of the MCP3 domain. Therefore, 
we hypothesize that the gain of function (IL10 induction) was 
primarily derived from the MCP3 signaling moiety. To test this 
hypothesis, we cultured B cells derived from WT or CCR2-
deficient mice with GMME3 and showed that CCR2-deficient 
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Figure 2 S elective activation of B10 cells by GMME3. (a) Immunophenotype of GMME3-activated (thick line) or granulocyte–macrophage colony-
stimulating factor (GMCSF) + MCP3 activated (thin line) B cells. Ex vivo manipulated B cells were stained with the indicated antibodies and surface 
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recombinant GMCSF and MCP3 for 3 days. Results represent the mean value of three independent tests ± SD; *P < 0.05. (c) Dose-dependent effect 
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B cells have significantly blunted responsiveness to GMME3-
mediated IL10 induction (Figure 3d).

BGMME3 attenuates EAE progression in an  
IL10-dependent manner
IL10-producing B cells have been demonstrated to possess potent 
anti-inflammatory properties in vivo.14,15 Indeed, the adoptive 
transfer of IL10-producing B cells led to protective phenotypes 
in mouse models of colitis, arthritis and multiple sclerosis.3–5,8,16–18 
We next assessed whether ex vivo generated BGMME3 cells could 
alter EAE disease progression. Nine days following induction, 
EAE mice were stratified to reach an average group disease score 
of 1.5 and each group (n = 4–6) received two intravenous doses of 
1 × 106 BGMME3 or phosphate-buffered saline (PBS). BGMME3 treat-
ment significantly reduced disease severity (by an average score 
of 1.8), characterized by improved gait function and hind limb 
strength whereas PBS-treated EAE mice remained symptom-rid-
den (Figure 4a). The injection of 1 × 106 naive splenic B cells had 
no significant effect (Supplementary Figure S1).

We next investigated whether IL10 played a role in BGMME3-
mediated anti-inflammatory properties in vivo. EAE mice were 
stratified so that each group had an average score of 3. The first 
infusion of wild-type (WT) BGMME3 or IL10–/– BGMME3 or PBS were 
given at day 15 and repeated at day 20. The administration of WT 

BGMME3 at day 15 and 20 modulated the disease course, and we also 
showed that IL10 was required for BGMME3’s effect as the administra-
tion of IL10–/– BGMME3 in vivo led to no beneficial effect (Figure 4b). 
The therapeutic potential of BGMME3 in EAE was also confirmed 
immunohistologically where we observed a marked reduction in 
macrophages and T cells infiltrating into the spinal cord of treated 
EAE mice. Microscopic examination of spinal cords of IL10–/– 
BGMME3-treated EAE mice, on the other hand, showed comparable 
levels of infiltration as in the EAE control mice. The extent of 
demyelination was assessed by Luxol fast staining, which demon-
strated that BGMME3, but not IL10–/– BGMME3 infusion protected EAE 
mice from myelin loss, reflecting the functional improvement of 
the treated mice (Figure 4c).

Macrophages exposed to BGMME3 hypoactivate  
CD4+ T cells
To investigate how the in vivo administration of BGMME3 can inhibit 
CNS inflammation, we cultured BGMME3 with other immune cell 
types known to play a role in EAE pathogenesis in order to study 
its bystander effect. Myeloid antigen-presenting cells (APCs) have 
been implicated in the pathogenesis of EAE19 and we speculated 
that BGMME3 may inhibit this function. To test this hypothesis, we 
cocultured BGMME3 with antigen-presenting murine macrophages 
for 48 hours and subsequently interrogated their ability to activate 
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antigen-specific responder T-lymphocytes. In a first series of exper-
iments, macrophages were cocultured with BGMME3 and were primed 
with MOG35–55 peptide and incubated with purified CD4+ T cells 
derived from EAE mice (Figure 5a). Media-treated macrophages 
efficiently activated MOG-specific CD4+ T cells to produce IL17, 
whereas macrophages previously exposed to BGMME3 showed impaired 
capacity to trigger IL17 production by CD4+ T cells. This inhibitory 
effect cannot be recapitulated by using control-(GMCSF+MCP3)-
activated B cells (Figure 5b). We speculated that the modulation 
on antigen presentation was IL10 dependent. To test this hypoth-
esis, we cocultured BGMME3 with murine macrophages for 48 hours 
in the presence of IL10 neutralizing antibody or isotype control. 
Macrophages were then washed, pulsed with MOG35–55 peptide and 
incubated with EAE-derived CD4+ T cells. Culture supernatant was 
analyzed for IL17 production after 72 hours. Here, we showed that 
IL10 neutralization significantly blocked BGMME3 inhibitory effect on 
antigen presentation and restored IL17 production back to the level 
comparable to naive macrophages (Figure 5c).

To analyze whether BGMME3 distinctively modulated MHC 
class I- or class II-restricted antigen presentation by macrophages, 
we used T cells derived from OTI or OTII transgenic mice as 
responder cells in an antigen presentation assay. We isolated mac-
rophages and incubated them with BGMME3 or control B cells for 

48 hours. After extensive wash, the pretreated macrophages were 
then primed with soluble recombinant OVA and coincubated with 
CD4+ T cells or CD8+ T cells derived from OT-II or OT-I trans-
genic mice with TCR recognizing OVA peptide in the context of 
MHC-class II or MHC-class I, respectively (Figure 5d). The IFNγ 
production from responder CD4+ T cells was significantly reduced 
in the BGMME3-pretreated macrophage coculture (Figure 5f); how-
ever, their capacity to induce MHC-class-I-specific response was 
intact as BGMME3-pretreated macrophages stimulate comparable 
amounts of IFNγ production from OTI-CD8+ T cells to control-
treated macrophages (Figure  5e). Immunophenotyping dem-
onstrated that peritoneal macrophages treated with BGMME3 or 
recombinant IL10 downregulated MHCII and CD86 (Figure 5g); 
the expression of MHCI, CD80, and B7H1 remained unchanged 
(data not shown). Taken together, our data demonstrated that 
BGMME3 suppressed MHC class II-specific antigen presentation 
from professional APCs in an IL10-dependent manner.

BGMME3 inhibits Th17 and augments Th1 effector  
T cells
We investigated the direct effects of BGMME3 on encephalitogenic 
CD4+ effector cells by incubating CD4+ T cells from MOG35–55-
immunized mice and incubating them with antigen-pulsed fixed 
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APCs in the presence of BGMME3 or naive B cells (Figure 6a). After 
48 hours of coculture, we assessed CD4+ T cell reactivation by 
measuring IFNγ and IL17 production. We found that CD4+ T 
cells derived from mice with severe acute EAE (disease score > 3) 
produced predominantly IL17, demonstrating that MOG-specific 
CD4+ T cells are biased toward a Th17 response during active dis-
ease. The addition of BGMME3, but not naive B cells, significantly 
lowered Th17 production but increased IFNγ production. Naive 
B cells, though unable to suppress Th17 response, also induced 
a slight increase in IFNγ production (Figure 6b). This suggested 
strongly that BGMME3 had distinct effect on IL17 production from 
T cells. The coculture of EAE-CD4+ T cells and BGMME3 in the 
absence of MOG-pulsed APCs did not lead to detectable IL17 or 
IFNγ production (Figure 6b). These results suggested that anti-
gen re-encounter was required to re-stimulate effector T cells and 
BGMME3 act as third party bystanders to modulate effector T cell 

response upon antigen re-stimulation. To determine whether a 
direct cell–cell contact or secreted factor(s) expressed by BGMME3 
was responsible for the observed altered phenotype of Th17 cells, 
we fixed BGMME3 with paraformaldehyde so they would be meta-
bolically inert, yet present all surface molecules. We showed that 
a secreted factor was essential for BGMME3-mediated inhibition on 
Th17 cells as paraformaldehyde-fixation abolished the suppressive 
effect on IL17 production (Figure 6c).

The conversion of Th17 cells by BGMME3 is mediated by 
IL4 and IFNγ
In an attempt to understand the mechanism by which BGMME3 
downregulate a Th17 response, we first differentiated naive CD4+ 
T cells in WT splenocytes in vitro with CD3/CD28 beads under 
Th17 polarizing conditions. We then introduced BGMME3 into the 
coculture after 4 days. Similar to MOG-specific CD4+ T cells 
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myelitis (EAE). We then measured (b) IL17 production from responder EAE-CD4+T cells. (c) IL17 production by in vitro reactivated EAE-CD4+ T cells 
to BGMME3–pretreated—macrophages in the presence of IL10 neutralizing antibody or isotype. (d) Schematic representation of the in vitro antigen 
presentation. BGMME3–pretreated–macrophages were OVA-pulsed and cocultured with OTII-CD4+ T cells or OTI-CD8+ T cells. (e) Interferon-γ (IFNγ) 
production from responding OTI-CD8+ T cells to OVA-pulsed macrophages. (f) IFNγ production from responding OTII-CD4+ T cells, reactivated 
in vitro by OVA-pulsed macrophages. Results represent the mean value of three independent experiments ± SD; *P < 0.05. (g) Phenotypic analysis of 
peritoneal macrophages incubated with recombinant IL10 or BGMME3 for 48 hours before immunostaining for the indicated antibodies.
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derived from EAE mice during active disease, in vitro differenti-
ated T cells in the presence of TGF-β and IL6 showed significant 
IL17 expression (12% of total CD4+ population) and coincuba-
tion with BGMME3 led to a significant reduction of the frequency 
of CD4+IL17+ cells (8% of total CD4+) (Figure 7a,b). In fact, cul-
turing Th1 (CD3/CD28 activated) or Th17 (CD3/CD28 activated 
with TGF-β and IL6) in the presence or absence of BGMME3 revealed 
that BGMME3 significantly changed the cytokine secretion profile of 
Th17 cells, promoting the production of IFNγ and IL4 (Figure 7c). 
BGMME3 did not appear to have an effect on Th1 effector function. 
In the neutralizing assay, IL17 expression was restored after IFNγ 
and IL4 neutralization whereas IL10 and CD1.d neutralization 
had no effect on BGMME3-mediated inhibition (Figure 7d, e). Taken 
together, our data suggest BGMME3 selectively polarized Th17 cells 
toward Th1 (IFNγ) or Th2 (IL4) phenotype, which subsequently 
antagonized IL17 secretion.

Discussion
We have previously shown that MCP3 signaling has a profound 
impact on B-cell biology. Specifically, antagonistic signaling 
by MCP3 leads to an inhibition of immunoglobulin produc-
tion and expansion of plasmablasts.20 It has also been observed 
that CCR2, a putative target CC-chemokine receptor for MCP3, 
was expressed at higher levels on immature B cells but down-
regulated at the mature B-cell stage. This regulated expression 
of CCR2 contributes to B-cell homing and maturation.21 Indeed, 
CC-chemokine receptor expression and GPCR signaling provide 
important signals in peripheral B-cell subset development. For 
example, the development of MZ, T2, and B1a subsets depends 
on the intactness of Gα2 signaling and the subsequent activation 
of phosphoinositide 3-kinase cascade. B cells derived from Gα2–/– 
mice not only exhibit quantitative deficiency in the frequency of 

MZ, T2, and B1a B cell in the periphery but also qualitative defi-
ciency in their ability to upregulate IL10 production.22,23 Since 
GMME3 induces significant Ca++ mobilization (Figure  3a), it 
is conceivable that GMME3 acts on CCR2-expressing transi-
tional (immature) B-cell subset to enhance the development and 
characteristics of MZ and T2 B cells through Gα2 activation. In 
this study, we demonstrated that CCR2 at least in part mediated 
GMME3 signaling, but far from being the only possible path-
way given the multitude of MCP3 receptors (Figure  3d). The 
identification of the relative contribution of different receptors 
that GMME3 utilize will require additional investigation. We 
have previously shown that the fusion of N-terminal quadrapep-
tide truncated monocyte chemoattractant protein 1 to GMCSF 
(aka GMME1) acquired novel proapoptotic effects on CCR2-
expressing lymphoid cells.11 Intriguingly, we observed here that 
the MCP3 fusokine GMME3 had no significant proapoptotic 
effect (Supplementary Figure S2). Rather, an important distin-
guishing feature between GMME1 and GMME3 is that the former 
coupled an antagonistic cleaved variant of monocyte chemoat-
tractant protein 1 (lacking the first four N-terminal amino acids) 
to GMCSF, while GMME3-coupled full-length uncleaved MCP3 
to GMCSF. We speculate that the GPCR response to MCP3 fuso-
kine variants may be markedly distinct to that observed here. 
Overall, our work has provided evidence that modulating GPCR 
signaling can have a substantial impact on B-cell biology and 
their acquisition of a suppressor phenotype. These results paral-
lel our previously published finding that naive CD19+ splenic B 
cells can be converted by a common γc IL15 derivative (GIFT15) 
to CD1.d IL10+ Bregs.17 The sum of these observations suggest 
that B cells are poised for conversion to a Breg suppressor phe-
notype through nonoverlapping signal transduction pathways 
including GPCR and common γc receptor signaling mediated 
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by engineered ligands such as GMME3 and GIFT15. Our immu-
nophenotype data suggests that BGMME3 share many markers with 
the in vitro activated Bregs, such as CD1.dhi, CD21hi, CD38hi, 
and CD19hi (Figure  2a). Furthermore, the changes in antigen 
presentation markers also correlate with the phenotype of ex 
vivo CD40 ligand-stimulated or B cell-activating factor-induced 
IL10+ B cells.4,8 The CD19hiCD5+CD1.d+ phenotype corresponds 
to the endogenous B regulatory cell subset and CD21hiCD23low 
are markers of MZ B cells.

B cells with regulatory capacity have been identified in a 
variety of mouse models of autoimmune diseases. CD19–/– mice 
exhibit exaggerated response in T-cell driven inflammation 
and exhibit exacerbated disease progression upon autoantigen 
challenge for EAE.15,18,24 In contrast, overexpression of CD19 
(hCD19Tg) via transgenic approach has been shown to expand B 
cells with regulatory capacity. The adoptive transfer of hCD19Tg 
B cells normalized T-cell dependent inflammation. In this study, 
we demonstrated that ex vivo manipulation of autologous B cells 
based on GPCR modulation provided a viable means to gener-
ate immune suppressor cells with beneficial effect in the murine 
model of MS. Compared to the transgenic approach, fusokine 

manipulation of autologous B cells has greater translational 
potential and is clinically feasible as a form of cellular therapy to 
control the exaggerated inflammation in autoimmune disorders. 
We may also consider the potential utility of direct administration 
of GMME3 protein to subjects with the intent of in vivo genesis of 
BGMME3 cells. However, the theoretical concerns regarding off-tar-
get effects and possible immunogenicity of neoantigens harbored 
by GMME3 remain to be defined.

We demonstrated both in vitro and in vivo that IL10 produc-
tion is crucial for BGMME3-mediated anti-inflammatory effect, 
akin to how endogenous or ex vivo induced Breg function by 
producing IL10.15 We have demonstrated that IL10 produced by 
BGMME3 is necessary to suppress macrophage APC function. It is 
well established in the literature that IL10 has a profound inhibi-
tory effect on macrophage APC function, including the down-
regulation of MHC class II molecules, costimulation markers, 
and proinflammatory cytokines.25–27 While we demonstrated that 
the IL10 effect was primarily on antigen presentation, we also 
demonstrated BGMME3 can have a profound effect on the antigen-
driven effector CD4+ response by skewing them away from a Th17 
pathway toward a Th1 phenotype (Figure 6b). This observation 
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seems paradoxical in light of the beneficial effect of BGMME3 in 
EAE, where both Th1 and Th17 cells are considered pathogenic.28  
However, this paradigm has been challenged by the findings 
where the disruption of the classical Th1-IFNγ pathway, either 
by neutralizing IFNγ or IL12, greatly exacerbates the severity of 
EAE, whereas blocking Th17 development by neutralizing IL23, 
confers significant protection.29 Moreover, the adoptive transfer 
of CNS reactive Th17 cells, but not Th1 cells, can transfer EAE 
from one mouse to the next.29 It has similarly been demonstrated 
that the intactness of Th1 response dictates the responsiveness of 
IFNβ treatment in MS patients, where IFNβ uses IFNγ signaling 
pathway to inhibit Th17 inflammation.28 In fact, it appears that the 
different lineage T helper cells do not represent terminal differen-
tiation states for effector CD4+ T cells. There is considerable late 
developmental plasticity and they can regulate the effector func-
tion through cytokine production and transcription factors in a 
mutually antagonizing fashion.30,31 Committed CD4+IL17+ cells 
can be converted to CD4+IFNγ+ in a STAT4 and T-bet dependent 
manner.30 Consistent with these findings, our data suggest that 
adoptive transfer of BGMME3 led to an attenuation of CNS inflam-
mation by their direct inhibition of Th17 cells and enhancement 
of Th1-IFNγ pathway (Figure 6b). B cells are capable to regulate 
T-cell mediated immunity via the secretion of a number of polar-
izing cytokines.32 We demonstrated that a secreted factor was 
responsible for the inhibition of IL17 production (Figure  6c), 
and IFNγ and IL4 signaling were necessary in the conversion 
of EAE-derived or TFGβ/IL6-differentiated Th17 cells, but not 
IL10 or CD1.d (Figure 7d). BGMME3 appeared to be most potent in 
modulating the secretome phenotype of Th17 cells, compared to 
Th1 lineage (Figure 7c). To our knowledge, this is the first report 
that demonstrates that B cells manipulated ex vivo can influence 
the late lineage differentiation of T helper cells and their effector 
function. The precise role of BGMME3 in the intricate network of Th 
cell differentiation warrants further investigation. Our data sug-
gest Th17 cells are most susceptible to be converted to an IFNγ-
secreting Th1 or IL4-secreting Th2 phenotype by hyperactive B 
cells stimulated via the GPCR pathway.

Taken together, our work has provided evidence that 
N-terminal fusion with GMCSF allowed MCP3 to hyperactivate 
its receptor and that GPCR-driven signaling can have a substan-
tial impact on B-cell biology. This observation opens the door for 
the development of biological agents such as GMME3 for cellular 
immunotherapy of autoimmune diseases.

Materials and Methods
Animals and reagents. WT female C57Bl/6 (B6) mice, age-matched 
IL10-deficient mice (B6.129P2-Il10tml/CgnJ), C57BL/6-Tg(TcraTcrb)1100Mjb/J 
(OT-I), C57BL/6-Tg(TcraTcrb)425Cbn/J (OT-II), ccr2-deficient mice (B6.129S4-
Ccr2tm1Ifc/J) used experimentally were between the age of 6–8 weeks, 
purchased from The Jackson Laboratory (Bar Harbor ME). C57Bl/6 retired 
breeder mice were purchased from Harlan Laboratories (Indianapolis, IN). 
Recombinant human MCP3 (rCCL7), recombinant murine GMCSF, and 
their antibodies were purchased from R&D Systems (Minneapolis MN). 
Dulbecco’s modified Eagle’s medium, RPMI-1640, fetal bovine serum 
and penicillin/streptomycin were purchased from Wisent Technologies 
(Rocklin, CA). Cell separations were performed using EasySep kits accord-
ing to the manufacturer’s instruction (StemCell Technologies, Vancouver, 
British Columbia, Canada).

Fusokine generation and protein modeling. To clone the fusion trans-
gene GMME3, mouse GMCSF cDNA was truncated of 3′ DNA sequence 
encoding the last 12 C-terminal amino acid sequence DIPFECKKPSQK 
and was cloned in frame to full-length human MCP3 cDNA (Invivogen, 
San Diego, CA) to generate GMME3 fusion transgene. HEK 293 cells were 
transiently transfected with GMME3 transgene using PolyFect (Qiagen, 
Mississauga, Ontario, Canada); serum-free Dulbecco’s modified Eagle’s 
medium supernatant was collected after 48 hours and concentrated using 
Amicon centrifugation columns (Millipore, Cambridge, Ontario, Canada). 
Western blot analysis and cytokine ELISA (GMCSF and MCP3) were used 
to confirm the expression and concentration of GMME3. Concentrated 
conditioned media were used in all in vitro assays. HEK 293 T cells trans-
fected in the same manner in the absence of the plasmid containing the 
fusion transgene were used as mock-transfected control. The structural 
model of GMME3 was built by homology modeling using MODELLER 
9v3 (University of California at San Francisco).1 Crystal structure of 
human GMCSF (PDB entry: 2 gmf) and MCP3 (PDB entry: 1 ncv) were 
used as the templates for homology modeling. 200 structural models of 
GMME3 were generated and the one with lowest objective function was 
selected for further analysis.

Western blotting. For the detection of GMME3, concentrated conditioned 
media from mock (PolyFect alone) or GMME3-transfected HEK 293 cells 
were denatured at 90 °C for 5 minutes and separated on 4–20% SDS-PAGE 
gel (Thermo Scientific, Pittsburg, PA). Immunoblotting was performed 
with antihuman MCP3 (CCL7) antibody and anti-mouse GMCSF anti-
body according to manufacturer’s guideline. For the study of the GMME3 
biochemical response, 1–2 × 106 RAW264.7 cells or mouse spleen-derived 
primary B cells were stimulated with GMME3, or cytokine controls 
in RPMI media for 20 minutes. Cell lysates were prepared by using cell 
lytic M supplemented with protease inhibitor and phosphatase inhibi-
tor according to manufacturer’s instruction. Antiphosphorylated or total 
STAT5 antibody (Cell Signaling Technology, Danvers, MA) was used in 
immunoblotting.

Fluo-4 calcium influx assay. To study the biochemical response of GMME3 
on B cells, splenocytes were collected from naive C57/B6 mice. B cells 
were subsequently purified using mouse B-cell enrichment kit (StemCell 
Technologies). The purity was routinely >90%. GMME3-mediated Ca++ 
influx in purified B cells was tested using the Fluo-4 NW Calcium assay kit 
accounting to manufacturer’s instruction (Invitrogen). Briefly, B cells were 
resuspended in assay buffer (1 × HBSS, 20 nmol/l HEPES) at 1.5 × 106 cells /
ml. Fluo-4 dye and probenecid were loaded to 125,000 cells/well of 96 well-
late. B cells with Fluo-4 dye mix were then incubated at 37 °C for 30 min-
utes followed by room temperature for an additional 30 minutes. For Ca++ 
influx analysis, GMME3 or cytokine combination was used to stimulate 
fluo-4-loaded B cells. The fluorescence response (494 nmol/l /516 nmol/l) 
was measured in FL600 microplate fluorescence reader (BioTek, Winooski, 
VT) and analyzed by KC4 software (BioTek).

Cell culture. HEK 293 cell line was cultured in Dulbecco’s modified Eagle’s 
medium (Wisent Technologies) supplemented with 10% fetal bovine 
serum (Wisent Technologies) and 100 U/ml of penicillin/streptomycin 
(Wisent Technologies). RAW 264.7 cell line was purchased from ATCC 
(Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium with 
10% fetal bovine serum and 100 U/ml of penicillin/streptomycin. Primary 
mouse splenocytes were cultured in RPMI supplemented with 2 mmol/l 
L-glutamine, 1 mmol/l HEPES, 1 mmol/l sodium pyruvate, 0.05 mmol/l 
β-mercaptoethanol with 10% fetal bovine serum. Spleen-derived B cells 
were cultured in complete splenocyte medium.

To generate BGMME3, We placed purified B cells derived from the whole 
splenocyte population of retired breeder mice in culture in complete 
medium supplemented with GMME3 (10 ng/ml) or cytokine controls 
supplemented with conditioned media derived from mock-transfected 
HEK 293 T cells for 4 days.
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Flow cytometry and intracellular staining. Cells to be analyzed by fluores-
cence-activated cell sorter were harvested and resuspended in 10 × 106 cells 
/ml. Samples were blocked with anti-FcRmAb 2.4G2 for 30 minutes and 
subsequently stained with fluorochrome-conjugated monoclonal antibody 
in Ca2+Mg2+ free PBS with 2% fetal bovine serum for 30 minutes. Cells were 
washed twice with staining buffer and resuspended in 1% paraformalde-
hyde before analysis. Intracellular staining was performed with Cytofix/
Cytoperm Kit (BD, San Diego, CA) according to manufacturer’s instruc-
tion. All fluorescence-activated cell sorter antibodies were purchased from 
BD Pharmingen (San Diego, CA).

In vitro antigen presentation assay. Peritoneal macrophages were col-
lected from lavage of the C57B/6 retired breeder peritoneal cavity with 
12 ml RPMI. Cells were cultured in 24-well plates and washed after 16 
hours. Plastic adherent-macrophages were cultured in RPMI supple-
mented with 1 mg/ml of MOG35–55 peptide (Sheldon Biotech Center, 
McGill University) or chicken ovalbumin (Sigma-Aldrich, Oakville, 
Ontario, Canada) overnight. CD4+ T cells were purified from the spleens 
of EAE mice with active disease or OT-II transgenic mice. CD8+ T cells 
were purified from the spleen of OT-I transgenic mice. 5 × 105 purified 
T cells were cultured with antigen-pulsed, 1% paraformaldehyde-fixed 
macrophages in complete splenocyte medium. Alternatively, peritoneal-
macrophages were pretreated with 105 GMME3-activated B cells (BGMME3) 
for 48 hours. OTII-CD4+ or OT-I-CD8+ T cells were subsequently added 
to pretreated antigen-pulsed macrophages. Culture supernatant was col-
lected after 72 hours and inflammatory cytokine IFN-γ or IL17 were mea-
sured by ELISA when appropriate.

Mouse Th17 cell differentiation. Single cell suspension of whole spleen from 
WT C57B/6 was generated by mechanical disruption. Splenocytes were 
stimulated with T activator CD3/CD28 dynabeads (Invitrogen) according 
to the manufacture’s instruction. Under Th17 polarizing condition, cells 
were stimulated with the addition of 5 ng/ml of recombinant TGF-β and 
20 ng/ml of recombinant IL6 (R&D Systems). Differentiated splenocytes 
were subsequently cultured with GMME3-activated B cells (BGMME3) in the 
presence of neutralizing antibodies (BD) where indicated. Supernatant of 
the coculture was analyzed for IL17 production by ELISA and recovered 
cells were analyzed by flow cytometry for CD4 and IL17 coexpression.

Experimental autoimmune EAE induction and BGMME3 adoptive cell 
transfer. The induction of EAE was described previously.17 Briefly, we 
inject C57B/6 mice subcutaneously at the base of the tail with 1 mg/
ml of purified synthetic peptides of MOG35–55 (Sheldon Biotech Center, 
McGill University) emulsified in complete Freud adjuvant (Cedarlane 
Laboratories, Burlington, NC) at equal volume. On day 0 and day 2, we 
also injected mice intraperitoneally with 150 ng of pertussis toxin (Sigma-
Aldrich). The disease progression was monitored every 2 days according 
to the following score: 0, no disease; 1, floppy tail; 2, hind limb weakness; 
3, partial hind limb paralysis; 4, Complete hind limb paralysis; 5, mori-
bund state. Animal protocols were approved by the McGill University 
Animal Care Committee. For the treatment of EAE mice, 1 × 106 ex vivo 
GMME3-activated B cells was given on day 10 after MOG-immunization. 
The injection was repeated 7 days later. PBS, naive B cells, GMME3-
activated IL10–/– B cells were used as controls.

Histological analysis. To analyze the extent of inflammation in the CNS, 
mice were perfused with PBS before the removal of spinal cord. For H&E 
staining, sections were fixed, embedded and cut. MCA497R and CD3 were 
used in immunohistology staining for recognizing F4/80+macrophage and 
T cell infiltrate, respectively. Luxol-fast blue was used for the visualization 
of demyelination.

Statistical analysis. P values were calculated by paired Student’s t-test 
(Excel) and significance was defined as P < 0.05. Data are reported as mean 
± SD or SEM as indicated.

SUPPLEMENTARY MATERIAL
Figure S1.  Untreated B cells derived from wild-type C57B/6 failed to 
induce inhibit the disease progression of EAE.
Figure S2.  GMME3 has no proapoptotic capacity.
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