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Abstract

Glatiramer acetate (GA, Copaxone) is a copolymer therapeutic FDA approved for the relapsing-
remitting form of multiple sclerosis. Despite an unclear mechanism of action, studies have shown
that GA promotes protective Th2 immunity and stimulates release of cytokines that suppress
autoimmunity. Here we demonstrate that GA interacts with murine paired immunoglobulin-like
receptor-B (PIR-B) on myeloid-derived suppressor cells (MDSC) and suppresses the STAT1/NF-
xB pathways while promoting IL-10/TGFp cytokine release. In inflammatory bowel disease
models, GA enhanced MDSC-dependent CD4" regulatory T cell (Treg) generation while reducing
proinflammatory cytokine secretion. Human monocyte-derived macrophages responded to GA by
reducing TNFa production and promoting CD163 expression typical of alternative maturation
despite the presence of GM-CSF. Furthermore, GA competitively interacts with leukocyte
immunoglobulin like receptors B (LILRBS), the human orthologs of PIR-B. Because GA limited
pro-inflammatory activation of myeloid cells, therapeutics that target LILRBs represent novel
treatment modalities for autoimmune indications.
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Introduction

GA is an FDA approved peptide-based drug for patients with the relapsing-remitting form of
multiple-sclerosis and ameliorates models of autoimmunity including autoimmune
encephalomyelitis (EAE) (1), colitis (2), and graft-versus-host disease (3, 4). Originally
designed to compete for peptide binding to MHC-II (5, 6), GA was hypothesized to act as a
decoy antigen to promote anergy or tolerance (7, 8). In several studies, GA showed
preferential activation of Th2 lineage, enhanced Teq function, and limited CD8" T cell
effector function (9). Later studies showed that GA directly promotes alternative activation
of monocytes regardless of T cell myelin recognition (10). Thus, GA-induced type Il
monocytes were sufficient to ameliorate outcomes in EAE models. Others demonstrated that
GA inhibited inflammatory cytokine secretion by monocytes and dendritic cells (11-13),
suggesting that GA has therapeutic benefit, in part, by suppressing innate immunity.

Classically activated (M1) macrophages generate a pro-inflammatory response to LPS,
IFNy, and GM-CSF and activate NF-xB, STAT1, and STATS, respectively. Conversely,
alternatively activated (M2) macrophages are immunoregulatory in response to I1L-4, IL-13,
and M-CSF and preferentially activate STAT3 and STAT6 (14). In mice, monocytic Ly6C*
myeloid-derived suppressor cells (MDSC) display similar plasticity and exhibit M1/M2
dichotomy (15). MDSC play important roles in the regulation of the immune response
during infection, malignancy, transplantation, and various immune disorders (16-18). PIR-B
is a murine receptor whose expression is restricted to B cells and myeloid cells. PIR-B binds
MHC-1 as well as angiopoietin-like (ANGPTL) family members (19-21). PIR-B signaling
promotes SHP1/2 phosphatase activity resulting in attenuated cell activation, suppressed
classical immunity, and as we previously showed, the development and function of MDSC
(22). Because GA has been implicated in MHC interactions, we hypothesized that GA may
alter signaling downstream of the PIR-B on MDSC.

Materials and Methods

Reagents and mice

GA (Teva Neuroscience), anti-PIR-A/B (6C1, BD Biosciences) and anti-PIR-B (R&D, Santa
Cruz). GA-FITC was synthesized by desalting GA using Zeba columns (Pierce) followed by
fluorescein isothiocyanate conjugation (Pierce). PHA, anti-Gr-1, anti-CD115, anti-F4/80,
anti-CD11b, and isotype-matched antibodies were purchased from eBioscience. MCA26
(23) and LLC cells (ATCC # CBL-1642) were subcutaneously (sc) implanted in female
BALB/c and C57BL/6 mice, respectively. Wild-type mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). Colonies of HA-TCR transgenic (Tg) mice (24), and PIR-B
deficient mice (22) were established from the mice generously provided by Drs. C. A. Bona
(Icahn School of Medicine at Mount Sinai, New York, NY) and T. Takai (Tohoku University,
Japan). Animals were handled in accordance with the institutional animal guidelines.

Preparation of MDSC

MCAZ26 tumor-bearing BALB/c mice were used to generate murine MDSC /in vivo as
previously described (23). Briefly, mice with tumor sizes greater than 10 x 10 mm? were
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sacrificed and MDSC were enriched from total bone marrow cells by Percoll gradient
centrifugation (GE Healthcare) as previously reported (25). Cells banding at 50-60% were
labeled with anti-CD115 PE (eBioscience) followed by magnetic bead positive selection
using anti-PE microbeads (Miltenyi Biotec). For /n vitro generation of MDSC, mouse bone
marrow cells were cultured with 50 ng/ml GM-CSF and 50 ng/ml I1L-6 for 5 days.

Suppression and Treq induction by MDSC

Suppressive activity of MDSC was assessed in a peptide-mediated proliferation assay of
TCR transgenic T cells (26). Total splenocytes (1x10°) from HA-TCR mice were co-
cultured with serial dilutions of irradiated MDSC in the presence of HA peptide
(M19SFERFEIFPKEL20, Washington Biotec) at 0.5 pg/mL. Proliferation was detected by
[3H]-thymidine incorporation and measured by 1450 Microbeta Trilux liquid scintillation
counter (Wallac). Treg induction assays were performed as described previously (22). Total
splenocytes (4x10%) from HA-TCR mice were co-cultured with irradiated MDSC (1x108) in
the presence of HA peptide and GA (50 pg/ml) where indicated. The percentage of Tyeg Was
assessed using FACSCantoll or FACS Fortessa (BD Biosciences) multiparameter flow
cytometer five days later using fluorochrome-conjugated anti-CD4, anti-CD25, and anti-
Foxp3 antibodies (eBioscience). FACS data were analyzed using FlowJo software (Treestar).

Cytokine detection by enzyme-linked immunosorbent assay (ELISA)

Culture supernatants were collected for measurement of mouse or human cytokines (IL-6,
IL-10, IL-23, IFNy, TNFa, TGFB1, and IL-17A) by Ready-Set-Go ELISA kit (eBioscience)
according to manufacturer’s recommendations.

Immunoprecipitation and immunoblot

MDSC were stimulated with GA for 2 hr, followed by treatment with vehicle, LPS (100 ng/
ml), or IFNy (20 ng/ml) for an additional 30 min. Total cell lysates were prepared for
immunoblotting. p-NF-xB, p-p38, p-STATL, p-SHP1, B-actin, Tubulin (Cell Signaling
Technology), FITC (Thermo Fisher Scientific) and PIR-B (R&D systems) detection
antibodies were used according to manufacturer’s recommendations. For
immunoprecipitation, total cell lysates from CD115* MDSC were incubated with PBS
vehicle control or GA-FITC, followed by anti-FITC antibody detection and protein G bead
pulldown according to manufacturer’s recommendations (Thermo Fisher Scientific). The
precipitates and total lysates were analyzed by immunoblot as previously described (22).

Murine colitis model

Colitis was induced in C57BL/6 mice by feeding plain water or water containing 3.5%
dextran sulfate sodium (DSS) (Sigma-Aldrich) for 7 days and the body weight was followed.
Colitis groups were injected daily with PBS (0.1 ml), GA (150 pg/mouse, subcutaneously),
and 2 adoptive transfers of MDSC (5x10° cells/mouse) on days 1 and 6 where indicated. All
animals were graded daily with observations expressed as a clinical score. The clinical score
was determined by blinded independent analysis of mice. Weight loss of 0%, 1-5%, 5-10%,
10-20%, and >20% received a score of 0, 1, 2, 3, and 4 respectively. For stool consistency,
normal pellets, soft stool, and liquid stool received scores of 0, 2, and 4, respectively.

J Immunol. Author manuscript; available in PMC 2019 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Touw et al.

Page 4

Bleeding from the anus described as absent, present, or gross presence received scores of 0,
2, and 4, respectively. The average of the three scores was used to calculate clinical score.
On day 12, mice were sacrificed and the entire colons were removed. Colon length was
measured and pathology scores were determined from 10% formalin-fixed H&E stained
histology sections. Pathology of the large intestine was scored by blinded independent
analysis. Grade 0 was assigned when no changed were observed; grade 1 indicated minimal
infiltration of the lamina propria and/or milk mucosal hyperplasia; grade 2 indicated mild
infiltration of the lamina propria with extension into the submucosa, focal erosions, mild
hyperplasia and visible mucin depletion; grade 3 indicated mild to moderate infiltration of
the lamina propria and submucosa, transmural ulceration and moderate mucosal hyperplasia
and mucin depletion; grade 4 indicated transmural infiltration with ulceration, increased
hyperplasia and mucin depletion, and multifocal crypt necrosis; grade 5 indicated transmural
infiltration with ulceration, widespread crypt necrosis and loss of intestinal structure and
glands.

Human monocyte isolation and culture

PBMC were isolated from healthy human donor blood buffy coats (New York Blood Center)
by Lymphoprep gradient centrifugation (StemCell Technologies), according to
manufacturer’s instructions. Myeloid cells were positively selected from PBMC using anti-
human CD33 microbeads (Miltenyi Biotec) then cultured in complete RPMI-1640 medium
for 5 days in the presence of GA and 50 ng/mL M-CSF (Peprotech) or 50 ng/mL GM-CSF
(Peprotech) where indicated. Five days later, viable cells were analyzed by flow cytometry
using anti-CD33, anti-CD14, anti-CD16, anti-CD163, anti-CD206, anti-CD86, and isotype-
control matched antibodies (eBioscience). An aliquot of the 5-day culture was restimulated
with LPS (Sigma-Aldrich) at 50 ng/mL for 16 hours followed by ELISA analysis of the
supernatant.

2B4 reporter cell-based assays

2B4 cells expressing NFAT-GFP and DAP12 transgenes were a gift from Hisashi Arase.
Primers containing an in-frame Xhol restriction site flanking the extracellular domain of
LILRB1, LILRBZ2, LILRBS3, and LILRB4 genes were used for PCR amplification from
cDNA plasmids (GE Dharmacon). LILRB extracellular domain was cloned into pMXs-puro
retroviral vector (gift from Hisashi Arase) containing an N-terminal SLAM signal peptide
and C-terminal murine PILR transmembrane domain separated by Xhol cloning site. pMXs-
puro LILRB1, LILRB2, LILRB3, LILRB4 retroviral constructs were generated by Xhol
(New England Biolabs) digestion of PCR fragment and Xhol + calf intestinal phosphatase
(New England Biolabs) digestion of pMXs-puro vector. DNA fragments were PCR purified
or gel extraction purified (Qiagen) followed by T4 DNA Ligase (New England Biolabs)
ligation and transformation into DH5alpha competent cells (Life Technologies) according to
manufacturers’ recommendations. pMXs-puro LILRB transduced 293 MMLYV packaging
cell lines were used to generate infectious virus to transduce 2B4 cells over 48 hours.
Positive transduced cells were isolated using PE-conjugated anti-LILRB1, anti-LILRB2,
anti-LILRB3, and anti-LILRB4 (eBioscience) labeled cells followed by FACS sorting (BD
FACSAria). Non-transduced, LILRB1, LILRB2, and LILRB3 transduced 2B4 reporter cells
were stimulated with anti-CD3 (eBioscience), anti-LILRB1 (R&D Systems), anti-LILRB2

J Immunol. Author manuscript; available in PMC 2019 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Touw et al.

Page 5

(BioLegend), or anti-LILRB3 (R&D Systems). LILRB4 antibody (9F4) was internally
developed by hybridoma cloning following LILRB4 immunization of mice. Antibodies were
coated onto 96-well tissue culture plates and cells were stimulated 16 hours in the presence
of GA followed by measurement of GFP by flow cytometry.

Statistical analysis

Results

Statistical analyses were performed using Student’s T-test. The results are presented as mean
+ SD. A P value of < 0.05 was considered to be statistically significant.

GA reduces proinflammatory responses on MDSC through binding to PIR-B

Because GA was previously shown to limit TNFa and IL-12 release in innate immune cells,
we investigated whether GA suppresses M1-like MDSC maturation. Monocytic MDSC
isolated from wild-type tumor-bearing mice were stimulated ex vivo in the presence of IFNy
or LPS. 2 hours of GA pretreatment was sufficient to suppress STAT1, p38, and NF-xB
phosphorylation (Fig. 1A). GA suppressed LPS-induced TNFa and IL-6 production while
enhancing IL-10 and TGFp regulatory cytokines (Fig. 1B). We previously showed that PIR-
B modulates MDSC polarization by inhibiting LPS and IFNy mediated activation of
MAPK, NF-xB, and STAT1 (22). Because GA variably binds murine MHC-1 and MHC-II
(6), we hypothesized that GA may alter myeloid cell activation by modulating PIR-B
signaling. PIR-B deficiency skews MDSC maturation to an M1 phenotype by enhancing
TNFa secretion while lowering IL-10 (22). We observed that ex vivo GA-treated wild-type
(WT) MDSC produced less TNFa and more IL-10; no significant change in cytokine levels
was observed in GA-treated PIR-B~/~ MDSC (Fig. 1C) and, GA treatment did not alter
expression of co-stimulatory or inhibitory receptors (data not shown). To determine whether
GA altered the myeloid cell phenotype by binding PIR-B, we analyzed interactions between
GA and PIR-B. FITC-conjugated GA specifically stained WT MDSC, similarly to anti-PIR-
B or FLAG-tagged recombinant Angiopoietin-like 2 (ANGPTL2), a natural ligand of PIR-B
(21). Unconjugated GA blocked this interaction in WT but not PIR-B™'~ MDSC (Fig. 1D).
The interaction of GA with PIR-B was further confirmed by co-immunoprecipitation. Anti-
FITC magnetic beads bound to FITC-conjugated GA pulled down PIR-B from WT MDSC
lysates (Fig. 1E). PIR-B contains multiple cytoplasmic ITIM motifs known to associate with
SHP-1 (27). Immunoblotting for phosphorylated SHP-1 (Y564) on anti-PIR-B
immunoprecipitated WT MDSC lysates demonstrated acute activation of SHP-1 on PIR-B in
response to GA, but not from PIR-B~~ MDSC lysate (Fig. 1F). We concluded that GA binds
PIR-B on MDSC to inhibit classical activation of proinflammatory cytokine release.

GA promotes MDSC-induced Treg expansion

Multiple pathways including inhibition of T cell activation and induction of T,y have been
proposed to explain how MDSC with M2-like properties suppress adaptive immunity (16).
We ascertained whether GA treatment alters an effect of MDSC on T cell maturation and
activation. To study antigen-specific T cell responses, we stimulated splenocytes from mice
expressing a HA-specific transgenic T cell receptor (TCR) on CD4" T cells with HA peptide
in the presence of MDSC. MDSC-mediated suppression of T cell proliferation was
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unaffected by the presence of GA (Fig. 2A), but GA further promoted MDSC-dependent
CD25"Foxp3™* Treg conversion (Fig. 2B). We also found that GA had no influence on
MDSC-mediated T cell suppression when PIRB KO MDSCs were cocultured with total
splenocytes (Fig. S1A). Analyses of cytokine profiles indicated that MDSC and GA both
contributed to reduction of IL-17 (Fig. 2C). In the presence of MDSC, GA specifically
enhanced IL-10 and TGF while reducing IL-23 and IL-6 (Fig. 2D), thus favoring
conditions that suppress Th17 maturation but enhance Tyeq induction. We conclude that the
Treg-promoting properties of GA result, in part, from altered cytokine release from innate
immune cells. These findings also provide a potential mechanism for how GA ameliorates
MS.

GA ameliorates DSS-induced colitis by sustaining M2 functional MDSC

We next assessed the therapeutic efficacy of administering GA in combination with MDSC.
Mice given DSS-supplemented water develop acute colitis and GA treatment can ameliorate
symptoms (28). Adoptive transfer of MDSC significantly decreased disease onset and GA
treatment in combination with MDSC achieved the best efficacy in suppressing the
development of IBD (Fig. 3A). Similar observations were made when assessing treatment
efficacy based on colon length (Fig. 3B) and pathological scores (Fig. 3C, Fig. S2A).
Furthermore, we found that mice treated with MDSC+GA had significantly higher TGFp
and IL-10, and significantly lower IFN-y and IL-17A in the colon when compared to
untreated DSS IBD mice (Fig. S2B). Cells isolated from the mesenteric lymph nodes of day
12 DSS IBD mice were analyzed for their reactivity ex vivo. Upon restimulation with PHA,
T cell proliferation was decreased in mice treated with MDSC and further decreased when
combined with GA compared to the control group (Fig. 3D). Mice treated with MDSC had a
higher percentage of CD4*CD25*FoxP3" T g in mesenteric lymph nodes. This effect was
enhanced by treatment with GA (Fig. 3E). The results suggest that GA helps to sustain an
M2-functional like MDSC to ameliorate IBD.

In order to confirm whether PIR-B is necessary for the therapeutic efficacy of GA in
combination with MDSC, PIR-B KO MDSCs were transferred to mice during DSS
administration. Adoptive transfer of PIR-B KO MDSC with GA exhibited no suppressive
efficacy on the development of IBD (Fig. 3F and G, Fig. S3). Rather, PIR-B KO MDSC
transfer induced slightly more severe IBD development with reducing the body weight and
shorter colon length (Fig. 3F and G, Fig. S3). Further, T cell proliferation was not decreased
in mice treated with PIR-B KO MDSC whereas WT MDSC treatment significantly
decreased T cell proliferation (Fig. 3H). Thus, these results indicate that PIR-B is required
for GA to sustain an M2-like phenotype in MDSCs and to ameliorate IBD.

GA controls inflammatory responses in human myeloid cells and binds to human
orthologs of PIR-B

To determine if GA exerts a similar mechanism of action in human myeloid cells, we
stimulated CD33* human monocytes from healthy donors (n=16) in the presence of LPS and
GA. TNFa secretion was suppressed while TGFp was enhanced (Fig. 4A), suggesting that
GA treatment could dampen the monocyte proinflammatory response. However, monocyte-
released IL-10 was not significantly enhanced in contrast to murine MDSC. To determine if
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GA had more potent activity in suppressing inflammation from M1-skewed human
macrophages; monocyte-derived macrophages (MDM) were generated by culturing human
monocytes with GM-CSF and GA for 5 days, where indicated. In response to LPS
restimulation, GA potently inhibited TNFa secretion in M1-like MDM (Fig. 4B). Levels of
detectable IL-10 were unchanged in response to GA (data not shown).

CD163, a scavenger receptor for the hemoglobin-haptoglobin complex, is expressed on
subsets of myeloid cells and macrophages. Its expression on the cell surface is correlated
with anti-inflammatory responses and is an indicator of poor prognosis in a variety of
cancers (29, 30). CD163 surface expression is enhanced in the presence of M-CSF, IL-6,
IL-10, and in response to glucocorticoids (31). Meanwhile, inflammatory signals including
GM-CSF, LPS, IFNy, and TNFa inhibit CD163. Despite the presence of GM-CSF in 5-day
monocyte-derived-macrophage cultures, GA rescued CD163 expression in some donors at
various concentrations (Fig. 4C, Fig. S4A). Expression of CD16 also correlated with CD163
in response to GA. Varying dose-dependent expression of CD163 may be due to donor-
specific responsiveness to GA. Based on murine data with PIR-B, we further determined if
GA could functionally bind to human orthologs of PIR-B. Unlike mice, humans express five
receptors (LILRB1, LILRB2, LILRB3, LILRB4, and LILRB5) that are functionally related
to, but distinct from mouse PIR-B. Like PIR-B, LILRB1 and LILRB2 recognize human
MHC-I (32) and ANGPTL family members (21) whereas LILRB3 and LILRB4 ligand
binding remains poorly defined. To determine if GA interacts with LILRBs, we utilized the
2B4 NFAT-GFP reporter assay originally described in studies of the structurally related NK
cell receptors (33) and subsequently adapted to study LILRB receptor activation. Crosslink
activation of the LILRB extracellular domain stimulates DAP12-dependent calcium flux
leading to NFAT-dependent GFP transcription. We generated LILRB1, LILRB2, LILRB3,
and LILRB4 specific NFAT-GFP reporter cell lines to determine if GA could alter receptor
crosslink-dependent activation. Plate-bound antibodies to LILRB1, LILRB2, LILRB3, and
LILRB4 were able to activate NFAT-GFP in a dose-dependent manner (Fig. S4B).
Interestingly, soluble GA competed with LILRB2 and LILRB3 and inhibited antibody-
dependent crosslink activation, also in a dose-dependent manner (Fig. 4D-E). LILRB1 and
LILRB4 activation was not significantly altered in response to GA as compared to the
parental cell line positive control (TCR stimulation). Our data suggest that a peptide
component of GA is capable of competing with antibodies for LILRB2 and LILRB3
binding.

Discussion

We have identified that murine PIR-B and human orthologs LILRB2 and LILRB3 are novel
targets for GA, an FDA-approved immunotherapeutic that suppresses classical activation of
monocytes and promotes M2-like monocytic MDSC populations. LILRB and PIR-B have
been well known to regulate maturation and to suppress activation of myeloid cells including
MDSC, macrophages, mast cells, neutrophils, dendritic cells, and B cells (34, 35). LILRB
and PIR-B are ITIM-containing receptors. ITIM-containing receptors have been known to
bind to 3 groups of ligands; membrane-bound proteins, including MHC class | or HLA class
I, extracellular matrix proteins, and soluble proteins such as FcyRIIB (35). PIR-B and
LILRB2 have known ligands including MHC class I, Angptls, -amyloid, myelin inhibitors,
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and CD1d. No ligands have been identified for LILRB3 (35). GA has been known to
associate with MHC class I molecules and compete with myelin antigens (9, 36). However,
studies indicated that antagonism of MHC class Il might not be the primary mechanism of
GA (9, 37). We found that GA can be associated with PIR-B and its human orthologs
LILRB2 and LILRB3 (Fig. 1E) not only identifying a potential new ligand for PIR-B/
LILRB but also a novel mechanism of GA in the immune system.

GA has been shown to reduce inflammatory cytokine production and M1-like maturation.
GA reduced CD40, CD86 and IL-12 expression while enhancing expansion of
CD14*CD16* cells in PBMC from multiple sclerosis patients (38). Further, GA attenuated
TNF-a-induced IRF-1 upregulation and NO production through inhibition of STAT1
activation (39). Consistent with the reported immunosuppressive effects on myeloid cell
populations, we show that GA attenuates TNF-a and IL-6 release while enhancing TGFp
and IL-10 secretion in murine MDSC. GA treatment further correlated with enhanced SHP-1
phosphorylation of PIR-B, a mechanism we previously showed to promote MDSC M2-like
maturation (22). GA promoted MDSC-dependent Treg generation and significantly
enhanced the therapeutic effect of MDSC in murine colitis models. The /n vivotolerogenic
effect of GA-treated MDSCs might be due to both functional changes in MDSC, as well as,
GA-treated MDSC-mediated Treg induction. MDSCs and Treg are major cells having
immunosuppressive function. The immunosuppressive function of MDSCs in IBD is well
known. PMN-MDSC are accumulated in murine colitis models as well as in the peripheral
blood of IBD patients suggesting their critical roles in IBD (40). However, the roles of
MDSCs in IBD models is quite controversial since they can also function as pro-
inflammatory myeloid cells. One of the reasons for the contradictory roles of MDSCs is
related to IL-17 production (41). Th17 cells have pathogenic effects in intestinal
inflammation (41, 42). In our study, we found that MDSCs reduced IL-17 production and
GA enhanced MDSCs-mediated reduction of IL-17 production while increasing Treg
expansion. Patients with IBD have been found to harbor reduced peripheral Treg cells (43).
Treg cells can suppress inflammatory responses by inhibiting Th17 responses through
regulation of TGF-B (44,45). Thus, Treg cells are a promising target to treat intestinal
inflammation including Crohn’s disease and IBD (45). Since current drug therapies are
unable to maintain long-term remission, GA will be a good candidate for clinical therapy in
intestinal inflammatory diseases. We performed similar studies on human monocytes and
MDM cultures and found that GA acutely suppressed TNF-a secretion. Interestingly, the
efficacy of CD16 and CD163 upregulation by GA differed between donors, which is not
surprising given the varying efficacies seen in MS patients. These human data suggest that
GA can promote alternative macrophage activation. We provide further evidence to support
the interaction between GA and human LILRB2 and LILRB3. Regulation or activation of
the LILRB family of receptors may be responsible for GA-dependent alternative activation
in human monocytes and macrophages. We suggest further investigation in this area to
explore the use of LILRB-targeted interventions on human myeloid populations to improve
upon the immunoregulatory changes observed in macrophage maturation in response to GA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GA restricts classical activation in MDSC viainteraction with PIR-B
(A) WT MDSC treated with GA (5 pg/ml) for 2 hours were stimulated with LPS (100

ng/mL) or IFN-y (20 ng/mL) for 30 min. Immunoblot of lysates detected the
phosphorylation of NF-xB, p38 and STAT1. (B) WT MDSC were incubated with GA in the
absence or presence of LPS (100 ng/mL) for 30 hours. Secreted TNFa, IL-6, IL-10, and
TGFp were quantified by ELISA. (C) CD115* MDSC from LLC tumor-bearing wild-type
(WT) or PIR-B~/~ hosts were incubated in the absence (white bars) or presence of GA (gray
bars) for 24 hours. Secreted TNFa and IL-10 were measured by ELISA. Data (b-c)
represent mean = s.d. (*, p<0.05; **, p<0.005; ***, p<0.0005; calculated by student’s t-test)
(D) MDSC isolated from WT or PIR-B KO hosts were pre-incubated in the absence (blue
line) or presence of GA (red line), washed with cold PBS, and stained for surface PIR-B,
GA-FITC, or ANGPTL2-FLAG. FACS data are gated on FSC-A, SSC-A, FSC-W, and
DAPI- cells. Histogram data are overlaid FACS staining controls (gray filled). (E) Lysates
from WT splenocytes incubated with GA or GA-FITC were immunoprecipitated using anti-
FITC antibody capture. Precipitates were separated by SDS-PAGE followed by western blot
using indicated antibodies. (F) WT and PIR-B KO MDSC were treated with GA at time 0,
10, and 30 minutes followed by anti-PIR-B immunoprecipitation. Precipitate was separated
by SDS-PAGE followed by probing for phosphorylated SHP-1 and anti-PIR-B.
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Figure 2. GA enhances MDSC-mediated Tyeg induction
(A) Splenocytes from CD4 HA-TCR Tg mice (SPL) were co-cultured with HA peptide and

indicated ratios of MDSC purified from MCAZ26-bearing BALB/c mice in the absence
(white bars) or presence of GA (5 ug/ml) (black bars). T cell proliferation was assessed by
[3H]-Thymidine incorporation. (B) SPL were cultured with HA peptide. Where indicated,
MDSC were co-cultured at a ratio of 4:1 in the presence or absence of GA. Splenocyte
(SPL) cultures were stained for CD4*CD25"Foxp3* Tyeq cells after five days. FACS data are
gated on FSC-A, SSC-A, FSC-W, DAPI-, CD3*CD4" cells. (C) Secreted IL-17A from
cultures in (B) was determined by ELISA. (D) Purified MDSC were stimulated with GA for
24 hours. Secreted 1L-10, TGFp, IL-6, and IL-23 were quantified by ELISA. Data (C-D)
represent mean + s.d. (*, p<0.05; **, p<0.01; calculated by student’s t-test)
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Figure 3. GA enhances M DSC-dependent suppression of DSS-induced colitis
(A) C57BL/6 mice were fed with water containing 3% DSS from day 0 to day 7 to induce

colitis. Mice receiving GA were administered a daily injection from day 1 to day 12. Mice
receiving MDSC were given intravenous adoptive transfer of MDSC on days 1 and 6.
Clinical scores determining the severity of colitis were determined based on stool
consistency, rectal bleeding, and weight loss. The data represent the mean changes in clinical
scores for each group (5-8 mice per group) from 3 separate experiments. (B) Mice from (A)
were sacrificed on day 12 and colon length measured. (C) Colons from (b) were fixed and
prepared for H&E staining. Inflammation and tissue infiltration were graded blindly for
pathological score. (D) MLN cells from the mice in (A) were isolated and re-stimulated with
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vehicle or PHA. [3H]-Thymidine incorporation was used to measure T cell proliferation. (E)
MLN cells from the mice in (A) were stained for CD4, CD25, and Foxp3 to detect Tyeg.
FACS data are gated on FSC-A, SSC-A, FSC-W, DAPI-, CD3*CD4* cells. Representative
dot plots of the MLN cells are shown. (F) C57BL/6 mice were fed water containing 2% DSS
from day O to day 7 to induce colitis. Mice receiving GA were administered daily injections
on days 1 to 9. Mice receiving MDSC were given intravenous adoptive transfer of WT or
PIRB KO MDSC on days 1 and 4. Body weight was determined every day. (G) Mice from
(F) were sacrificed on day 9 and colon length was measured. (H) MLN cells from the mice
in (A) were isolated and cultured for 3 days. [3H]-Thymidine incorporation was used to
measure T cell proliferation. Data represent mean + s.d. (*, p<0.05; **, p<0.01; ***
p<0.001, **** p<0.0001, calculated by student’s t-test)
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Figure 4. GA inhibits monocyte classical activation via LILRB2/B3 receptor interaction
(A) Human monocytes from healthy donors (n = 16) were stimulated with LPS in the

presence of vehicle or GA for 16 hours. Secreted TNFa was measured by ELISA. Data

represent paired data for individual donors. (*, p<0.05; **, p<0.005

; calculated by paired t-

test). (B) Human monocytes were matured in the presence of GM-CSF with titrated GA for
5 days. Macrophages were stimulated with LPS for 16 hours and supernatant analyzed for
TNFa release by ELISA. M-CSF matured macrophages from the same donor stimulated
with LPS are shown as a control. (C) Expression of CD163 and CD16 from 5-day human
monocyte-derived macrophage maturation in the presence of GM-CSF with titrated GA.

Each line represents a different donor. (D) 2B4 NFAT-GFP reporter

cells stable transduced

with LILRB1, LILRB2, LILRB3, or LILRB4 were crosslink activated using LILRB-specific

plate-bound antibodies at the ECg for NFAT-GFP activation. Cells

were stimulated in the

presence of GA for 16 hours followed by flow cytometry to assess reporter GFP intensity.
(E) NFAT-GFP MFI expression from 2B4 reporter cells from (D) are unstimulated (gray
filled), stimulated in the presence of vehicle control (black line) or 100 pg/mL GA (red line).

FACS data are gated on FSC-A, SSC-A, FSC-W, DAPI- cells.
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