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Abstract

Tumor cells respond to IFNγ of activated T cells to up-regulate PD-L1 in the tumor 

microenvironment as an adaptive immune resistance mechanism. Tumor cells also express 

oncogene-driven PD-L1. PD-L1 is also expressed on myeloid-derived suppressor cells (MDSCs). 

It is known that both type I and II interferons up-regulate PD-L1 expression in MDSCs. However, 

the molecular mechanism underlying PD-L1 expression in MDSCs is still largely unknown. We 

report here that MDSCs exhibit constitutive STAT1 phosphorylation in vitro without exogenous 

interferons, indicating a constitutive active JAK-STAT signaling pathway in mouse MDSCs in 
vitro. Furthermore, IFNα and IFNβ, but not IFNγ, are endogenously expressed in MDSC cell line 

in vitro and in tumor-induced MDSCs in vivo. Neutralizing type I interferon or inhibiting the JAK-

STAT signaling pathway significantly decreased constitutive PD-L1 expression in MDSCs in vitro. 

However, neither IFNα expression level nor IFNβ expression level is correlated with PD-L1 

expression level in MDSCs, instead, the level of IFNAR1 is correlated with PD-L1 expression 

levels in MDSCs. Consequently, knocking out IFNAR1 in mice diminished PD-L1 expression in 

tumor-induced MDSCs. Therefore, we determined that: 1) PD-L1 expression in MDSCs is 

activated by type I interferon through an autocrine manner; and 2) the expression level of PD-L1 is 

controlled at least in part by the IFNAR1 level on MDSCs. Our data indicate that MDSCs may 

maintain its PD-L1 expression via autocrine type I interferon to exert its suppressive activity in the 

absence of IFNγ from the suppressed T cells in the tumor microenvironment.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature 

myeloid cells that are defined in mice as Gr-1+CD11b+ cells which can be further classified 

as CD11b+Ly6G+Ly6Clo polymorphonuclear MDSCs (PMN-MDSCs) and CD11b+Ly6G
−Ly6Chi M-monocytic MDSCs (M-MDSCs) (1). MDSCs are induced by inflammation 

conditions and often massively accumulate in the lymphoid organs and tumors (2). It is well-

known that MDSCs act as major regulators of immune responses in cancer and under other 

pathological conditions. In tumor-bearing mice and human cancer patients, MDSCs function 

as potent immune suppressive cells that inhibit T and NK cell functions to promote tumor 

progression (3–5). MDSCs are therefore important mediators of tumor immune tolerance 

and are considered as key targets in cancer immunotherapy (6).

MDSCs exhibit their immune suppressive functions against T cells and NK cells in a 

nonspecific or antigen-specific way through multiple mechanisms (7, 8). Certain subsets of 

MDSCs express high levels of arginase I (Arg) and cationic amino acid transporter 2B, 

which allowed MDSCs to rapidly incorporate and hydrolyze L-arginine, and therefore 

depleting extracellular L-arginine. L-arginine depletion induces loss of CD3-ζ chain in T 

cells, T cell cycle arrest, decreases cytokine production, resulting in T cell apoptosis and 

depletion (8, 9). MDSCs, also express high level of inducible form of nitric oxide synthase 

(iNOS) which produces reactive nitrogen oxide species such as peroxynitrite. Peroxynitrite 

can nitrotyrosylate key T cell receptor (TCR) signaling proteins to inhibit activation-induced 

protein tyrosine phosphorylation and prime T cells to undergo apoptosis (10). More recently, 

it has been shown that PMN-MDSCs-produced peroxynitrite nitrates TCR and CD8 

molecules, which leads to conformational changes in the TCR-CD3 complex to diminish the 

physical interactions between CD8 and TCR, therein disrupting T cell signaling and 

rendering them unresponsive to antigen-specific stimulation (11). In addition, it has also 

been shown that M-MDSCs express high level of iNOS to mediate nitration of STAT1 to 

block IFNγ signaling pathway, a key component of the host T cell cancer immune 

surveillance system (12). Therefore, MDSCs exert their immune suppressive functions 

through the synergistic ARG and iNOS functions to suppress T cell function. Unlike in T 

cells, MDSCs suppress NK cell function through an arginase-independent mechanism. 

MDSCs inhibit autologous NK cell cytotoxicity and cytokine secretion depends mainly on 

the NKp30 receptor on NK cells in a cell contact-dependent manner (5).

Programmed death-ligand 1 (PD-L1, also known as CD274 or B7-H1) is the physiological 

ligand of co-inhibitory receptor programmed death-1 (PD-1) that is expressed on activated T 

cells. PD-L1 binding to PD-1 activates phosphatase SHP2 that dephosphorylates TCR-

associated T cell activation mediators and co-stimulatory receptor CD28 to inhibit T cell 

activation to control autoimmunity under physiological conditions (13). Tumor cells hijack 

this immune checkpoint inhibitor mechanism to express PD-L1 to suppress the tumor-

reactive T cells to evade cancer immune surveillance. Tumor cells not only express PD-L1 

on their own surface but also induce PD-L1 expression on MDSCs (14). Although it is 

clearly tumor type-dependent (15), PD-L1 is also expressed on MDSCs and its expression 

level is significantly elevated with tumor progression in both human cancer patients and 

tumor-bearing mice (16–20). Emerging evidence suggests that, in addition to ARG, iNOS 
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and other factors, PD-L1 also contributes to the immune suppressive activity of MDSCs in 

the hypoxia tumor microenvironment (14, 21). Therefore, MDSCs might use expression of 

PD-L1 as another mechanism to suppress T cell function in the tumor microenvironment.

The expression regulation of PD-L1 in tumor cells has been extensively studied. It has been 

well-established that PD-L1 is constitutively expressed in tumor cells by oncogenic factors 

such as AKT, STAT3 and EGFR (22–24). Besides the constitutive activation of PD-L1 

expression by tumor cell intrinsic signals, PD-L1 expression can also be induced by extrinsic 

signals, primarily by activated T cell-produced IFNγ in the tumor microenvironment (25–

27). PD-L1 is expressed on MDSCs (16–18), but the underlying mechanism of PD-L1 in 

MDSCs is largely unknown. We made use of complementary in vitro and in vivo MDSC 

models and aimed at elucidating the molecular mechanisms underlying PD-L1 expression 

regulation in MDSCs.

Materials and Methods

Cell lines and reagents

The murine colon carcinoma cell lines CT26 and MC38 were obtained from American Type 

Culture Collection (ATCC, Manassas, VA). The mammary carcinoma cell line AT3 was 

provided by Dr. Scott Abrams (28) Murine myeloid cell line J774M was generated as 

previously described (29). All cells are routinely tested for mycoplasma and all cells used in 

this study are mycoplasma-free. Ruxolitinib was obtained from LC Laboratories (Woburn, 

MA). Recombinant IFNα, IFNβ, GM-CSF, Biotin-anti-CD3 (17A2), Biotin-anti-CD11b 

(M1/70), and anti-IFNAR1 neutralizing mAb were obtained from Biolegend (San Diego, 

CA). Neutralizing anti-PD-L1 mAb (10F.9G2), Anti-CD3 (145–2C11) and anti-CD28 

(37.51) coating mAbs were obtained from Bio X Cell (West Lebanon, NH).

Mice

Six to eight weeks old female BALB/c, C57BL/6, and IFNAR1-KO mice were obtained 

from The Jackson Laboratory (Bar Harbor, ME). Mice were inoculated subcutaneously in 

the right unilateral flank with 2.5×105 tumor cells suspended in Hanks’s Buffered Saline 

Solution (HBSS). Tumor tissues were collected from tumor-bearing mice and digested with 

collagenase solution (1 mg/ml collagenase, 0.1 mg/ml hyaluronidase, and 30 U/ml DNase I). 

Cell digests were filtered through a 100 μM cell strainer and analyzed by flow cytometry. 

All animal studies were performed in compliance with protocols approved by the Augusta 

University Institutional Animal Care and Use Committee.

Induction of BM-derived MDSCs

About 80% confluent tumor cells were seeded in culture plates and cultured for 24 hours. 

Cell culture medium was collected and cleared by centrifugation. Bone marrow cells (5 × 

105 cells/ml) were cultured with RPMI 1640 medium containing 10% (v/v) fetal calf serum, 

and supplemented with either 20 ng/ml recombinant mouse GM-CSF or 50% (v/v) of tumor 

cell-conditioned medium for 4 days.
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Flow Cytometry

Cells were incubated with fluorescence-conjugated antibodies diluted in FACS buffer (2% 

BSA in PBS buffer) on ice for 15 min. After washing, cells were acquired using BD LSR II 

or BD Accri™ C6 Flow Cytometers (BD Biosciences). Monoclonal antibodies used for cell 

surface staining were:FITC-anti-CD11b (M1/70), PE-anti-Gr1 (RB6-8C5), APC-anti-PDL1 

(10F.9G2), APC-anti-IFNAR1(MAR1-5A3), PE-anti-Ly6G (1A8), PerCP-Cy5.5-anti-Ly6C 

(HK1.4), PE-anti-CD4 (RM4-5), APC-anti-CD8 (53-6.7), and APC-rat IgG2a, κ 
(RTK2758) and APC-Mouse IgG1, κ (MOPC-21) isotype controls (BioLegend, San Diego, 

CA). Data were analyzed using FlowJo V10 software. Dead cells were excluded by 7AAD 

or DAPI staining. Graphing and statistical analysis were performed using GraphPad Prism 6.

Cell sorting

Murine splenocytes and BM-derived MDSCs were stained with CD11b- and Gr1-specific 

mAbs (BioLegend). Stained cells were sorted using a BD FACSAria II SORP or a Beckman 

Coulter MoFlo XDP cell sorter to isolate myeloid cell subsets.

Immunosuppression assay

Naive CD3+ T cells were isolated from the spleens of BALB/c or C57BL/6 mice with 

MojoSort™ mouse CD3 T Cell Isolation Kit (BioLegend), and >95% purity was confirmed 

by flow cytometry. Mixture of CFSE-labeled CD3+ T cells and different amounts of MDSCs 

were seeded into 96-well flat-bottom plates pre-coated with anti-CD3 mAb (8 μg/ml, clone 

145-2C11) with or without anti-CD28 mAb (10 μg/ml, clone 37.51) and cultured for 3 days 

under normoxia or hypoxia (1% pO2 with 5% CO2, Laboratory Products INC., MI). In some 

case, naïve CD3+ T cells and MDSCs were pre-bond with anti-CD3-Biotin (50 μg/ml, 17A2, 

BioLegend) and anti-CD11b-Biotin (50 μg/ml, M1/70, BioLegend) antibodies, respectively. 

After wash, mixed cells and added MojoSort™ Strptavidin Nanobeads (10 μL for 1 × 107 

cells, BioLegend) to promote the cell-cell contact, and cultured as above. Proliferation of 

CD4+ or CD8+ T cells were analyzed by measuring CFSE intensity by flow cytometry.

Western Blotting analysis

Total cell lysates were prepared in lysis buffer (20 mM Hepes, pH 7.4, 20 mM NaCl, 10% 

Glycerol, and 1% Triton X-100) and protease and phosphatase inhibitor cocktails 

(CalBiochem). Blots were probed with antibodies that are specific for p-STAT1 (Y701, BD 

Biosciences), STAT1 (BD Biosciences), STAT2 (Santa Cruz), STAT3 (BD Biosciences), 

STAT4 (Santa Cruz), STAT5 (BD Biosciences), STAT6 (BD Biosciences), GAPDH (Santa 

Cruz), and β-actin (sigma).

IFNβ protein measurement

Cell culture medium was collected and analyzed for IFNβ protein levels using multiplex 

mouse inflammation panel (LEGENDplex, Biolegend) as per manufacturer’s instructions. 

Data were collected on FACS Calibur two laser flow cytometer (Beckton Dickinson) and 

analyzed using LEGENDplex Data Analysis Software (Biolegend).
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RNA extraction and regular or quantitative RT-PCR

Cells were lysed in TRIzol (Life Technologies) to isolate total RNA. cDNA was generated 

using the SuperScript III first-strand synthesis system (Invitrogen). Real-time PCR was 

performed with the PowerUp SYBR™ Green Master Mix (Applied Biosystems) in the 

StepOne Plus Real-time PCR System (Applied Biosystems) using standard conditions and 

the following primer pairs: IFN-α forward: 5′-CTGAAGGACAGGAAGGACTTTGG-3′, 

reverse: 5′-CTGCTGGTGGAGGTCATTGC-3′; IFNβ forward: 5′-

CTGCGTTCCTGCTGTGCTTC-3′, reverse: 5′-TCTTCTCCGTCATCTCCATAGGG-3′; 

IFNγ forward: 5′-CCATCAGCAACAACATAAGCGTC-3′, reverse: 5′-

TCTCTTCCCCACCCCGAATCAGCAG-3′; and RPL13a forward: 5′-

AAGTTTGCTTACCTGGGGCGTCTG-3′, reverse: 5′-

ATCTGCTTCTTCTTCCGATAGTGC-3′. Samples were normalized to RPL13a and the 

relative expression of IFNs was determined using the comparative cycle threshold (CT) 

method (i.e., 2−ΔΔCT).

Statistical Analysis

Data are expressed as mean ± SD. Statistical analysis was performed using ANOVA and 

paired Student’s t-test.

Results

PD-L1 expression patterns in MDSCs in vitro and in vivo

To determine PD-L1 expression patterns in MDSCs, we first analyzed BM-derived MDSCs. 

PD-L1 is extensively expressed on CD11b+Gr1+ MDSCs (Fig. 1A & B). Further analysis of 

subsets of MDSCs revealed that PD-L1 expression levels are higher on CD11b+Ly6G
−Ly6Chi M-MDSCs than on CD11b+Ly6G+Ly6Clo PMN-MDSCs (Fig. 1A & E). Similar 

PD-L1 expression patterns were observed in general MDSCs, M-MDSCs and PMN-MDSCs 

that are induced by the AT3 mammary carcinoma cell-conditioned medium (Fig. 1B & E). 

To determine whether this PD-L1 expression pattern can be extended to in vivo tumor-

infiltrating MDSCs, we made use of mammary and colon carcinoma mouse models. In the 

AT3 mammary carcinoma tumor-bearing mice, PD-L1 is highly expressed on CD11b+Gr1+ 

general MDSCs (Fig. 1C). However, in contrast to what was observed on in vitro AT3 tumor 

cell-conditioned medium-induced MDSCs, PMN-MDSCs expressed significantly higher 

PD-L1 than M-MDSCs (Fig. 1C & E). Similar to AT3 tumor-bearing mice, MDSCs from 

colon carcinoma CT26 tumor-bearing mice express PD-L1 (Fig. 1C). However, in contrast 

to MDSCs of AT3 tumor-bearing mice, PD-L1 expression level on M-MDSCs is 

significantly higher than that on PMN-MDSCs (Fig. 1E). To further validate this finding, 

colon carcinoma MC38 tumor-bearing mice were analyzed for PD-L1 expression on 

MDSCs. PD-L1 is expressed on general MDSCs from MC38 tumor-bearing mice (Fig. 1D). 

Like in CT26 tumor-bearing mice, M-MDSCs express significantly higher level of PD-L1 

than PMN-MDSCs (Fig. 1E). J774M is a CD11b+Gr1+ MDSC-like cell line (29) and are 

PD-L1+ (Fig. 1F). These observations indicate that MDSCs widely express PD-L1 both in 
vitro and in vivo, however, PD-L1 expression levels on PMN-MDSCs and M-MDSCs are 

tumor type-dependent and are different between in vitro BM-derived MDSCs and MDSCs 

from tumor-bearing mice in vivo.
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PD-L1+ MDSCs exhibit greater immune suppressive activity than PD-L1− MDSCs

MDSCs suppress T cell activation through multiple mechanisms. It has been shown that 

blockade of PD-L1 under hypoxia abrogates the suppressive activity of MDSCs against T 

cell activation (21). We next sought to determine the immune suppressive activity of PD-L1+ 

and PD-L1− MDSCs. CD11b+Gr1+ BM-derived MDSCs were sorted into PD-L1+ and PD-

L1− MDSCs and co-cultured with CFSE-labeled CD3+ T cells in anti-CD3 and anti-CD28-

coated plates under hypoxia. Analysis of T cell proliferation revealed that PD-L1+ MDSCs 

have significantly greater suppressive activity against CD4+ (Fig. 2A & B) and CD8+ (Fig. 

2A & C) T cell activation and proliferation (Fig. 2G). Similarly, PD-L1+ MDSCs from AT3 

tumor cell-conditioned medium also exhibited significantly higher inhibitory activity to 

suppress both CD4+ (Fig. 2D & E) and CD8+ (Fig. 2D & F) activation and proliferation 

(Fig. 2H). Taken together, our data indicate that PD-L1+ MDSCs are more immune 

suppressive than PD-L1− MDSCs.

Function of MDSC-expressed PD-L1 in suppression of T cell activation

The functions of PD-L1 in MDSC-mediated immune suppression might be cellular context-

dependent (15, 21). In addition, MDSCs may also function as antigen-presenting cells (7, 

30, 31), we therefore reasoned that MDSCs may need to be in specific contact with T cells 

to exhibit its suppressive activity through PD-L1. To test this hypothesis, we made use of a 

biotin-streptavidin-linked cell-cell contact system (32) to bring MDSCs and T cells in direct 

physical contact that mimics T cell-APC interactions. Anti-PD-L1 neutralization mAb was 

then added to the MDSC-T cell co-culture mixtures to unmask PD-L1 function. MDSCs 

exhibited suppressive activity against activation and proliferation of both CD4+ and CD8+ T 

cells in a dose-dependent manner (Fig. 3A & B). A ratio of T cells : MDSCs at 1:0.5 

significantly inhibited both CD4+ and CD8+ T cell activation and proliferation. Blocking 

PD-L1 function with a PD-L1 neutralization mAb significantly decreased MDSC-mediated 

suppression of both CD4+ (Fig. 3A) and CD8+ (Fig. 3B) T cell activation and proliferation 

at this T cells : MDSCs ratio. A MDSCs dose at a 1:1 T cells : MDSCs ratio blocked T cell 

activation and proliferation. However, PD-L1 neutralization mAb did not reverse MDSC-

mediated suppression of T cell activation and proliferation under this strong suppressive 

condition (Fig. 3A & B). These observations indicate that PD-L1-mediated suppressive 

activity is one of the mechanisms that MDSCs use to suppress T cell activation and 

proliferation.

STAT1 is active in MDSCs

We next sought to determine what regulates PD-L1 expression in MDSCs. The type II IFNγ 
is a master regulator of induced PD-L1 expression in tumor cells and MDSCs (19, 27, 33). 

Type I IFNs have also been shown to up-regulate PD-L1 expression (19, 34). Both Type I 

and Type II regulate gene expression through the Jak-STAT signaling pathway. However, the 

molecular mechanism underlying PD-L1 expression in MDSCs is still elusive. We analyzed 

the activation status of STATs in MDSCs in vitro without exogenous interferon treatment. 

MDSC-like J774M cells were treated with Jak inhibitor ruxolitinib and analyzed for 

activation of STATs. Among the known STATs, we observed that only STAT1 are 

constitutively active in J774M cells cultured in vitro (Fig. 4A). Ruxolitinib treatment 
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decreased STAT1 phosphorylation in a dose- and time-dependent manner (Fig. 4A). 

Activated T cells secrets IFNs, as expected, treatment of J774M with activated T cell-

conditioned medium increased STAT1 phosphorylation and ruxolitinib inhibited both 

constitutive and T cell-conditioned medium-induced STAT1 phosphorylation in vitro (Fig. 

4B). STAT1 is also active in BM-derived MDSCs that are induced by AT3 tumor cell-

conditioned medium (Fig. 4C). However, we noticed that total STAT1 level is low in the AT3 

tumor cell-conditioned medium-induced BM-MDSCs (Fig. 4C), suggesting that tumor cells-

secreted factors may repress STAT1 expression in MDSCs. Nevertheless, ruxolitinib 

inhibited STAT1 phosphorylation in the BM-derived MDSCs. Our data therefore validate the 

literatures that the STAT1 signaling pathway is inducible in MDSCs. However, our data also 

suggest that the STAT1 pathway is constitutively active in MDSCs cultured in vitro without 

exogenous interferon.

To determine whether the constitutively active STAT1 regulates PD-L1 expression in 

MDSCs, J774M cells were treated with ruxilitinib and analyzed for PD-L1 expression. 

Ruxolitinib decreased PD-L1 expression level in J774M cells in a dose-dependent manner 

(Fig. 5A). Treatment of GM-CSF-induced BM MDSCs dramatically decreased PD-L1 

expression levels (Fig. 5B). Further analysis of subsets of MDSCs revealed that ruxolitinib 

exhibits greater inhibitory activity in suppression of PD-L1 expression in PMN-MDSCs than 

in M-MDSCs (Fig. 5B). Similar findings were also observed in AT3 tumor cell conditioned 

medium-induced MDSCs (Fig. 5C).

MDSCs express type I interferons

The above observations that MDSCs exhibit constitutive STAT1 activation suggest that 

MDSCs may express endogenous IFNs to activate the STAT signaling pathway to maintain 

PD-L1 expression. To test this hypothesis, we analyzed interferon expression in MDSC 

cells. RT-PCR analysis revealed that in vitro cultured MDSC-like J774M cells and BM-

derived MDSCs express IFNα and IFNβ, but not IFNγ (Fig. 6A), with the tumor cell-

conditioned medium-induced MDSCs expressed the highest mRNA levels of both IFNα and 

IFNβ (Fig. 6B). However, cytokines assay analysis of the cell culture medium indicates that 

J774M cells secrete the highest IFNβ protein (Fig. 6C).

CD11b+Gr1+ MDSCs were then sorted into PD-L1+ and PD-L1− cells and analyzed for 

IFNα and IFNβ mRNA levels. PD-L1+ and PD-L1− MDSCs from GM-CSF-induced BM 

MDSCs showed no significant differences in IFNα and IFNβ mRNA levels (Fig. 6D). 

However, PD-L1+ MDSCs from AT3 tumor cell-conditioned medium-induced MDSCs 

exhibited significantly higher mRNA levels of both IFNα and IFNβ than PD-L1− MDSCs 

(Fig. 6D). MDSCs from CT26 tumor-bearing mice showed variable IFNα and IFNβ mRNA 

levels between individual mouse in the PD-L1+ and PD-L1− subsets (Fig. 6E), whereas the 

mRNA levels of both IFNα and IFNβ were not significantly different between PD-L1+ and 

PD-L1− MDSCs in AT3 tumor-bearing mice (Fig. 6F). Our data indicate that MDSCs 

express both IFNα and IFNβ, but the expression levels of IFNα and IFNβ are generally not 

significantly different between PD-L1+ and PD-L1− MDSCs.
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Type I IFN regulates PD-L1 expression via an autocrine mechanism

Our observations that IFNα and IFNβ are constitutively expressed and STAT1 is 

constitutively active in MDSCs and that both IFNα and IFNβ up-regulate PD-L1 expression 

in MDSCs strongly suggest that endogenously expressed IFNα and IFNβ regulate PD-L1 

expression in MDSCs via an autocrine mechanism. To test this hypothesis, we treated BM-

derived MDSCs with recombinant IFNα and IFNβ and analyzed PD-L1 expression. 

Treatment of GM-CSF-induced MDSCs with IFNα and IFNβ significantly decreased 

CD11b+Gr1+ MDSC frequencies but increased the percentages of CD11b−Gr1− cells (Fig. 

7A & C). IFNα and IFNβ treatment also significantly increased PD-L1 expression levels of 

MDSCs (Fig. 7B & C). Similar patterns were observed in AT3 tumor cell conditioned 

medium-induced MDSCs (Fig. 7A–C). As a complimentary approach, we cultured MDSCs 

with anti-IFNAR1-blocking mAb to inhibit type I IFNs signaling. anti-IFNAR1-blocking 

mAb significantly decreased PD-L1 expression in J774M cells (Fig. 7D). Similarly, blocking 

IFNAR1 signaling significantly decreased PD-L1 expression levels in AT3 tumor cell-

conditioned medium-induced MDSCs (Fig. 7E). Taken together, our data suggest that the 

PD-L1 expression is maintained and regulated by endogenous type I IFNs in MDSCs via an 

autocrine mechanism.

IFNAR1 level is correlated with PD-L1 expression level in MDSCs

Our above observations indicate that autocrine IFNα and IFNβ regulate PD-L1 expression, 

although PD-L1+ MDSCs do not preferentially express IFNα or IFNβ. So what factor 

determines PD-L1 high expression in PD-L1+ MDSCs? Both IFNα and IFNβ signal through 

their receptor IFNAR1. We therefore analyzed the IFNAR1 expression levels in MDSCs. 

J774M cells express IFNAR1 (Fig. 8A), which received IFNα signal increased PD-L1 

expression in J774M cells significantly (Fig. 8B).

Next, PD-L1+ and PL-L1− CD11b+Gr1+ MDSCs were analyzed for IFNAR1 levels. For 

both GM-CSF-induced and AT3 tumor cell conditioned medium-induced MDSCs, PD-L1+ 

subset of MDSCs expressed significantly higher IFNAR1 than PD-L1− subset of MDSCs 

(Fig. 9A & D). To determine whether this finding can be extended to MDSCs in tumor-

bearing mice in vivo, CD11b+Gr1+ MDSCs from spleens and tumors of AT3 tumor-bearing 

mice were gated for PD-L1 expression levels. The PD-L1+ and PD-L1− MDSCs were then 

analyzed for IFNAR1 expression levels. PD-L1+ subset of MDSCs express significantly 

higher levels of IFNAR1 than PD-L1− MDSCs in both spleens and tumor tissues (Fig. 9B & 

E). Similar IFNAR1 expression patterns were also observed in CT26 tumor-bearing mice 

(Fig. 9C & F). These observations clearly demonstrated that PD-L1 expression level is 

positively correlated with the IFNAR1 level on MDSCs both in vitro and in vivo.

IFNAR1 controls PD-L1 expression in MDSCs

The above observation that the PD-L1 expression levels are correlated with the IFNAR1 

expression levels in MDSCs in vitro and in vivo suggest that the IFNAR1 might controls 

PD-L1 expression level. To test this hypothesis, MC38 colon cancer mouse models were 

established in WT and IFNAR1 KO mice, respectively. Tumors and spleens were then 

collected from tumor-bearing mice and analyzed MDSCs for PD-L1 expression levels. In the 

tumor tissues, CD11b+Gr1+ MDSCs of WT mice clearly express significantly higher levels 
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of PD-L1 than that of IFNAR1 KO mice (Fig. 9G & H). Similar MDSC percentages and 

PD-L1 expression patterns were observed in the spleens of the WT and IFNAR1 KO mice 

(Fig. 9I & J). Taken together, our data demonstrated that the PD-L1 expression level in PD-

L1+ MDSCs is controlled not by the expression levels of endogenous IFNα and IFNβ, but 

by the IFNAR1 level in MDSCs in vivo.

Discussion

Compelling experimental data from both human cancer patients and mouse tumor models 

have shown that the ARG- and iNOS-mediated arginine metabolism pathways play key roles 

in MDSC-mediated immune suppression of T cell functions (8, 9, 11, 12). The immune 

suppressive ligand PD-L1 is expressed on tumor-induced MDSCs. The function of PD-L1 in 

suppression of T cell function is apparently tumor type and cellular context-dependent (15). 

While PD-L1 of MDSCs induced by the EL4 tumor did not exhibit suppressive activity 

against T cell activation in vitro and function in vivo under normoxia culture conditions 

(15), blockade of PD-L1 function under hypoxia significantly abrogated the suppressive 

activity of B10-F1- tumor-induced MDSCs in suppression of T cell activation (21). In this 

study, we validate these findings. Furthermore, we made use of an artificial T cell-MDSC 

interaction model to bring T cells and MDSCs in direct contact to mimic the physiological 

TCR-MHC I complex interactions (32) and observed that blocking PD-L1 with a 

neutralizing mAb decreased MDSC-mediated suppressive activity against T cell 

proliferation in vitro, suggesting that PD-L1 contributes at least in part to the suppressive 

activity of MDSCs against T cell activation. This observation supports the notion that 

MDSCs might act in a similar manner as antigen-presenting cells that binds to T cells to 

engage the PD-1 receptor through their PD-L1. However, further studies are required to 

determine the different functions of MDSC-expressed PD-L1 in different tumor models 

under different cellular contexts.

It is well documented that IFNγ functions as a master regulator of PD-L1 expression in 

tumor cells and it is proposed that tumor cell express PD-L1 as an adaptive immune 

resistance mechanism in response to IFNγ production by tumor-reactive T cells (35–37). 

Although IFNγ has been shown to up-regulate PD-L1 expression in tumor cells and myeloid 

cells (27, 34, 38), analysis of interferon expression in MDSC-like cells in vitro indicates that 

IFNγ is undetectable in MDSCs cultured in vitro. Instead, we observed that both IFNα and 

IFNβ are expressed in cultured CD11b+Gr1+ MDSC-like cells in vitro. Furthermore, high 

level of IFNβ protein was detected in MDSC culture medium. These observations thus 

suggest that endogenous IFNα and IFNβ regulate PD-L1 expression in MDSCs in vitro and 

may play a role in immune suppression. Type I IFNs are generally considered 

immunostimulatory cytokines that enhance cancer immune surveillance (39–42). It is well-

documented that type I IFNs produced by tumor cells and tumor-infiltrating dendritic cells 

control the autocrine and paracrine circuits to regulate host cancer immune surveillance (43–

47). In this study, we observed that type I interferon activates the expression of the immune 

suppressive PD-L1 in MDSCs, suggesting that, like tumor cells, MDSCs may also acquire 

an adaptive resistant mechanism by responding to endogenous type I IFNs to express PD-

L1. However, the precise role of this immunosuppressive function of IFNα and IFNβ in host 

anti-cancer immune response reminds to be determined.
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IFNα and IFNβ signal through the interferon receptor type I (IFNAR) to activate Jak 1 and 

TYK2, which phosphorylates STAT1, as well as other STAT family members, depending on 

the cellular context (40, 41). Phosphorylated STAT1 may dimerize with another 

phosphorylated STAT1 to form a pSTAT1 homodimer or with other STATs to form 

heterodimers. pSTAT1 then directly activate the expression IRF1 to up-regulate PD-L1 

expression (19, 33). Consistent with endogenous IFNα and IFNβ expression, we observed 

that MDSC-like cells exhibit constitutive STAT1 phosphorylation. However, no other 

phosphorylated STATs were detected, suggesting the pSTAT1 homodimer might mediates 

the endogenous IFNα/β-mediated PD-L1 expression in MDSCs in vitro. In support of these 

in vitro observations, both IFNα and IFNβ are expressed in MDSCs from BM-derived 

MDSCs and tumor-induced MDSCs. Although exogenous IFNα and IFNβ may contribute 

to PD-L1 up-regulation in tumor cells and myeloid cells (19, 27, 34), our data suggest that 

MDSCs-expressed endogenous IFNα and IFNβ regulate PD-L1 expression via an autocrine 

mechanism. Therefore, it seems that MDSCs may express and secrete type I IFNs that in 

turn binds to the IFNAR1 to activate STAT1 to up-regulate PD-L1 expression in MDSCs. 

We should point out that the MDSC-like J774M is a myeloid cell line, not primary cells. 

Therefore, further studies in primary myeloid cells are needed to determine the constitutive 

STAT1 activation and PD-L1 expression regulation in primary MDSCs.

IFNα and IFNβ are expressed in MDSCs in vitro and in vivo, the expression levels of IFNα 
and IFNβ are apparently not correlated with the PD-L1 expression levels in MDSCs, 

suggesting that endogenous IFNα and IFNβ regulate PD-L1 expression but are not the 

determining factors of PD-L1 expression levels in MDSCs. As discussed above, IFNα and 

IFNβ signal through the IFNAR which consists of IFNAR1 and IFNAR2 (40, 41). Analysis 

of the IFNAR1 expression level revealed that IFNAR1 levels are positively correlated with 

PD-L1 expression levels in MDSCs in vitro and in vivo and IFNAR1 deficiency leads to 

diminished PD-L1 expression in tumor-induced MDSCs. There are at least 14 IFNα 
isoforms which are each encoded by individual genes but all signal through IFNAR (48, 49). 

Our finding that the IFNAR1 level, not the IFNα expression level, controls IFNα signaling 

and target gene expression thus suggests that IFNAR1, not the types of IFNα isoforms, is 

the determining factor for the type I IFN signaling pathway.

It is known that IFNγ is a master regulator of PD-L1, and PD-L1 expression up-regulation 

by IFNγ is an adaptive resistance response to the activated T cells in the tumor 

microenvironment (35–37). IFNγ is produced by activated T cells and NK cells in the tumor 

microenvironment. MDSCs are potent suppressors of both T cells and NK cells (5, 8, 9) and 

often massively accumulate in the tumor microenvironment (3). Suppressed T cells and NK 

cells may not produce IFNγ or produce a low level of IFNγ. Therefore, as a compensatory 

mechanism, MDSCs may secrete type I interferons to maintain PD-L1 expression to exert 

their maximal immune suppressive activity in the immune suppressive tumor 

microenvironment. Therefore, the autocrine IFNα/IFNβ-pSTAT1-PD-L1 circuit may be a 

crucial pathway for PD-L1 expression in MDSCs to maintain MDSC immune suppressive 

function in the tumor microenvironment (Fig. 10).
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Figure 1. PD-L1 expression profiles on MDSCs in vitro and in vivo
A. Bone marrow cells were cultured with GM-CSF for five days. Cells were stained with 

CD11b-, Gr1-, Ly6G- and Ly6C-specific mAbs. CD11b+Gr1+ cells were gated and plotted 

for PD-L1 levels (a). CD11b+ cells were further gated based on Ly6G and Ly6C levels. 

Ly6G+Ly6Clo and Ly6G−Ly6Chi cells were plotted for PD-L1 levels (b & c). Shown are 

representative results of one of three independent experiments. B. BM cells were cultured 

with AT3 tumor cell-conditioned medium for five days. PD-L1 levels in CD11b+Gr1+ (a), 

CD11b+Ly6G+Ly6Clo (b) and CD11b+Ly6G−Ly6Chi (c) cells were analyzed as shown in A. 

Shown are representative results of one of three independent experiments. C. Tumor tissues 

were collected from mammary carcinoma AT3 tumor-bearing mice and prepared for single 

cells. Cells were stained with CD11b-, Gr1-, Ly6G- and Ly6C-specific mAbs. PD-L1 levels 

in tumor-infiltrating CD11b+Gr1+ (a), CD11b+Ly6G+Ly6Clo (b), and CD11b+Ly6G−Ly6Chi 

(c) cells were analyzed as in A. Shown are representative results of one of three independent 

experiments. D. Tumor tissues were collected from colon carcinoma CT26 (left panel) and 

MC38 (right panel) tumor-bearing mice, and analyzed for PD-L1 levels in tumor-infiltrating 

CD11b+Gr1+ (a), CD11b+Ly6G+Ly6Clo (b), and CD11b+Ly6G−Ly6Chi (c) cells were as 

shown in A. Shown are representative results of one of three independent experiments. E. 

PD-L1 MFIs between CD11b+Ly6G+Ly6Clo and CD11b+Ly6G−Ly6Chi MDSCs from the 
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above five in vitro and in vivo MDSC models were compared. Column: mean; Bar: SD. F. 

J774M cells were stained with CD11b-, Gr1-, and PD-L1-specific mAbs and the CD11b
+Gr1+ cells were analyzed for PD-L1 level.
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Figure 2. Immune suppressive activity of PD-L1+ and PD-L1− MDSCs
A. CD3+ T cells were purified from spleens of BALB/c mice, labeled with CFSE and 

cultured in anti-CD3 and anti-CD28 coated plates without MDSCs for 3 days in hypoxia. 

Cells were stained with CD4- and CD8-specific mAbs and analyzed for CFSE intensity of 

CD4+ (top panel) and CD8+ (bottom panel) cells, respectively. B & C. BM cells were 

cultured with GM-CSF for 4 days. CD11b+Gr1+ cells were sorted into PD-L1+ and PD-L1− 

cells that were then co-cultured with CFSE-labeled CD3+ T cells in anti-CD3 and anti-

CD28-coated plates at the indicated T cell and MDSC ratio for 3 days in hypoxia. Cells were 

then stained with CD4- and CD8-specific mAbs. CD4+ (B) and CD8+ (C) cells were gated 

and analyzed for CFSE intensity. Shown are representative plots of one of two independent 

experiments. D. CD3+ T cells were purified from spleens of C57BL/6 mice, labeled with 

CFSE and cultured in anti-CD3 and anti-CD28 coated plates without MDSCs for 3 days. 

Cells were stained with CD4- and CD8-specific mAbs and analyzed for CFSE intensity of 

CD4+ (top panel) and CD8+ (bottom panel) cells, respectively. E & F. BM cells were 

cultured with AT3 tumor cells-conditioned medium for 4 days. CD11b+Gr1+ cells were 

sorted into PD-L1+ and PD-L1− cells that were then co-cultured with CFSE-labeled CD3+ T 

cells in anti-CD3 and anti-CD28-coated plates at the indicated T cell and MDSC ratio for 3 

days. Cells were then stained with CD4- and CD8-specific mAbs. CD4+ (D) and CD8+ (E) 

cells were gated and analyzed for CFSE intensity. Shown are representative plots of one of 

two independent experiments. G. Quantification of immune suppressive activity of GM-
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CSF-induced PD-L1+ and PD-L1− MDSCs. % T cell suppression was calculated as the 

percentage of ratio of CFSE intensity of CD4+ (B) or CD8+ (C) T cells in the presence of 

MDSCs to the CFSE intensity of CD4+ (A) and CD8+ (A) T cells in the absence of MDSCs, 

respectively. Column: mean; Bar: SD. H. Quantification of immune suppressive activity of 

PD-L1+ and PD-L1− MDSCs induced by AT3 tumor cell-conditioned medium. % T cell 

suppression was calculated as the percentage of ratio of CFSE intensity of CD4+ (E) and 

CD8+ (F) T cells in the presence of MDSCs to CFSE intensity of CD4+ (D) and CD8+ (D) T 

cells in the absence of MDSCs, respectively. Column: mean; Bar: SD.
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Figure 3. PD-L1 contributes to MDSC suppressive activity against T-cell proliferation
CD3+ T cells were purified from spleens of BALB/c mice and labeled with CFSE. The 

labeled CD3+ T cells with incubated with biotin-anti-CD3 mAb (50 μg/ml) and washed once 

with PBS. BM-derived MDSCs were incubated with Biotin-anti-CD11b mAb (50 μg/ml) 

and washed once with PBS. The Biotin-anti-CD3- bound CD3+ T cells and Biotin-anti-

CD11b-bound MDSCs were mixed at the indicated ratios plus streptavidin nanobeads 

(Biolegend, 10 μL for 1 × 107 cells). The cell mixtures were cultured in anti-CD3-coated 

plates in the presence of neutralizing anti-PD-L1 antibodies (50 μg/ml) or IgG (50 μg/ml) for 

3 days in normoxia. Cells were then stained with CD4- and CD8-specific mAbs and 

analyzed by flow cytometry for CFSE intensities of CD4+ (A) and CD8+ (B) T cells. Right 

panels show representative images of one of the two independent experiments. The % T cell 

suppressions are calculated as percentages of ratio of CFSE intensity of CD4+ (A) or CD8+ 

T cells in the presence of MDSCs to the CFSE intensity of CD4+ (A) or CD8+ (B) T cells in 

the absence of MDSCs. Column: mean; Bar: SD.
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Figure 4. STAT1 is constitutively active and regulated by the JAK-STAT signaling pathway in 
MDSCs in vitro
A. J774M cells were treated with ruxolitinib at the indicated doses for 24 hrs or treated with 

ruxolitinib (250 nM) for different time as indicated. Total cell lysates were prepared and 

analyzed by Western blotting with the specific antibodies for the indicated proteins. β-actin 

was used as a normalization control. B. J774M cells were cultured in the presence of 

activated T cell-conditioned medium, ruxolitinib (250 nM) or both for 24 hrs and analyzed 

for pSTAT1 and STAT1 protein levels by Western blotting analysis. β-actin was used as a 

normalization control. C. BM cells were cultured in AT3 tumor cell-conditioned medium for 

4 days to induce MDSCs. The BM-derived MDSCs were then treated with ruxolitinib (250 

nM) for 24 hrs and analyzed for pSTAT1 and STAT1 protein levels by Western blotting 

analysis. GAPDH was used as a normalization control. Shown are representative results of 

one of three experiments.
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Figure 5. The JAK-STAT signaling pathway regulates PD-L1 expression in MDSCs
A. J774M cells were treated with ruxolitinib at the indicated doses for 24 hours. Cells were 

then stained with CD11b-, Gr1-1, and PD-L1-specific mAbs and analyzed by flow 

cytometry. CD11b+Gr1+ cells were gated and analyzed for PD-L1 MFI. Shown are 

representative results of one of two experiments. The PD-L1 MFI as shown in A was 

quantified and presented at the right. Column: mean; Bar: SD. B & C. BM cells were 

cultured in the presence of GM-CSF (B) or AT3 tumor cell-conditioned medium (C) and 

ruxolitinib at the indicated doses for 4 days. Cells were stained with CD11b-, Gr1- and PD-

L1-specific mAbs, or CD11b-, Ly6G-, Ly6C, and PD-L1-specific mAbs. CD11b+Gr1+ cells 

were gated and analyzed for PD-L1 MFI (top left panels) and the PD-L1 MFI of CD11b
+Gr1+ cells were quantified and presented at the top right. CD11b+Ly6G+Ly6Clo and CD11b
+Ly6G−Ly6Chi cells were also gated and quantified for PD-L1 MFI (bottom panels). Shown 

are representative results of one of two experiments. Column: Mean; Bar: SD.
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Figure 6. IFNα and IFNβ expression profiles in PD-L1+ and PD-L1− MDSCs in vitro and in vivo
A. BM cells were cultured in the presence of GM-CSF or AT3 tumor cell-conditioned 

medium for 5 days. These BM-derived MDSCs and J774M cells were analyzed by semi-

quantitative PCR using mouse IFNα, IFNβ and IFNγ-specific primers. Cloned mouse 

IFNα, IFNβ and IFNγ cDNAs were used as positive controls. Rpl13a was used as 

normalization control. B. Analysis of IFNα and IFNβ mRNA levels in MDSCs by qPCR. β-

actin was used as internal control. C. Culture supernatants of MDSCs as described in A were 

analyzed for IFNβ protein levels using flow-based beads array as described in the methods. 

D. BM-derived MDSCs as described in A were sorted into CD11b+Gr1+PD-L1+ (PD-L1+) 

and CD11b+Gr1+PD-L1− (PD-L1−) subsets and analyzed by qPCR for IFNα and IFNβ 
mRNA level using Rpl13a as internal controls. Column: mean; Bar: SD. E & F. Spleens 

were collected from CT26 (E, n=3) or AT3 (F, n=3) tumor-bearing mice. CD11b+Gr1+PD-

L1+ (PD-L1+) and CD11b+Gr1+PD-L1− (PD-L1−) subsets of MDSCs were sorted and 

analyzed by qPCR for IFNα and IFNβ mRNA levels using Rpl13a as internal controls. 

Column: mean; Bar: SD.
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Figure 7. Type I interferon regulates PD-L1 expression in MDSCs by an autocrine manner
A. BM cells were cultured in the presence of GM-CSF (top panel) or AT3 tumor cell-

conditioned medium (bottom panel). Recombinant IFNα (20 ng/ml), recombinant IFNβ (20 

ng/ml) or both IFNα and IFNβ were added to the cultures. Four days later, cells were 

stained with CD11b-, Gr1-, and PD-L1-specific mAbs and analyzed by flow cytometry. 

Shown are representative plots of CD11b+Gr1+ cells of one of two experiments. B. The 

CD11b+Gr1+ cells as shown in A were gated and plotted for PD-L1 expression levels. C. 

CD11b+Gr1+ cells as shown in A were quantified and presented at the left. MFIs of PD-

L1on MDSCs from different treatment groups as gated in B were also quantified and 

presented at the right. Column: mean; Bar: SD. D. J774M cells were cultured in the presence 

of IgG isotype control or IFNβ (10 μg/ml) neutralizing mAb for 4 days and analyzed for 

PD-L1 expression level. Column: mean, Bar: SD. E. BM cells were cultured in GM-CSF or 

AT3 tumor cell-conditioned medium in the presence of IgG isotype control mAb or anti-

IFNAR1 neutralizing mAb (50 μg/ml) for 4 days. CD11b+Gr1+ cells were then gated and 

quantified for PD-L1 MFI. Column: mean, Bar: SD. Shown are representative results of one 

of two independent experiments.

Xiao et al. Page 23

J Immunol. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. IFNα up-regulates PD-L1 expression in MDSCs in vitro
A. J774M cells were stained with CD11b-, Gr1-, and IFNAR1-specific mAbs and analyzed 

by flow cytometry. CD11b+Gr1+ cells were gated and analyzed for IFNAR1 expression 

level. IgG isotype control staining was used as a negative control. B. J774M cells were 

treated with recombinant IFNα (20 ng/ml) for 24 hours and analyzed for PD-L1 expression 

levels by flow cytometry. The MFI of untreated cells was arbitrarily set as 1. Column: mean; 

Bar: SD.
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Figure 9. IFNAR1 controls PD-L1 expression in MDSCs
A. BM cells were cultured in the presence of GM-CSF (top panel) or AT3 tumor cell-

conditioned medium for 4 days. These BM-derived CD11b+Gr1+ cells were analyzed for 

PD-L1 expression levels. PD-L1+ and PD-L1− MDSCs were then analyzed for IFNAR1 

expression level. Shown are representative results of one of three experiments. B. IFNAR1 

MFIs of PD-L1+ and PD-L1− MDSCs as shown in A were quantified. Column: mean; Bar: 

SD. C. Spleens and tumors were collected from AT3 mammary carcinoma-bearing mice 

(n=5). CD11b+Gr1+ cells were analyzed for PD-L1 expression levels. PD-L1+ and PD-L1− 

MDSCs were then analyzed for IFNAR1 expression level. Shown are representative results 

of one of three tumor-bearing mice. D. IFNAR1 MFIs of PD-L1+ and PD-L1− MDSCs as 

shown in C were quantified. Column: mean; Bar: SD. E. Spleens and tumors were collected 

from CT26 colon carcinoma-bearing mice (n=4). CD11b+Gr1+ cells were analyzed for PD-

L1 expression levels. PD-L1+ and PD-L1− MDSCs were then analyzed for IFNAR1 

expression level. Shown are representative results of one of three tumor-bearing mice. F. 

IFNAR1 MFIs of PD-L1+ and PD-L1− MDSCs as shown in E were quantified. Column: 

mean; Bar: SD. G–J. Tumors (G) and spleens (I) were collected from MC38 tumor-bearing 

WT (n=5) and IFNAR1 KO (n=5) mice and prepared for single cells. Cells were stained 

with CD11b-, Gr1, and PD-L1-specific mAbs and CD11b+Gr1+ cells were gated for PD-L1 
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expression levels. The PD-L1+ and PD-L1− MDSCs were then analyzed for PD-L1 MFI. 

Shown are representative plots of one each of WT and IFNAR1 KO mice. The percentages 

of CD11b+Gr1+ cells and PD-L1+CD11b+Gr1+ cells in tumors (H) and spleens (J) of WT 

and IFNAR1 KO mice were quantified. The PD-L1 MFI of CD11b+Gr1+ from WT and 

IFNAR1 KO mice were also quantified. Column: mean; Bar: SD.
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Figure 10. Model of PD-L1 expression regulation in MDSCs in the tumor microenvironment
Activated T cell-produced IFNγ is a master regulator of PD-L1. However, T cell activation 

may be suppressed in the immune suppressive tumor microenvironment, resulting in loss or 

low level of IFNγ production. As a compensatory mechanism, MDSCs may secrete type I 

interferons to maintain PD-L1 expression to exert their maximal immune suppressive 

activity in the immune suppressive tumor microenvironment. Therefore, the autocrine IFNα/

IFNβ-pSTAT1-PD-L1 circuit may be a crucial pathway for up-regulation of PD-L1 

expression in MDSCs to maintain MDSC immune suppressive function in the tumor 

microenvironment.
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