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Abstract

Suppression of the host’s immune system plays a major role in cancer progression. Tumor 

signaling of programmed death 1 (PD1) on T cells and expansion of myeloid-derived suppressor 

cells (MDSCs) are major mechanisms of tumor immune escape. We sought to target these 

pathways in rhabdomyosarcoma (RMS), the most common soft tissue sarcoma of childhood. 

Murine RMS showed high surface expression of PD-L1, and anti-PD1 prevented tumor growth if 

initiated early after tumor inoculation; however, delayed anti-PD1 had limited benefit. RMS 

induced robust expansion of CXCR2+CD11b+Ly6Ghi MDSCs, and CXCR2 deficiency prevented 

CD11b+Ly6Ghi MDSC trafficking to the tumor. When tumor trafficking of MDSCs was inhibited 

by CXCR2 deficiency, or after anti-CXCR2 monoclonal antibody therapy, delayed anti-PD1 

treatment induced significant antitumor effects. Thus, CXCR2+CD11b+Ly6Ghi MDSCs mediate 

local immunosuppression, which limits the efficacy of checkpoint blockade in murine RMS. 

Human pediatric sarcomas also produce CXCR2 ligands, including CXCL8. Patients with 

metastatic pediatric sarcomas display elevated serum CXCR2 ligands, and elevated CXCL8 is 

associated with diminished survival in this population. We conclude that accumulation of MDSCs 

in the tumor bed limits the efficacy of checkpoint blockade in cancer. We also identify CXCR2 as 

a novel target for modulating tumor immune escape and present evidence that CXCR2+CD11b
+Ly6Ghi MDSCs are an important suppressive myeloid subset in pediatric sarcomas. These 

findings present a translatable strategy to improve the efficacy of checkpoint blockade by 

preventing trafficking of MDSCs to the tumor site.

INTRODUCTION

The programmed death 1 (PD1) receptor is a critical immune checkpoint that serves to 

control inflammation and self-reactivity (1–4). Signaling of PD1 on T cells via PD-L1 (B7-

H1) or PD-L2 (B7-DC) inhibits T cell receptor–mediated activation by recruitment of the 

SHP2 phosphatase (2). Since its discovery in 1992 (5), it has become increasingly apparent 

that cancers often use PD1 signaling to mediate immune escape. Tumor expression of PD-
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L1 inhibits tumor-reactive T cells in animal models (6–8), and some clinical studies show 

correlations between tumor expression of PD-L1 and PD-L2 and adverse outcomes (9, 10). 

Early evidence for a role for the PD1/PD-L1 axis in tumor immune escape comes from 

clinical trials of anti-PD1 and PD-L1 monoclonal antibody (mAb) therapy involving more 

than 500 patients with advanced cancer. Objective responses were observed in 6 to 28% of 

patients with melanoma, renal cell carcinoma, and non–small cell lung cancer (11, 12). 

Thus, although PD1 signaling on T cells is one important mechanism used by tumors to 

escape antitumor immune responses, interruption of this axis alone induces meaningful 

antitumor effects in only a minority of cases, suggesting that other mechanisms also 

contribute to immune evasion. Response rates for this class of therapeutics could potentially 

be enhanced if other mechanisms of immune escape are simultaneously targeted.

Myeloid-derived suppressor cells (MDSCs) expand in tumor-bearing hosts and contribute to 

tumor immune evasion through a variety of mechanisms, including oxidative stress and 

nutrient depletion via inducible nitric oxide synthase (iNOS) and arginase production (13). 

MDSCs are immature myeloid cells that can be phenotypically divided into monocytic 

(MoMDSCs) (CD11b+Ly6Chi) and granulocytic (GrMDSCs) (CD11b+Ly6Ghi) subsets. 

MoMDSCs have been demonstrated to expand in response to granulocyte-macrophage 

colony-stimulating factor (GM-CSF) in mice bearing B16F10 melanoma, and to express the 

CCR2 chemokine receptor (14). Although CCR2 is not required for the suppressive activity 

of MoMDSCs, previous work demonstrated that depletion of CCR2+ MoMDSCs enhances 

the efficacy of adoptive T cell therapy.

Here, we report that murine rhabdomyosarcoma (RMS) primarily induces the expansion of 

granulocytic CXCR2+CD11b+Ly6Ghi MDSCs, and demonstrate that CXCR2 is required for 

trafficking of these MDSCs to the tumor bed. We find that MDSC-mediated suppression of 

antitumor immunity is a local phenomena limited to the tumor bed because inhibition of 

MDSC trafficking to the tumor enhances the potency of PD1 checkpoint blockade. This 

work identifies CXCR2 as a new target for therapies aimed at inhibiting MDSC recruitment, 

and provides a rationale for combining immune checkpoint inhibitors with agents designed 

to prevent MDSC-mediated immune suppression for cancer therapy.

RESULTS

The effectiveness of PD1 blockade in RMS is diminished in the presence of established 
tumor

We tested PD1 blockade therapy in embryonal RMS using M3-9-M, a cell line derived from 

a spontaneous RMS occurring in a male p53+/− × HGF+/− transgenic mouse (15). M3-9-M 

grows rapidly after orthotopic inoculation of 1 × 106 cells into the gastrocnemius of female 

mice, leading to 100% mortality by day 25 (Fig. 1A). Progressive tumor growth occurred 

despite activation of peripheral T cells, as evidenced by increased PD1 and Tim-3 expression 

on circulating T cells by day 20 (Fig. 1B and fig. S12). M3-9-M constitutively expressed 

PD-L1 (Fig. 1C, left panel), leading us to postulate that tumor-induced PD1 signaling on T 

cells contributes to immune escape in M3-9-M RMS. To test this, we administered blocking 

anti-PD1 mAbs beginning on the day of tumor inoculation. Female mice treated in this 

manner had 100% survival with no evidence of tumor development (Fig. 1A), thus 
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implicating PD1 in immune escape by murine RMS. To test whether anti-PD1 mAbs could 

induce regression of an established M3-9-M tumor, anti-PD1 treatment was delayed until 

day 7, at which time the mean tumor size was about 90 mm2 (Fig. 1D). Delayed anti-PD1 

modestly decreased the tumor growth rate and mediated a minor, albeit statistically 

significant, improvement in survival (Fig. 1D, right panel). Although delayed treatment did 

not lead to tumor regression, M3-9-M-bearing mice treated with delayed anti-PD1 

demonstrated significantly more interferon-γ–positive (IFN-γ+) and tumor necrosis factor–

α–positive (TNF-α+) CD8+ T cells in the spleen (Fig. 1E) and tumor (Fig. 1F and fig. S13) 

than untreated control mice, suggesting that delayed anti-PD1 treatment induced immune 

activation that was insufficient to mediate tumor regression. The antitumor effects observed 

were absolutely dependent on host T cells because administration of anti-PD1 to RAG−/− 

mice lacking T cells resulted in no difference in tumor growth (fig. S1). We also tested the 

therapeutic efficacy of anti-PD1 in animals inoculated with 76–9, another embryonal RMS 

tumor (16) expressing PD-L1 (Fig. 1C, right panel). The effects were less potent than those 

observed with M3-9-M, but PD1 blockade initiated at the time of tumor inoculation did 

result in significant antitumor effects (Fig. 1G), whereas delayed treatment beginning on day 

7 had no significant impact on tumor growth (Fig. 1H).

M3-9-M expresses HY, the male minor histocompatibility antigen complex (Fig. 2A), and 

we found that a substantial component of the antitumor effects observed was due to the 

capacity for PD1 blockade to augment immunity toward HY-associated antigens. This was 

evidenced by the fact that PD1 blockade was more effective in female rather than in male 

M3-9-M-bearing animals treated with the same regimen (Fig. 2, B and C). In addition, 

splenic T cells taken from M3-9-M tumor–bearing mice demonstrated low levels of immune 

reactivity to immunodominant class I– and class II–restricted HY antigens, which was 

substantially increased after treatment with anti-PD1 (Fig. 2D). This effect is not due to a 

nonspecific enhancement of T cell responsiveness in anti-PD1–treated mice because tumor-

free mice and mice bearing 76–9 tumors, which do not express HY, did not show significant 

increases in HY-specific IFN-γ production after anti-PD1 therapy (Fig. 2D), nor did M3-9-

M-bearing mice develop measurable immune responses to E7 or Trypanosoma cruzi, class 

I– and class II–binding control peptides, respectively. Together, these data identify PD1 

signaling in T cells as one mechanism used by RMS to evade immune responses, and 

illustrate that the efficacy of anti-PD1 treatment is significantly reduced with increasing 

tumor burden, raising the prospect that other mechanisms of immune escape contribute to 

tumor growth in this model. Furthermore, PD1 blockade is more effective in immunogenic 

tumors, such as those expressing a minor histocompatibility antigen, than in settings where 

tumor antigens induce less potent immune responses.

RMS tumor progression is associated with preferential expansion of CD11b+Ly6Ghi 

MDSCs

To explore potential alternative mechanisms through which RMS may evade host immunity, 

we investigated whether RMS promotes expansion of MDSCs that limit the efficacy of 

immune-based therapy. MDSCs were increased in the peripheral blood as early as day 10 

after inoculation of RMS into mice. By day 20, MDSCs represented a sizable fraction of the 

spleen and tumor (Fig. 3, A and B). Further characterization of MDSC subsets revealed a 
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surface expression pattern and morphology consistent with previously published 

observations, in that GrMDSCs were CD11b+Ly6CloLy6G+CD115−F4/80− with ring-shaped 

morphology and MoMDSCs had the phenotype CD11b+Ly6ChiLy6G−CD115+F4/80+ with 

mononuclear morphology (figs. S2A and S3) (17).

To determine which tumor-derived cytokines were responsible for MDSC expansion, we 

analyzed M3-9-M cell culture supernatants for known MDSC-inducing cytokines. G-CSF, 

GM-CSF, VEGF (vascular endothelial growth factor), TGFβ1 (transforming growth factor–

β1), and SCF (stem cell factor) concentrations were all significantly increased in M3-9-M 

supernatant compared with control samples (fig. S2B). Furthermore, animals treated with 

anti–G-CSF neutralizing antibodies demonstrated less MDSC expansion (fig. S2C). Thus, 

murine RMS produces a variety of cytokines previously implicated in MDSC expansion, and 

G-CSF directly contributes to MDSC expansion in this model.

To confirm that the CD11b+Ly6Ghi and CD11b+Ly6Chi subsets expanded in RMS-bearing 

hosts were suppressor cells, we electronically sorted CD11b+Ly6Ghi and CD11b+Ly6Chi 

cells from tumor-bearing animals and assessed their capacity to produce arginase-1 and 

iNOS, mediators of MDSC immune suppression. As shown in Fig. 3C, CD11b+Ly6Ghi and 

CD11b+Ly6Chi cells from tumor-bearing mice express arginase-1 and iNOS, whereas these 

genes are not expressed by cells bearing the same phenotype in the bone marrow (BM) of 

non–tumor-bearing mice. Notably, higher levels of arginase-1 were found in the CD11b
+Ly6Ghi subset, whereas higher levels of iNOS were observed in the CD11b+Ly6Chi subset 

(Fig. 3D). Rodriguez et al. (18) previously showed a direct correlation between L-arginine 

depletion and decreased expression of CD3ζ on peripheral T cells. When we analyzed the 

expression of CD3ζ in CD4+ and CD8+ peripheral blood T cells of tumor-free compared 

with tumor-bearing mice, we observed a significant decrease in the MFI (Fig. 3E), consistent 

with a model wherein RMS tumor–bearing mice experience T cell dysfunction due, in part, 

to MDSC-mediated depletion of L-arginine. We next sorted the CD11b+Ly6Ghi and CD11b
+Ly6Chi subsets from the spleens of M3-9-M tumor–bearing mice and evaluated their 

capacity to suppress proliferation of anti-CD3/anti-CD28–activated splenic T cells. At 

MDSC/T cell ratios of 1:2, Ly6Ghi MDSCs inhibited T cell proliferation by about 90% and 

remained highly suppressive even at MDSC/T cell ratios of 1:8. Although Ly6Chi MDSCs 

also suppressed T cell proliferation, they were less potent than Ly6Ghi MDSCs and their 

suppressive potential was more readily diminished with decreasing MDSC/T cell ratios (Fig. 

3F). We next sought to determine whether T cell suppression mediated by CD11b+Ly6Ghi 

cells was reversible upon inhibition of arginase-1 and/or iNOS. To do this, we sorted CD11b
+Ly6Ghi cells from the tumors of M3-9-M-bearing animals and measured inhibition of T cell 

proliferation after addition of nor-NOHA (Nw-hydroxy-nor-arginine) (arginase inhibitor) or 

L-NMMA (L-NG-monomethyl-arginine-citrate) (iNOS inhibitor). Both inhibitors 

significantly reduced CD4+ and CD8+ T cell suppression, though inhibition of arginase-1 

(nor-NOHA) led to a larger decrease in suppressive potential (Fig. 3G), and we did not 

observe additive effects, suggesting that the effect of iNOS in this model system may be 

predominantly due to depletion of L-arginine. Both peripheral blood CD11b+Ly6Ghi and 

CD11b+Ly6Chi cells expressed PD-L1 (Fig. 3H), but not PD-L2 (fig. S3B). Regulatory T 

cells, CD4+CD25+FoxP3+, were also monitored during tumor progression, and we observed 
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no increase in T regulatory (Treg) frequency in the blood of tumor-bearing mice in this 

model (fig. S4).

CD11b+Ly6Ghi MDSCs require CXCR2 to traffic to RMSs

We next searched for mechanisms through which MDSCs traffic to the RMS tumor bed, 

where presumably they mediate their most potent immunosuppressive effect. The minor 

CD11b+Ly6Chi fraction expressed the chemokine receptor CCR2 as previously reported 

(Fig. 4A) (14), whereas the major circulating CD11b+Ly6Ghi fraction expressed the 

chemokine receptor CXCR2 and did not express CCR2. We tested whether RMS tumors 

produce and secrete ligands for CXCR2 and found that both M3-9-M and 76–9 RMS 

expressed message for CXCL1 and CXCL2 (Fig. 4B), and culture supernatant taken from 

both cell lines contained high concentrations of CXCL1 protein, whereas M3-9-M also 

produced high concentrations of CXCL2 protein (Fig. 4C). Note that supernatants taken 

from two nonsarcoma tumor cell lines, B16 and EL4, did not contain either CXCL1 or 

CXCL2, suggesting that chemokine production may be linked with tumor histotype. CXCR2 

can also bind CXCL5 and CXCL7; however, protein levels of these ligands in cell culture 

supernatants taken from M3-9-M and 76–9 cultures were below the limit of detection (19 

pg/ml, fig. S5).

We next investigated whether the RMS production of CXCR2 ligands induced a chemokine 

gradient in vivo. We focused on the M3-9-M model because of its high vascularity and ease 

of obtaining blood samples directly from the tumor. Indeed, blood obtained from within the 

tumors of M3-9-M-bearing mice had significantly higher levels of CXCL1 and CXCL2 

protein than that taken from the retro-orbital sinus of the same mice (Fig. 4D), providing 

direct evidence for a chemokine gradient in vivo that could mediate efficient trafficking of 

CXCR2+ MDSCs to the tumor bed. We next used an in vitro migration assay in which 

M3-9-M tumor cells were plated in the bottom chamber, and sorted CD11b+Ly6Ghi cells 

isolated from the blood of tumor-bearing animals were added to the top chamber of a 96-

well Transwell, with or without blocking antibodies for CXCR2, CXCL1, or CXCL2. After 

8 hours, migration of CD11b+Ly6Ghi cells was enhanced in the presence of M3-9-M tumor 

(P < 0.001) (Fig. 4E). Blocking antibodies for CXCL1 and CXCL2 significantly inhibited 

migration (P = 0.007 and P = 0.003, respectively) when used alone, and their effects were 

additive (P < 0.001). Inhibiting the receptor on MDSCs using an anti-CXCR2 blocking 

antibody was equivalent to blocking CXCL1 and CXCL2 (P < 0.001), demonstrating that 

other CXCR2 ligands were not mediating this effect (Fig. 4E). Similar results were observed 

when we used CD11b+Ly6Ghi isolated from the spleen of tumor-bearing mice (fig. S6).

We next tested whether CD11b+Ly6Ghi migration to RMS in vivo is dependent on CXCR2. 

Because of the fact that CXCR2−/− mice are poor breeders and because we wanted to study 

the effects of isolated loss of CXCR2 in the hematopoietic compartment, we generated 

CXCR2−/− > wild-type and control wild-type > wild-type BM radiation chimeras. After 

hematopoietic reconstitution, mice were inoculated with RMS cells, and then CD11b
+Ly6Ghi cells within the tumor were quantified. Compared to recipients of wild-type BM, 

we observed a significant decrease in the percentage and absolute numbers of CD11b
+Ly6Ghi cells within M3-9-M and 76–9 tumors in mice with a CXCR2−/− hematopoietic 
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compartment (Fig. 5, A to C). Immunofluorescent staining confirmed reduced numbers of 

total CD11b+ cells, Ly6G+ cells, and CD11b+Ly6G+ cells in recipients of CXCR2−/− 

marrow (Fig. 5E). The spleens of M3-9-M– bearing (fig. S7, A, B, and D) or 76–9-bearing 

(fig. S7C) animals with CXCR2−/− marrow showed significant increases in percentage and 

absolute numbers of CD11b+Ly6Ghi cells compared to wild-type mice with the same 

tumors, presumably as a result of diminishing trafficking into other tissues. Thus, CXCR2-

mediated signals are essential for MDSC trafficking into the tumor but are not required for 

egress from the BM, because significantly more CXCR2−/− MDSCs are present in the 

peripheral blood (fig. S7E) and spleens of tumor-bearing mice.

We observed a modest decrease in M3-9-M and 76–9 tumor growth rate in recipients of 

CXCR2−/− marrow compared to recipients of wild-type marrow (Fig. 5D). Because 

diminished MDSC migration into the tumor bed could diminish tumor growth rates through 

effects on tumor angiogenesis, we evaluated CD31 expression in tumors from mice with 

CXCR2−/− via immunofluorescence. We did not observe significant reductions in 

angiogenesis between tumors with CXCR2−/− MDSCs compared with controls, which led us 

to conclude that the diminished tumor growth observed was not primarily due to 

antiangiogenic effects (fig. S7F). Together, these results demonstrate that murine RMS 

tumors are dependent on interactions between CXCR2 and CXCR2 ligands to at tract 

suppressive MDSCs to the tumor microenvironment, and are consistent with a model 

wherein immune-mediated suppression via MDSCs modestly contributes to tumor growth.

Patients with metastatic sarcomas show elevated levels of CXCR2 ligands, and CXCL8 
elevation is associated with adverse prognostic significance in metastatic pediatric 
sarcomas

The data presented thus far reveal a critical role for CXCR2 signaling in recruiting CD11b
+Ly6Ghi MDSCs to murine RMS. We next sought to explore whether human pediatric 

sarcomas use the same axis. In humans, CXCL1 and CXCL8 are the major ligands for 

CXCR2 (19). We tested supernatants taken from four pediatric sarcoma cell lines for 

CXCL1 and CXCL8: All produced significant amounts of CXCL8 and two produced high 

levels of CXCL1 (Fig. 6A). We next measured levels of CXCR2 ligands in serum from 

children and young adults with metastatic pediatric sarcomas obtained at the time of 

enrollment on immunotherapy trials (n = 53) compared with healthy donors (n = 22). As 

shown in Fig. 6B, patients with pediatric sarcomas had significant elevations in both CXCL8 

and CXCL1 compared to healthy donors (CXCL8, P = 0.001; CXCL1, P = 0.04). Sarcoma-

specific evaluation confirmed significantly elevated CXCL8 levels in RMS (P = 0.02, n = 

14), desmoplastic small round cell tumor (P = 0.002, n = 8), and osteosarcoma (P = 0.04, n = 

6), and significant differences in CXCL1 levels were observed for Ewing sarcoma (P = 

0.04), RMS (P = 0.03), and desmoplastic small round cell tumor (P = 0.005) (fig. S8). To 

explore whether supranormal CXCL8 levels correlated with diminished overall survival in 

this population, an actuarial analysis was performed. With a median potential follow-up of 

37.6 months, median survival for patients with elevated versus normal CXCL8 levels was 

12.3 months versus 47.2 months [hazard ratio, 2.29; 95% confidence interval (CI), 1.12 to 

4.69; P = 0.024]. As shown in Fig. 6C, mean CXCL8 levels in patients who are currently 

alive was 80.5 pg/ml compared to a mean CXCL8 level of 222.8 pg/ml in patients who have 
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died (P = 0.005). Similar prognostic differences were not observed for CXCL1 levels 

because the hazard ratio for patients with elevated CXCL1 levels was 1.55 (95% CI, 0.72 to 

3.31; P = 0.26). These results demonstrate that the chemokine axis identified as essential for 

MDSC recruitment in murine RMS is also active in patients with pediatric sarcomas, and are 

consistent with a model where CXCR2 ligands contribute to poor clinical outcomes.

Prevention of MDSC trafficking to the tumor microenvironment enhances immune 
checkpoint blockade efficacy

Given the capacity for MDSCs to limit antitumor T cell responses, we sought to test whether 

anti-PD1 therapy was more effective when CD11b+Ly6Ghi MDSCs were prohibited from 

trafficking to the tumor microenvironment. Mice reconstituted with a wild-type or 

CXCR2−/− hematopoietic compartment were inoculated with M3-9-M RMS cells on day 0, 

and anti-PD1 treatment was begun on day 12, when the tumor was well established. PD1 

blockade in hosts reconstituted with wild-type hematopoietic cells was ineffective (Fig. 7A, 

left). In contrast, mice reconstituted with CXCR2−/− hematopoietic cells and then treated 

with anti-PD1 experienced significant reductions in tumor growth (Fig. 7A, middle). 

Kaplan-Meier survival analysis in M3-9-M–bearing mice shows a modest but significant 

difference in median survival between wild type and wild type + anti-PD1 (median survival 

of 42.5 days versus 53 days, respectively), whereas mice with CXCR2−/− marrow 

experienced a much larger increase in median survival after anti-PD1 therapy (P < 0.001; 

median survival of 57 days versus undefined) (Fig. 7A, right). This experiment was mirrored 

by results using the 76–9 RMS tumor model, where tumors are less immunogenic because of 

the absence of the minor histocompatibility antigen HY. Here, hosts with wild-type marrow 

were afforded no significant survival benefit from anti-PD1 therapy (P = 0.06, median 

survival of 42 days versus 44 days), whereas hosts with CXCR2−/− marrow displayed 

significant improvements in overall survival (P = 0.009, median survival of 38 days versus 

60 days) (Fig. 7B).

Consistent with our results demonstrating that anti-PD1 mediates its effects in this model by 

augmenting T cell–mediated antitumor immunity, we observed increases in tumor-

infiltrating CD8+ T cells after anti-PD1 therapy (Fig. 7C, left). CXCR2−/− hosts had 

significantly diminished MDSCs within the tumor (Fig. 7C, middle), which resulted in a 

significant increase in the ratio of T cell/MDSC in these hosts when given anti-PD1 therapy 

(Fig. 7C, right). In accordance with this, we observed a significant increase in the number of 

activated CD8+ T cells within the tumor of CXCR2−/− mice when compared to wild-type 

mice (Fig. 7D), which resulted in an increased IFN-g concentration within the serum of 

CXCR2−/− mice that were treated with anti-PD1 (Fig. 7E). No difference in PD-L1 

expression was observed on RMS-expanded GrMDSCs or MoMDSCs from wild-type B6 

mice versus CXCR2−/− mice (fig. S9). We conclude that the diminished numbers of 

suppressive CXCR2+CD11b+Ly6Ghi cells within the tumor microenvironment significantly 

enhance the antitumor effects of anti-PD1 immune therapy. This occurs despite systemic 

expansion and accumulation of immunosuppressive CXCR2+CD11b+Ly6Ghi MDSCs within 

the spleen and other tissues of treated mice and results from improved functionality of 

tumor-infiltrating T cells when CXCR2+CD11b+Ly6Ghi cells are absent from the tumor bed.
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We next sought to test whether targeting MDSCs with anti-CXCR2 mAbs, an approach that 

would be potentially clinically applicable, would yield similar antitumor effects. We 

inoculated mice with M3-9-M RMS tumor cells on day 0 and then administered anti-

CXCR2 mAbs on days 6 and 10. FACS analysis of peripheral blood (Fig. 8, A and B) and 

tumor digests (Fig. 8D) on day 15 demonstrated that anti-CXCR2 induced significant 

reductions in CD11b+Ly6Ghi cells when compared to nontreated controls. We observed no 

significant change in the frequency or number of Ly6Ghi MDSCs in the spleen after anti-

CXCR2 therapy (Fig. 8C). We conclude that anti-CXCR2 likely diminishes tumor bed–

associated GrMDSCs by modulating tumor trafficking rather than by inducing depletion.

Tumor growth curves and survival analysis show that combination therapy using anti-

CXCR2 plus anti-PD1 therapy leads to greater benefit compared to either agent alone (Fig. 

8E). We also evaluated the efficacy of antibody treatment in the less immunogenic 76–9 

RMS model lacking HY reactivity. Similarly, the dual therapeutic intervention reduced 

CD11b+Ly6Ghi cells in the peripheral blood and delayed tumor growth, leading to 

significant increases in overall survival (fig. S10, A and B). Together, these data implicate 

tumor-induced MDSCs in preventing the full benefit of immune checkpoint blockade and 

offer a translatable, therapeutic option to improve the efficacy of checkpoint blockade by 

targeting the CXCR2+ subset of MDSCs.

DISCUSSION

Immunotherapy for cancer has had an increasing trajectory of success, and checkpoint 

blockade is among the most successful immunotherapeutic strategies developed thus far. 

Checkpoint inhibitors comprise a class of agents that disrupt inhibitory signals delivered to 

T cells. Antibodies that block CTLA4 signaling prolong survival in patients with metastatic 

malignant melanoma (20, 21), and antibodies that block PD1 signaling or PD-L1 binding to 

PD1 mediate objective antitumor responses in patients with melanoma, non–small cell lung 

cancer, and renal cell carcinoma (11, 12). Combination regimens appear to be even more 

potent with response rates of 53% in metastatic melanoma (22). Despite this progress, the 

percentage of cancer patients who benefit from checkpoint inhibitors administered as single 

agents is small, with <30% of patients treated with each of these agents experiencing a 

clinical response, and it remains unknown whether the combination regimen will be equally 

potent in nonmelanoma histologies. The murine model of RMS presented here illustrates the 

limitations of checkpoint blockade as a single treatment modality. Tumor development is 

completely inhibited when animals are treated with anti-PD1 at the time of tumor 

inoculation, but anti-PD1 has only weak effects on established tumors, regardless of whether 

they are immunogenic, as is the case with M3-9-M, which expresses a minor 

histocompatibility antigen. Thus, factors beyond PD1 signaling contribute to tumor immune 

escape in vivo.

Expansion of MDSCs is a major mechanism used by cancers to escape immune surveillance. 

In mice bearing RMS, we observed significant increases in the frequency of total MDSCs in 

peripheral blood as early as 10 days after tumor injection, before the development of 

measurable tumors. By day 20 after RMS inoculation, MDSCs accounted for up to 80% of 

total cells in the blood, 11% of total cells in the spleen, and 25% of total cells in the tumor. 
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MoMDSCs and GrMDSCs have been observed in tumor-bearing mice and in humans with 

cancer, with varying frequencies depending on the tumor histotype (17, 23–25). GrMDSCs 

(CD11b+Ly6Ghi) were preferentially expanded in all three compartments analyzed in this 

model, and, on a per cell basis, GrMDSCs proved to be the more suppressive MDSC 

subtype. Indeed, although numerous reports describe the MoMDSCs as the more 

suppressive subtype (25–27), several previous models involving murine melanoma, lung 

carcinoma, and lymphoma models observed that GrMDSCs are more suppressive (28). In 

our model, suppressive capacity is likely mediated to a large extent via L-arginine depletion 

because inhibitors of enzymes that use L-arginine as a substrate including arginase-1 (nor-

NOHA) and iNOS (L-NMMA) significantly reversed the T cell suppression. Moreover, 

arginase-1 levels were about fourfold higher in GrMDSCs versus MoMDSCs in RMS-

bearing animals.

The distinction between CD11b+Ly6Ghi and CD11b+Ly6Chi MDSCs and the fact that 

CD11b+Ly6Ghi MDSCs are the predominant mediator of immune escape is an essential 

observation in this model system, because previous reports emphasized a critical role for 

CCR2+ ligands in tumor trafficking of MoMDSCs (14). Note that in our model system, the 

relative frequency of MoMDSCs compared to GrMDSCs is reduced in the blood compared 

to the spleen (1:11 blood versus 1:5 spleen), and the relative frequency is the lowest in the 

tumor (1:113). Thus, it is possible that MoMDSCs preferentially traffic from blood to the 

spleen rather than to the tumor. One plausible explanation for the altered migratory patterns 

of MoMDSCs comes from a study by Molon et al. (29), which showed that CCL2 undergoes 

posttranslational modification (nitration) within the tumor bed, which makes it less effective 

in attracting CCR2+ cells. In contrast, CD11b+Ly6Ghi cells, the predominant MDSC subtype 

present in this model system, do not express CCR2. Rather, CD11b+Ly6Ghi cells expanded 

by murine RMS express CXCR2 and trafficked to tumor as a result of tumor production of 

CXCR2 ligands.

Comparison of CXCR ligands driving MDSC accumulation across species is complex 

because there are significant differences in this family of molecules between mice and 

humans. In humans, CXCL8 and CXCL6 signal through both CXCR1 and CXCR2, whereas 

the other CXC chemokine ligands (CXCL1, CXCL2, CXCL3, CXCL5, and CXCL7) signal 

only via CXCR2 (30). Hence, in humans, CXCR1 and CXCR2 likely both play a role in 

modulating granulocyte trafficking. In Fig. 4E, we show a significant decrease in the number 

of MDSCs that migrate toward tumor attractant when we use anti-CXCL1 and anti-CXCL2 

blockade. The fact that migration is not completely inhibited when CXCR2 is absent raises 

the possibility that other chemokines or soluble factors may also be involved in migration of 

these cells. We examined tumor cell supernatant for all four CXCR2 ligands and discovered 

that CXCL5 and CXCL7 were not produced by the tumor cell lines (fig. S5). Also, mice 

lack a CXCL8 homolog, and the functionality of the murine CXCR1 chemokine receptor is 

not well characterized. One manuscript indicated that mCXCR1 predominantly engaged 

mouse CXCL6 (31). However, in our model system, in vivo trafficking of GrMDSCs was 

essentially entirely inhibited in mice lacking CXCR2. Therefore, CXCR2 appears to be the 

dominant CXC chemokine receptor on myeloid cells in mice. Chemokines that signal via 

CXCR2 have been shown to play a role in GrMDSC recruitment in other model systems. In 

murine hepatocellular carcinoma, a direct correlation between increases in hepatic CXCL1 
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and MDSC frequency was observed (32), and splenic MDSC accumulation was significantly 

reduced with anti-CXCL1 therapy. Yang et al. (33) showed that Gr1+CD11b+ MDSCs are 

recruited into murine mammary carcinomas via a CXCR2-dependent mechanism and, once 

there, act to promote tumor invasion and metastasis. In accordance with our data, Katoh et 

al. (34) recently showed that deletion of CXCR2 in a mouse model of colitis-associated 

tumorigenesis reduced the number of GrMDSCs within the tumor, which had a marked 

effect on T cell function. Finally, serum samples from patients with head and neck squamous 

cell carcinoma showed a strong positive correlation between GrMDSC levels and CXCL8 

concentration, which was presumably tumor-derived (35). Thus, although CD11b+Ly6Ghi 

and CD11b+Ly6Chi mediate immune suppression in tumor-bearing hosts via similar 

mechanisms with varying potencies depending on the model system studied, distinct 

chemokine axes regulate trafficking of these two subsets to the tumor bed.

We investigated the biologic ramifications of preventing tumor trafficking of CD11b+Ly6Ghi 

MDSCs to the RMS tumor bed. Inhibition of tumor trafficking resulted in a compensatory 

accumulation of CD11b+Ly6Ghi cells within the spleen and bloodstream of RMS-bearing 

hosts. These results are consistent with previous reports demonstrating that GrMDSCs at the 

tumor site are highly dependent on migration from the BM or spleen and undergo minimal 

proliferation within the tumor bed (13). Remarkably, combining checkpoint blockade with 

inhibition of CXCR2-mediated trafficking of BM-derived cells significantly enhanced 

antitumor effects, despite systemic accumulation of these cells, because we observed tumor 

regression in six of six mice receiving dual antibody treatment (Fig. 8C). We conclude 

therefore that although MDSCs can mediate systemic immunosuppression (36), local 

immunosuppression appears to be the major limiting factor in the response to anti-PD1 

therapy in this model system. Despite impressive early effects, tumor recurrence eventually 

occurred in nearly all animals. The basis for late tumor immune escape in this model is 

currently under study but could be related to T cell exhaustion, rebound of MDSC 

populations after discontinuation of antibody therapy in the mAb-treated hosts, or other 

mechanisms. Nonetheless, these results illustrate an essential role for local 

immunosuppression by MDSCs in mediating tumor immune escape and highlight the 

potential value of therapeutics that seek to disrupt tumor trafficking of these subsets.

Clinical relevance of these findings is provided by studies in children and young adults with 

RMS and other embryonal sarcomas. We demonstrate that human sarcoma cell lines express 

CXCR2 ligands and that patients with metastatic pediatric sarcomas have elevated serum 

levels of CXCL1 and CXCL8. The elevations in CXCL8 were higher than that for CXCL1, 

consistent with a substantial literature implicating CXCL8 in various aspects of tumor 

growth (37). CXCL8 is induced by several oncogenes including RET, Ras (38, 39), and 

EGFR (40) and has been implicated in tumor survival, angiogenesis, and epithelial-

mesenchymal transition (41). Similar to results reported for breast cancer (42), we observed 

diminished survival in pediatric sarcoma patients with elevated CXCL8 levels. It is of 

interest to note that the CXCL8 levels measured in patients with metastatic pediatric cancers 

were about one log higher than those measured in the serum of women with metastatic 

breast cancer (42). In a separate study investigating cryo-preserved mononuclear fractions 

harvested from patients with pediatric sarcoma, we observed expansion of MDSCs that 

express CXCR1 [interleukin-8 receptor α (IL8Rα)] (43). Although present in mononuclear 
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fractions, these cells show some features of polymorphonuclear differentiation including 

expression of CD11b+HLA-DR+CD34+CD124+, raising the possibility that the CXCR1/

CXCR2 axis in humans may involve both polymorphonuclear and mononuclear cells. 

Furthermore, fresh peripheral blood, harvested from a small sampling of patients with 

pediatric sarcoma that was not fractionated for the mononuclear subset, demonstrated 

increased frequencies of circulating polymorphonuclear CXCR2-expressing cells compared 

to healthy donors (fig. S11). Further studies are needed to more fully assess the suppressive 

potential of these populations, and are under way.

The potential for clinical application of these findings is notable because there are currently 

no clinically applicable approaches to mitigate MDSC-mediated immune escape. The 

monoclonal anti-Gr1 antibody (clone RB6–8C5) effectively depletes MDSCs in tumor-

bearing mice and enhances antitumor reactivity (44, 45), but human cells do not express a 

marker homologous to mouse Gr1, and widespread depletion of myeloid subsets would be 

expected to induce profound immunosuppression. All-trans retinoic acid (ATRA) appears 

capable of differentiating immature, suppressive MoMDSCs into mature, nonsuppressive 

dendritic cells, macrophages, and granulocytes, but this may also target cells other than 

MDSCs (such as T cells) and may potentially cause MDSC-independent effects (17, 46). 

Others have sought to modulate the suppressive capabilities of MDSCs using 

pharmacological inhibitors such as L-NMMA (a specific iNOS inhibitor), which led to a 

reversal of T cell dysfunction; however L-NMMA is toxic in humans and associated with 

myocardial depression and significantly increased mortality (47, 48). Multiple small-

molecule CXCR2 inhibitors are currently under development and in clinical trials for 

chronic obstructive pulmonary disease. The results presented here suggest that CXCR2 

inhibitors may hold promise for modulating MDSC-mediated tumor immunosuppression in 

settings where CXCR2+ MDSCs predominate.

In summary, this report is the first to demonstrate the value of combining approaches to 

modulate MDSC trafficking with checkpoint blockade to treat cancer and provide clear 

evidence that the CXCR2 signaling is central to tumor trafficking of granulocyte MDSCs. 

We demonstrate that local effects of MDSCs predominate over systemic effects, because 

therapies that disrupt migration but lead to secondary accumulation of MDSCs potentiate 

immune checkpoint blockade. Finally, this model system is clinically relevant because 

pediatric sarcomas also produce CXCR2 ligands, patients with sarcoma have elevated levels 

of these ligands, and increased CXCL8 levels are associated with a poor prognosis in this 

high-risk population.

Limitations of the work include the limited information available regarding whether MDSCs 

within the tumor bed of human cancers predominantly express CXCR1 or CXCR2 and 

whether the associations between high circulating levels of CXCL8 and clinical outcomes 

relate to immunomodulatory effects or other effects mediated by CXCL8. Nonetheless, the 

findings presented here raise the prospect that clinical studies of agents that can block 

CXCR2 signaling may be beneficial either as single agents or in combination with 

checkpoint blockade.
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MATERIALS AND METHODS

Study design

Results presented were observational studies designed to evaluate the differences among 

experimental treatment groups. An a priori power analysis was performed with a two-tailed, 

two-sample t test with an α of 0.05 and a power of 0.8 to detect differences between group 

means of twice the observed SD. All groups were randomized, and primary endpoints were 

survival and tumor size. All mice were humanely euthanized when tumor size reached 20 

mm in any direction.

Mice and tumor lines

In animal studies, C57BL/6 (B6) and B6.129S2(C)-Cxcr2tm1Mwm/j mice were purchased 

from the National Cancer Institute (NCI) or The Jackson Laboratory. Mice were maintained 

in specific pathogen–free microisolator cages in the NCI animal facility. All studies were 

conducted according to NCI Animal Care and Use Committee–approved protocols. 

Chimeric mice were generated by delivering 1000 cGy via a cesium irradiator on day 0 and 

transplanting 5 × 106 wild-type or CXCR2−/− BM cells on day 1. A hematopoietic 

reconstitution period of at least 30 days occurred before use in the described experiments. 

Mice were maintained on amoxicillin trihydrate (Clavamox) for the duration of the 

experiments. The M3-9-M and 76–9 cell lines were generated as previously described (15, 

16). For tumor inoculation, cells were prepared as single-cell suspensions after trypsin 

digestion and injected into the gastrocnemius muscle in 0.2 ml of phosphate-buffered saline 

(PBS) using a sterile 27.5-gauge needle.

Antibodies/flow cytometry

Ly6C (clone HK1.4), anti-CD4 (clone RM4–5), anti-CD25 (clone ebio7D4), and anti–PD-

L1 (clone MIH5) antibodies were purchased from eBioscience Inc.; anti-CD8a (clone 53–

6.7), anti-Ly6G (clone 1A8), anti-FoxP3 (clone FJK-16a), and anti-CD11b (clone M1/70) 

were purchased from BD Pharmingen; anti-CXCR2 (clone TG11/CXCR2) was purchased 

from BioLegend. All antibodies were used following the manufacturer’s recommended 

protocols. For CD3z, cells were permeabilized using digitonin (500 ng/ml) before adding 

anti-CD3ζ– phycoerythrin. Intracellular cytokine staining was performed after a 5-hour 

incubation of whole splenocytes with soluble anti-CD3/CD28 and monensin at 37°C and 5% 

CO2. Flow cytometry was performed with FACS Fortessa or FACSAria with FACSDiva 

software (BD Biosciences) and analyzed by FlowJo 9 software (Tree Star). In all flow 

cytometry assays, background versus positive staining was ascertained using isotype 

controls and fluorescence minus one (FMO) controls. Circled or boxed populations 

quantified were identified as positive in relation to isotype and/or FMO controls. Anti-PD1 

(BioXCell RMP1–14) blocking antibodies were diluted in 0.2 ml of PBS and then given 

intraperitoneally at 200 μg per injection on the indicated days. Anti-mouse CXCR2 (R&D 

Systems, MAB2164) was used at a dose of 200 μg per mouse and administered 

intraperitoneally on days 6 and 10 in PBS.
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ELISpot assay

Our murine IFN-γ ELISpot kits (R&D Systems) were used according to the manufacturer’s 

suggested protocol. Freshly isolated splenocytes from naïve or tumor-bearing mice treated or 

untreated with anti-PD1 were resuspended in HL-1 serum-free medium (BioWhittaker) 

supplemented with 1% penicillin/streptomycin/L-glutamine, and were plated at 106 per well 

in triplicate. Splenocytes were restimulated with the following synthetic HY-specific 

peptides: (i) Uty: the immunodominant Db–restricted HY-derived peptide corresponding to 

amino acids 245 to 253 (WMHHNMDLI) of the Uty gene product; (ii) Dby: the 

immunodominant I-Ab–restricted (NAGFNSNRANSSRSS) HY-derived peptide; and as 

specific controls (iii) for Db binding: the E7 peptide (RAHYNIVTF) derived from HPV and 

(4) I-Ab peptide: the T. cruzi peptide (SHNFTLVASVIIEEA). After wash steps and 

incubation with a biotinylated IFN-γ detection antibody, alkaline-phosphatase conjugated to 

streptavidin was added to enumerate IFN-γ–positive spots.

Proliferation assay

CellTrace Violet (5 μM) was used to stain wild-type B6 T cells, which were mixed with anti-

CD3/CD28 mouse T cell activator Dynabeads (Life Technologies) at a T cell/bead ratio of 

2:1. MDSCs were flow-sorted as granulocytic (CD11b+Ly6GhiLy6Clo) or monocytic 

(CD11b+Ly6G−Ly6Chi) subtype from spleens of tumor-bearing mice and titrated into wells 

containing T cells plus beads. Cells were incubated in custom RPMI 1640 containing 

physiologic levels of L-arginine (150 μM) supplemented with 10% fetal calf serum, 50 μM 

2-mercaptoethanol, 10 mM N-2-hydroxyethylpiperazine-N′−2-ethane sulfonic acid buffer, 1 

mM sodium pyruvate, and penicillin/streptomycin (100 U/ml). To inhibit arginase activity, 

nor-NOHA was resuspended at 5 mg/ml in dimethyl sulfoxide and diluted to reach a final 

concentration of 300 μM. For NOS inhibition, L-NMMA was used at a concentration of 300 

μM. Percent suppression was calculated as {[1 − (proliferation with MDSC/proliferation 

without MDSC)] × 100} for each respective group.

RT-PCR, quantitative PCR, and ELISA

Expression analysis of RNA was performed with RNueous-4PCR Kit (Life Technologies). 

Complementary DNA was synthesized using SuperScript III reverse transcriptase (Life 

Technologies). RT-PCR was performed with specific primers for murine arginase-1, iNOS, 

UTY, HPRT, and actin and amplified for 35 cycles. Quantitative RT-PCR TaqMan primers 

and probe specific for arginase-1, iNOS, and glyceraldehyde-3-phoshpate dehydrogenase 

were obtained through Applied Bio-systems and used according to the manufacturer’s 

protocol. Human CXCL1 and CXCL8 levels and mouse CXCL1 and CXCL2 levels were 

performed on serum samples and cell culture supernatants as described in the 

manufacturer’s protocol (R&D Systems). Normal ranges for human CXCL1 and CXCL8 

were defined as the range of values spanning the means ± 2 SDs obtained from the study of 

serum from 21 healthy donors.

Patient samples

Metastatic/recurrent sarcoma and normal patient serum samples were obtained at the time of 

enrollment on Institutional Review Board–approved clinical trials of various 
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immunotherapies at the NCI, following informed consent. Histologies included 

osteosarcoma (n = 6), RMS (n = 14), Ewing sarcoma (n = 20), desmoplastic small round cell 

tumor (n = 8), synovial sarcoma (n = 3), and undifferentiated sarcoma (n = 1). The median 

age was 18 years (range, 5 to 34 years). Serum samples from healthy donors were obtained 

after informed consent and enrollment on National Institutes of Health Institutional Review 

Board–approved protocols.

Statistical analysis

Journal-formatted graphs were generated using GraphPad Prism software. Graphs represent 

mean values ± SEM. P values were calculated in each respective figure using Student’s t test 

for comparing like groups or log-rank statistics for survival analyses. P < 0.05 was 

considered statistically significant and is illustrated with an asterisk (*).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Murine RMS is sensitive to anti-PD1 therapy.
Mice were orthotopically inoculated with M3-9-M RMS and control immunoglobulin G (No 

Tx), or anti-PD1 was administered intraperitoneally (200 μg per animal). (A and D) Survival 

and tumor size were monitored starting on day 0 (A) or on day 7 (D) and continued twice 

weekly until day 39. (B) Mice were inoculated with M3-9-M as above, and PD1 and Tim-3 

expression on CD4 and CD8 T cells on day 20 is shown. NS, not significant. (C) 

Fluorescence-activated cell sorting (FACS) histograms showing surface expression of PD-L1 

on M3-9-M and 76–9 RMS cells. (E and F) T cells from the spleen (E) and tumor (F) of 

mice from (A) were analyzed on day 12 for CD8+ T cell production of intracellular IFN-γ 
and TNF-α after stimulation using soluble anti-CD3/anti-CD28. (G and H) Mice were 

inoculated with 76–9 RMS and treated as in (A) and (D). Experiments consist of five mice 

per group and are representative of at least three separate experiments. Two-tailed unpaired t 
test or Kaplan-Meier survival analysis was used to calculate P values.
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Fig. 2. Treatment with anti-PD1 augments T cell reactivity to HY antigens expressed by M3-9-M.
(A) Reverse transcription polymerase chain reaction (RT-PCR) of male-specific UTY on 

M3-9-M and 76–9 RMS cell lines. NTC, no template control; MB49, a known HY-

expressing cell line used as a positive control; HPRT, used as an endogenous housekeeping 

control gene. (B) M3-9-M RMS cells (1 × 106) were injected into the gastrocnemius muscle 

of female (left) or male (right) wild-type (WT) B6 hosts, and cohorts were treated with anti-

PD1 at 200 μg per animal from day 4 to day 22. Tumor growth curves of individual mice are 

shown. Kaplan-Meier survival curves (C) with log-rank statistics were used to compare the 

effects of anti-PD1 treatment in female (red) versus male (blue) hosts (n = 8 mice per 

group). (D) B6 female non-tumor-bearing mice or mice given M3-9-M or 76–9 tumor cells 

were treated with anti-PD1 starting at day 12. Splenocytes were harvested on day 25 and 

then stimulated with designated peptides overnight. IFN-γ–producing cells were enumerated 

using enzyme-linked immunospot (ELISpot). Five mice were used per group, and results 

shown are representative of two experiments. Two-tailed unpaired t test or Kaplan-Meier 

survival analysis was used to calculate P values.
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Fig. 3. Murine embryonal RMS predominantly expands GrMDSCs.
(A and B) Representative FACS plots (A) and absolute numbers (B) of MDSCs from blood 

on the days designated, and spleen and tumor (n = 5 per group) on day 20 after M3-9-M 

tumor inoculation. (C) RT-PCRwas performed to evaluate expression of arginase-1, iNOS in 

sorted populations of CD11b+Ly6Ghi, and CD11b+Ly6Chi from the spleens of tumor-

bearing mice versus BM of non-tumor-bearing mice. NTC, no template control. (D) Relative 

quantification of arginase-1 and iNOS transcripts in CD11b+Ly6Ghi and CD11b+Ly6Chi 

subsets sorted from tumor-bearing mice. (E) Peripheral blood was collected from non-

tumor-bearing and M3-9-M-bearing mice, and intracellular CD3ζ mean fluorescent intensity 

(MFI) was plotted for CD4+ and CD8+ T cells. (F) CD11b+Ly6Ghi and CD11b+Ly6Chi 

subsets were purified from the spleens of tumor-bearing mice and placed in a proliferation 

assay with purified CellTrace Violet-stained B6 T cells at the designated MDSC/T cell 

ratios. Anti-CD3/CD28 beads were used at a 1:2 ratio with T cells to induce proliferation. 
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Cells were harvested on day 5 and analyzed by FACS for Violet dilution. (G) CD11b
+Ly6Ghi cells were purified and placed in a proliferation assay as in (F) with the addition of 

nor-NOHA (arginase inhibitor) and L-NMMA (iNOS inhibitor), each at 300 μM. (H) PD-L1 

expression on gated populations of MoMDSCs (top) and GrMDSCs (bottom). Data are 

representative of at least two independent experiments. Two-tailed unpaired t test was used 

to calculate P values.

Highfill et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2020 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Tumor-induced CD11b+Ly6Ghi cells express CXCR2, and murine RMS produces CXCR2 
ligands.
(A) Mice bearing M3-9-M or 76–9 tumors were analyzed for surface expression of CXCR2 

and CCR2 on CD11b+Ly6Ghi and CD11b+Ly6Chi subsets. (B) RT-PCR was performed to 

assess expression of CXCL1 and CXCL2 in M3-9-M and 76–9. NTC, no template control; 

HPRT, housekeeping control. (C) Protein analysis [enzyme-linked immunosorbent assay 

(ELISA)] of cell culture supernatants for CXCL1 and CXCL2. (D) ELISA analysis for 

CXCL1 (left panel) and CXCL2 (right panel) of serum obtained from blood samples taken 

from retro-orbital sinus of non–tumor-bearing and M3-9-M–bearing mice versus blood 

obtained directly from M3-9-M tumor puncture. (E) Peripheral blood CD11b+Ly6Ghi cells 

were electronically sorted from mice bearing M3-9-M tumors placed in the top chamber of a 

Transwell. M3-9-M was plated in the bottom chamber, and the absolute number of MDSCs 

migrating from the top to the bottom chamber after 8 hours was enumerated. Blocking 

antibodies for CXCL1/CXCL2 and CXCR2 (4 μg/ml) were added at the beginning of the 

experiment. Two-tailed unpaired t test was used to calculate P values.
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Fig. 5. CXCR2 is required for Ly6Ghi MDSCs homing to the tumor.
(A) WT B6 hosts were lethally irradiated and given syngeneic BM or CXCR2−/− BM as 

described in Materials and Methods. Animals were inoculated orthotopically with 1 × 106 

M3-9-M (top) or 76–9 (bottom) on day 0. Tumors were harvested on day 22, and 

representative FACS plots gated on CD11b+ cells are shown. (B and C) Percentage and 

absolute numbers of designated subsets in M3-9-M (B) or 76–9 (C) tumors on day 22. (D) 

Tumor growth curves for M3-9-M and 76–9 in mice with WT BM or CXCR2−/− BM. P 
values represent significance between the two groups at day 22. (E) Tissue sections of 

M3-9-M RMS from mice with WT or CXCR2−/− marrow stained with fluorescently 

conjugated CD11b (top), Ly6G (middle), or merged images (bottom). All panels costained 

with 4′,6-diamidino-2-phenylindole (gray). Scale bars, 50 μm. Experiments represent n = 8 

mice per group. Two-tailed unpaired t test was used to calculate P values.
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Fig. 6. Pediatric sarcoma tumors secrete CXCL1/CXCL8, and serumCXCL8 levels negatively 
correlate with survival in patients with pediatric sarcoma.
(A) CXCL8 and CXCL1 were measured in supernatant taken from in vitro–cultured human 

osteosarcoma (143b, MG63.2, and G292) and RMS (RH18) using ELISA. (B) CXCL1 and 

CXCL8 were measured by ELISA in serum samples collected from healthy donors (n = 22) 

and patients (n = 53) with pediatric sarcoma. (C) Serum CXCL8 is significantly higher in 

patients who died after enrollment on immunotherapy trials at NCI. Two-tailed unpaired t 
test was used to calculate P values.
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Fig. 7. PD1 checkpoint blockade is more effective in tumor-bearing hosts with CXCR2-deficient 
myeloid cells.
(A and B) Mice were inoculated with M3-9-M (A) or 76–9 (B) on day 0. Tumor growth in 

animals previously reconstituted with WT BM (left panel) or CXCR2−/− BM (middle panel) 

as described in Materials and Methods, and treated with control mAb or anti-PD1 as noted 

in the legend. Kaplan-Meier survival curves are shown in the right panel and were evaluated 

using log-rank statistics. (C and D) Cohorts of mice with M3-9-M RMS tumors were 

analyzed for absolute number of tumor-infiltrating T cells and Ly6G+ MDSCs, and CD25 

and OX40 expression on tumor-infiltrating CD8+ cells 48 hours after initiation of anti-PD1 

therapy (WT hosts, n = 10 per group; CXCR2−/− hosts, n = 7 per group). The ratio of T cell/

MDSC was calculated. (E) Serum samples from cohorts of mice were analyzed for protein 

IFN-γ concentrations using ELISA. Two-tailed unpaired t test or Kaplan-Meier survival 

analysis was used to calculate P values.
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Fig. 8. The effectiveness of PD1 checkpoint blockade on established tumors is enhanced by anti-
CXCR2 mAb therapy.
Mice were inoculated with M3-9-M RMS on day 0 as previously described. Cohorts were 

untreated and treated with anti-PD1 (200 μg per animal twice weekly starting on day 7 until 

day 35), anti-CXCR2 (200 μg per animal, days 6 and 10), or anti-CXCR2 plus anti-PD1. (A 
and B) Representative FACS plots (A) and cumulative data (B) from peripheral blood 

samples taken on day 15 from each group. (C and D) In a separate experiment, spleens (C) 

and RMS tumors (D) taken from untreated and treated mice were harvested and analyzed for 

MDSC infiltration. (E and F) Tumor growth curves and Kaplan-Meier survival curves for 

individual mice in (A). No Tx and anti-PD1 groups: n = 8 per group; anti-CXCR2 and anti- 

PD1 + anti-CXCR2 groups: n = 6 per group. Two-tailed unpaired t test or Kaplan-Meier 

survival analysis was used to calculate P values.
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