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Recruitment of myeloid-derived suppressor cells (MDSCs) into tumors induces local immunosuppression in carcinomas.
Here, we assessed whether SX-682, an orally bioavailable small-molecule inhibitor of CXCR1 and CXCR2, could block
tumor MDSC recruitment and enhance T cell activation and antitumor immunity following multiple forms of
immunotherapy. CXCR2+ neutrophilic MDSCs (PMN-MDSCs) were the most abundant myeloid cell subset within oral
and lung syngeneic carcinomas. PMN-MDSCs demonstrated greater suppression of tumor-infiltrating lymphocyte killing of
targets compared with macrophages. SX-682 significantly inhibited trafficking of PMN-MDSCs without altering CXCR2
ligand expression. Trafficking of CXCR1+ macrophages was unaltered, possibly due to coexpression of CSF1R. Reduced
PMN-MDSC tumor infiltration correlated with enhanced accumulation of endogenous or adoptively transferred T cells.
Accordingly, tumor growth inhibition or the rate of established tumor rejection following programed death–axis (PD-axis)
immune checkpoint blockade or adoptive cell transfer of engineered T cells was enhanced in combination with SX-682.
Despite CXCR1/2 expression on tumor cells, SX-682 appeared to have little direct antitumor effect on these carcinoma
models. These data suggest that tumor-infiltrating CXCR2+ PMN-MDSCs may prevent optimal responses following both
PD-axis immune checkpoint blockade and adoptive T cell transfer therapy. Abrogation of PMN-MDSC trafficking with SX-
682 enhances T cell–based immunotherapeutic efficacy and may be of benefit to patients with MDSC-infiltrated cancers.
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Introduction
Multiple mechanisms of  escape from T cell immunity exist within carcinomas including chemokine-driven 
recruitment of  immunosuppressive cells into the tumor microenvironment (TME) (1). In many squamous cell 
carcinomas (SCCs), this occurs in part due to common genomic alterations such as chromosome 3q copy num-
ber gain and overexpression of  ΔNp63 that drives myeloid and lymphoid chemokine expression (2–5). These 
tumor-secreted chemokines drive chemokine receptor–mediated chemotaxis of  different immune populations 
into tumors (6). A subset of  recruited myeloid cells termed myeloid-derived suppressor cells (MDSCs) inhib-
it T cell function through well-defined mechanisms including arginase and inducible nitric oxide synthase 
(iNOS) expression and production of  immunosuppressive cytokines such as transforming growth factor β 
(TGF-β) and interleukin-10 (IL-10) (7, 8). Tumor accumulation of  2 phenotypically and functionally distinct 
subtypes of  MDSCs, neutrophilic MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs), appears 
to be tumor type dependent (7, 8). Peripheral or tumor accumulation of  either MDSC subset correlates with 
poorer clinical responses to programmed death–axis (PD-axis) immune checkpoint blockade (9, 10).

Depletion or pharmacologic inhibition of MDSCs enhances responses to PD-axis immune checkpoint 
blockade in syngeneic models of SCC and adenocarcinoma (11–14). Strategies to deplete MDSCs are not easily 
translated clinically, and small-molecule inhibitors blocking MDSC function may alter the function of effector 

Recruitment of myeloid-derived suppressor cells (MDSCs) into tumors induces local 
immunosuppression in carcinomas. Here, we assessed whether SX-682, an orally bioavailable 
small-molecule inhibitor of CXCR1 and CXCR2, could block tumor MDSC recruitment and enhance 
T cell activation and antitumor immunity following multiple forms of immunotherapy. CXCR2+ 
neutrophilic MDSCs (PMN-MDSCs) were the most abundant myeloid cell subset within oral and 
lung syngeneic carcinomas. PMN-MDSCs demonstrated greater suppression of tumor-infiltrating 
lymphocyte killing of targets compared with macrophages. SX-682 significantly inhibited 
trafficking of PMN-MDSCs without altering CXCR2 ligand expression. Trafficking of CXCR1+ 
macrophages was unaltered, possibly due to coexpression of CSF1R. Reduced PMN-MDSC tumor 
infiltration correlated with enhanced accumulation of endogenous or adoptively transferred T cells. 
Accordingly, tumor growth inhibition or the rate of established tumor rejection following programed 
death–axis (PD-axis) immune checkpoint blockade or adoptive cell transfer of engineered T cells 
was enhanced in combination with SX-682. Despite CXCR1/2 expression on tumor cells, SX-682 
appeared to have little direct antitumor effect on these carcinoma models. These data suggest that 
tumor-infiltrating CXCR2+ PMN-MDSCs may prevent optimal responses following both PD-axis 
immune checkpoint blockade and adoptive T cell transfer therapy. Abrogation of PMN-MDSC 
trafficking with SX-682 enhances T cell–based immunotherapeutic efficacy and may be of benefit 
to patients with MDSC-infiltrated cancers.
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immune cells (15). As an alternative treatment strategy, novel small-molecule chemokine receptor inhibitors may 
provide the opportunity to abrogate trafficking of hematopoietic cells with high specificity (16).

Here, we demonstrated selective expansion and tumor trafficking of  CXCR2+ PMN-MDSCs that sup-
press effector function of  antigen-specific tumor-infiltrating lymphocytes (TILs) in syngeneic models of  
oral and lung SCC. SX-682, a novel small-molecule allosteric inhibitor of  CXCR1 and CXCR2, abrogated 
tumor accumulation of  PMN-MDSCs and enhanced the efficacy of  both PD-axis immune checkpoint 
blockade and adoptive cell transfer of  engineered T cells. These results indicate that local immunosuppres-
sion mediated by PMN-MDSCs may limit responses to both immune checkpoint blockade and adoptive 
cell transfer and provide the preclinical rationale for combining chemokine receptor inhibitors to selectively 
abrogate CXCR2+ cell trafficking with T cell–based cancer immunotherapy.

Results
Carcinomas harbor a diversity of  immune cell lineages within the TME (1, 2). We first assessed constit-
uency of  the myeloid compartment in MOC1 oral carcinoma and Lewis lung carcinoma (LLC) tumors 
grown in wild-type B6 mice (Figure 1, A and B) with flow cytometry. Ly6GhiLy6Cint myeloid cells and 
F4/80+ macrophages represented the most abundant myeloid cell types within both models. These cells 
were individually sorted and assessed for their ability to suppress tumor cell killing by cultured TILs (Fig-
ure 1, C and D). In both models, at a similar myeloid to T cell ratio as that found in vivo (3:1 myeloid/T 
cell), Ly6GhiLy6Cint myeloid cells suppressed the ability of  TILs cultured from each tumor to kill the cell 
line from which the tumor was generated (tumor antigen–specific killing). Thus, these Ly6Ghi myeloid 
cells are immunosuppressive and represent granulocytic MDSCs (PMN-MDSCs) (17). To verify the 
immunosuppressive capacity of  the tumor-infiltrating PMN-MDSCs, their ability to suppress IFN-γ pro-
duction by anti-CD3/anti-28 mAb–stimulated TILs was assessed via flow cytometry. PMN-MDSCs from 
both models significantly suppressed the ability of  TILs to produce IFN-γ at the same 3:1 ratio (Supple-
mental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.126853DS1). MOC1 F4/80+ macrophages suppressed TIL function to a lesser degree compared 
with PMN-MDSCs, and LLC F4/80+ macrophages did not appear to inhibit TIL function. The M1/M2 
macrophage phenotype, as assessed by cell surface MHC class II and CD206 expression, was evaluated by 
flow cytometry. Macrophages infiltrating MOC1 tumors displayed an M1/M2 ratio less than 1, correlat-
ing to some degree of  TIL suppressive capacity, whereas macrophages infiltrating LLC tumors displayed 
an M1/M2 ratio greater than 1 (Supplemental Figure 2).

To evaluate putative chemokine receptors that could be responsible for chemotaxis of  these myeloid 
cells into the TME, peripheral immune cell subsets were evaluated for CXCR1 and CXCR2 expression. 
Expression of  these chemokine receptors on myeloid cells within the TME is of  little value since these 
receptors undergo receptor-mediated endocytosis upon ligation (11, 18). In both models, CXCR1 appeared 
to be highly expressed on peripheral F4/80+ macrophages and CXCR2 was highly expressed on peripheral 
PMN-MDSCs (Figure 1, E and F). Together, these data suggested that CXCR2+ PMN-MDSCs represent 
the most abundant immunosuppressive myeloid cell population in MOC1 and LLC tumors.

SX-682 is an orally bioavailable small-molecule inhibitor of  CXCR1 and CXCR2 (14). Mice bearing 
MOC1 or LLC tumors were treated with chow containing SX682 and evaluated for alteration of  tumor 
growth and myeloid cell infiltration. Significant accumulation of  myeloid cells within MOC1 tumors occurs 
between 10 and 20 days after tumor initiation (11). Initiation of  treatment on day 10 or 20 is designed to 
assess the impact of  chemokine receptor inhibition before or after accumulation of  myeloid cells within 
the TME. SX-682 monotherapy beginning 10 or 20 days after tumor initiation did not alter primary tumor 
growth in either model (Figure 2, A and B). Treatment with SX-682 significantly abrogated day 25 tumor 
infiltration of  CXCR2+ PMN-MDSCs, whereas tumor infiltration of  CXCR2–Ly6GloLy6Chi myeloid cells 
was unaltered (Figure 2, C and D). SX-682 did not alter Ki67 positivity of  tumor-infiltrating PMN-MD-
SCs, suggesting this decrease in number was not due to inhibition of  PMN-MDSC expansion within the 
tumor (Supplemental Figure 3). SX-682 treatment starting on day 10 resulted in greater accumulation of  
PMN-MDSCs in the spleen but not the bone marrow, suggesting that signaling through CXCR2 is important 
for PMN-MDSC trafficking from the periphery to the tumor. Neither the accumulation nor M1/M2 phe-
notype of  tumor-infiltrating macrophages was altered by SX-682 treatment (Supplemental Figure 4, A–C). 
This may be due to coexpression of  other myeloid chemokine receptors such as colony-stimulating factor-1 
receptor (CSF1R) expressed on peripheral macrophages but not PMN-MDSCs (Supplemental Figure 4D).
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IL-8 represents the major cognate ligand for CXCR2 in patients with cancer and in human xenograft 
models that express human IL-8 (6, 19). In syngeneic mouse models of  carcinoma, the IL-8 homolog 
CXCL1 is the dominant biologically relevant ligand for CXCR2 (11, 20–22). We investigated wheth-
er SX-682 treatment altered tumor production of  CXCL1 as an alternative explanation for inhibition 
of  recruitment of  CXCR2+ PMN-MDSCs (Supplemental Figure 5, A and B). Tumor cell production of  
CXCL1 in vitro was unaltered by SX-682 exposure. Whole tumor accumulation of  CXCL1 in vivo in 
MOC1 and LLC tumors was significantly greater than oral mucosa and normal lung, respectively, and not 
diminished with SX-682 treatment. Plasma accumulation of  CXCL1 was greater in tumor-bearing mice 
compared with naive for both models and increased following SX-682 treatment. These data suggested that 
reduced tumor accumulation of  CXCR2+ PMN-MDSCs was not due to inhibition of  CXCL1 expression.

We next investigated whether inhibition of  PMN-MDSC recruitment with SX-682 altered accumula-
tion of  TILs. Day 25 MOC1 and LLC tumors both displayed greater accumulation of  PD-1+CD137+CD8+ 

Figure 1. Tumor-infiltrating CXCR2+Ly6Ghi myeloid cells sup-
press TIL function to a greater degree than CXCR1+ macro-
phages. Day 20 tumors from wild-type (WT) B6 mice bearing 
MOC1 (A) or LLC (B) tumors were digested and assessed for 
infiltration of myeloid cells by flow cytometry. Representative 
dot plots of gating strategy on the left, with pie graphs of 
myeloid cell constituency on the right. Ly6GhiLy6CintF4/80– 
myeloid cells or F4/80+ macrophages were sorted from MOC1 
(C) or LLC (D) tumors and assessed for ability to suppress TIL 
(10:1 E/T) killing of parental tumor cells. Ly6GhiLy6CintF4/80– 
myeloid cells or F4/80+ macrophages were plated at a 3:1 ratio 
to TILs. Representative impedance plots shown on the left, 
with quantification of percentage loss of cell index at 12 hours 
quantified on the right. CXCR1 and CXCR2 expression on MOC1 
(E) and LLC (F) tumor-infiltrating immune cells was assessed 
via flow cytometry. Representative data from 1 of 2 indepen-
dent assays with similar results shown. MFI, mean fluores-
cence intensity. *P < 0.05; **P < 0.01; ***P < 0.001 by ANOVA. 
n/s, nonsignificant.
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TILs when SX-682 treatment was administered on day 10 but not when SX-682 was administered on day 
20 (Figure 3, A and B). Within both tumor models, tumor cells displayed greater expression of  PD-L1 on 
day 10 after SX-682 treatment (Figure 3, C and D). We hypothesized that this increase was due to increased 
IFN production from CD8+ T cells, consistent with the concept of  adaptive immune resistance (23). Anti-
body depletion of  CD8+ T cells abrogated the increased tumor cell PD-L1 expression (Figure 3, E and F), 
consistent with this hypothesis.

Increased expression of  PD-1 on CD8+ TILs and PD-L1 on tumor cells suggested that PD-axis sig-
naling could be limiting T cell effector function following SX-682 treatment. Thus, we hypothesized that 
inhibiting tumor infiltration of  PMN-MDSCs with SX-682 starting on day 10 could enhance the antitumor 
effects of  systemic PD-axis immune checkpoint blockade. Although treatment with SX-682 or anti–PD-1 
mAb alone produced no significant tumor growth inhibition in either model, the combination treatment 
of  SX-682 and PD-1 mAb significantly enhanced tumor growth delay and survival in both models and 
induced complete tumor rejection in 20% of  mice bearing MOC1 tumors (Figure 4, A and B). Tumor 
growth inhibition and/or rejection induced by SX-682 and PD-1 mAb combination therapy was abrogated 
in mice depleted of  CD8+ cells, strongly supporting a CD8+ T cell–dependent mechanism (Figure 4, C and 
D). Treatment with SX-682 did not directly alter the immunosuppressive capacity of  tumor-infiltrating 
PMN-MDSCs (Supplemental Figure 6), suggesting that the enhanced responses to PD-1 mAb in both 
models is primarily a result of  abrogated PMN-MDSC tumor infiltration.

As SX-682 enhanced tumor infiltration of  endogenous T cells in wild-type mice, we hypothesized that 
inhibition of  tumor PMN-MDSC infiltration could enhance tumor infiltration of  adoptively transferred 
engineered T cells. RAG1-deficient mice bearing MOC1 or LLC tumors engineered to express OVA257–

264 (SIINFEKL) were treated with adoptive transfer of  ex vivo–expanded OT-I cytotoxic T lymphocytes 
(CTLs) with or without SX-682. Following SX-682 treatment alone, tumor accumulation of  PMN-MD-
SCs was abrogated in both models (Figure 5, A and B), similar to findings observed in wild-type mice. 
This reduction in PMN-MDSCs in RAG1-deficient mice correlated with enhanced tumor infiltration of  
adoptively transferred T cells administered 4 days after initiation of  SX-682 treatment (Figure 5, C and 
D). To investigate whether this increase in TIL infiltration was biologically relevant, RAG1-deficient mice 
bearing SIINFEKL-positive MOC1 or LLC tumors were treated with a combination of  SX-682 and OT-I 
adoptive cell transfer (Figure 6, A and B). Treatment with SX-682 chow alone induced no tumor growth 
inhibition, and treatment with OT-I adoptive cell transfer alone induced some degree of  growth delay in 
both models. However, combination treatment induced significant growth delay in MOC1 tumors and pro-
moted complete rejection of  70% of  LLC tumors, with significant growth delay in the remaining, resulting 

Figure 2. SX-682 monotherapy abrogates CXCR2+ PMN-MDSC tumor infiltration. WT B6 mice bearing MOC1 (A) or LLC (B) tumors were treated with 
SX-682 chow starting on either day 10 or day 20 after implantation and followed for tumor growth. Summary growth curves shown (n = 10/group). Day 
25 tumors, spleens, and bone marrow harvested from MOC1 (C) or LLC (D) tumor-bearing mice treated with SX-682 chow beginning on day 10 or 20 after 
tumor implantation or control chow were assessed for infiltration/accumulation of PMN-MDSCs or Ly6GloLy6Chi myeloid cells by flow cytometry (n = 5/
group). Representative dot plots on the left, with quantification of myeloid cells within each tissue compartment on the right. Representative data from 1 
of 2 independent assays with similar results shown. n/s, nonsignificant. *P < 0.05; **P < 0.01; ***P < 0.001 by ANOVA.
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in significantly prolonged survival. These data suggested that, in addition to enhancing antitumor efficacy 
of  PD-axis immune checkpoint blockade, abrogation of  PMN-MDSC tumor infiltration with SX-682 can 
enhance the therapeutic efficacy of  adoptively transferred T cells.

We additionally explored whether SX-682 modulated any direct antitumor effects. MOC1 and LLC 
cells expressed both CXCR1 and CXCR2 in vitro to a greater degree than oral or lung epithelial cells in vivo 
(Figure 7A). Treatment of  mice bearing MOC1 or LLC tumors with SX-682 beginning 10 or 20 days after 
tumor initiation did not alter CXCR1 or CXCR2 expression on tumor cells in vivo (Figure 7B). Assessed 
by impedance analysis, exposure of  MOC1 or LLC cells to increasing doses of  SX-682 as high as 5 μM did 
not alter tumor cell viability or proliferation (Figure 7C), nor did it induce evidence of  apoptosis (Figure 
7D). Exposure of  MOC1 or LLC tumor cells to a recombinant murine CXCL1 chemokine gradient did not 
induce migration or invasion through an extracellular matrix (ECM). SX-682 treatment did modestly inhib-
it ECM invasion in response to 10% serum (Figure 7E). Lastly, SX-682 treatment did not directly enhance 
antigen-specific OT-I CTL killing of  MOC1 or LLC tumor cells expressing SIINFEKL in vitro (Figure 7F). 
Cumulatively, these data suggested that the enhanced therapeutic efficacy of  PD-axis immune checkpoint 
blockade and OT-I adoptive cell transfer following SX-682 treatment was primarily due to reduced tumor 
infiltration of  immunosuppressive CXCR2+ PMN-MDSCs and not due to reduced CXCR2 ligand expres-
sion, abrogated PMN-MDSC suppressive capacity, or direct antitumor cell effects.

Discussion
PD-axis immune checkpoint blockade aims to reverse adaptive immune resistance associated with 
IFN-driven PD-L1 ligation of  PD-1 on TILs but fails to induce objective responses in the majority of  
treated patients as a monotherapy (23). An alternative immunotherapeutic approach, adoptive T cell 
transfer, presumes that antigen-specific TILs are exhausted, difficult to rescue with immune checkpoint 
blockade, and therefore need to be replaced (24). Each of  these immunotherapeutic approaches demon-
strate clinical activity in a subset of  treated patients with recurrent/metastatic malignancy (25–28). While 
differing in mechanism, both approaches may be limited by ineffective tumor penetrance of  T cells and 
local T cell immunosuppression within the TME (29). Here, we demonstrated enhanced activity of  both 
anti–PD-1 mAb immune checkpoint blockade and engineered adoptive T cell transfer immunotherapy 

Figure 3. SX-682 treatment results in enhanced TIL infiltration and tumor cell PD-L1 expression. Day 25 tumors from mice bearing MOC1 (A) or LLC (B) 
tumors were treated with SX-682 chow starting on either day 10 or day 20 after implantation, then digested and assessed for infiltration of TILs by flow 
cytometry. Representative dot plots of live CD45.2+ cells on the left with quantification of CD8+ and CD4+ TILs on the right. Inset is PD-1 and CD137 expres-
sion on TILs. From the same tumors, PD-L1 expression on MOC1 (C) or LLC (D) CD45.2–CD31–PDGFR– tumor cells were assessed with flow cytometry. PD-L1 
expression on day 25 CD45.2–CD31–PDGFR– MOC1 (E) and LLC (F) tumor cells was assessed following treatment on day 10 with SX-682 with or without anti-
body depletion of CD8+ cells (clone YTS 169.4, 200 μg i.p. twice weekly). Representative data from 1 of 2 independent assays with similar results shown. 
n/s, nonsignificant. *P < 0.05; **P < 0.01; ***P < 0.001 by ANOVA.
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through small-molecule inhibition of  CXCR2+ PMN-MDSC chemotaxis. Blocking PMN-MDSC tumor 
trafficking enhanced endogenous and adoptively transferred T cell accumulation within tumors and led 
to significantly enhanced tumor growth inhibition or rate of  tumor rejection when combined with immu-
notherapy. Mechanistically, this appeared to be due exclusively to inhibition of  PMN-MDSC trafficking, 
as PMN-MDSC suppressive capacity and proliferation as well as tumor CXCL1 expression were not 
altered. Further, there appeared to be no direct antitumor effects with CXCR1/2 blockade in these mod-
els of  oral and lung SCC.

Previous work using CXCR2-deficient mice has demonstrated an important role for CXCR2 signaling 
and neutrophilic cell chemotaxis in models of  head and neck, lung, renal, colon, and pancreatic cancer (21, 
30–34). Although the use of  CXCR2-deficient mice allowed insight into the role of  CXCR2 signaling and 
neutrophilic cell chemotaxis in tumorigenesis, they did not allow the study of  therapeutic manipulation 
of  CXCR2 chemotaxis in established tumors. Highfill et al. demonstrated enhanced tumor growth inhi-
bition of  established (day 7) rhabdomyosarcomas following PD-axis immune checkpoint blockade with 

Figure 4. SX-682 enhances tumor control or rejection following PD-1 blockade. WT B6 mice bearing established MOC1 (A) or LLC (B) tumors were treated 
with SX-682 or control chow and PD-1 mAb (200 μg i.p. twice weekly for a total of 4 injections) or isotype control IgG2a mAb, alone or in combination, 
starting on day 10 and followed for primary tumor growth (left) and survival (right). ***P < 0.001 by log-rank (Mantel-Cox) analysis. Mice bearing estab-
lished MOC1 (C) or LLC (D) tumors (n = 8/group) were treated with a combination of SX-682 and PD-1 mAb with or without antibody depletion of CD8+ cells 
(clone YTS 169.4, 200 μg i.p. twice weekly). Representative data from 1 of 2 independent assays with similar results shown. ***P < 0.001 by Student’s t 
test between tumor volumes on final day of measurement.
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CXCR2 blockade using a commercially available anti–mouse CXCR2 mAb (12). Work by Steele et al. 
revealed that a small-molecule inhibitor of  CXCR2 could also enhance tumor growth inhibition follow-
ing PD-axis immune checkpoint blockade in pancreatic adenocarcinoma (13). Similarly, Lu et al. demon-
strated enhanced tumor growth inhibition of  prostate cancer following combination PD-axis and CTLA-4 
immune checkpoint blockade with SX-682 (14), the CXCR1/2 small-molecule inhibitor used in this study. 
Here, using SX-682 to block CXCR2+ PMN-MDSC trafficking, we demonstrate enhanced tumor growth 
control or rejection of  established tumors following both PD-axis immune checkpoint blockade and engi-
neered adoptive T cell transfer. This suggests that immunosuppression mediated by PMN-MDSCs within 
the TME may be a common mechanism of  resistance to both of  these immunotherapeutic approaches.

The presence of  immunosuppressive myeloid populations in the periphery and TME of  patients with 
head and neck and lung cancers is well established by several independent groups (35–39). Greater accu-
mulation of  MDSCs within the periphery or tumors of  patients with recurrent/metastatic head and neck or 
lung cancer correlates with decreased rates of  response to PD-axis immune checkpoint blockade (9, 10). Yet 
other myeloid cell populations may also play a role in immunosuppression within the TME in human can-
cers, including polarized macrophages (reviewed in ref. 40). Here, we demonstrated that PMN-MDSCs are 
the dominant immunosuppressive myeloid cell subtype within MOC1 and LLC tumors. MOC1 CXCR1+ 
macrophages were M2-polarized and immunosuppressive, though to a lesser degree than PMN-MDSCs, 
and LLC macrophages were M1-polarized and did not appear to suppress TIL function. This and other 
work suggest that intermodel variability in macrophage accumulation and suppressive capacity exists (41, 
42). More broadly and from a translational standpoint, this suggests that individual tumors may harbor 
immunosuppressive immune cells from different lineages that harbor different receptors responsible for 
tumor trafficking. Despite peripheral macrophages from MOC1 and LLC tumors being CXCR1+, SX-682 
treatment did not alter tumor trafficking of  macrophages in either model. Macrophages in these models 
may rely on multiple redundant chemokine signaling pathways for tumor trafficking such as CSF1R (43, 
44). Our data suggest that CSF1R may be the dominant chemokine receptor expressed on macrophages in 
these models. Tumor immune profiling indicative of  a PMN-MDSC–rich or macrophage-rich TME could 
serve as a biomarker for determining which chemokine signaling axis inhibitor to use in combination with 
immunotherapy. Validation of  this approach requires further study.

Figure 5. SX-682 results in greater tumor infiltration of adoptively transferred T cells. Day 15 tumors from RAG1–/– mice bearing MOC1 (A) or LLC (B) 
tumors engineered to express SIINFEKL were digested and assessed for infiltration of PMN-MDSCs after treatment with SX-682 or control chow starting 
on day 7. Representative dot plots of live CD45.2+CD11b+F4/80– cells on the left, with quantification on the right. RAG1–/– mice bearing MOC1 (C) or LLC (D) 
SIINFEKL–expressing tumors were treated with SX-682 or control chow on day 7 and treated with a single adoptive transfer of 1 × 106 OT-I T cells on day 
10. Tumors were assessed for infiltration of Vα2+ OT-I T cells 12 hours later. Representative dot plots of live cells on the left, quantification on the right. 
mKate2-positive cells are SIINFEKL-positive tumor cells. FMO, fluorescence minus one. Representative data from 1 of 2 independent assays with similar 
results shown. **P < 0.01 by Student’s t test.
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Targeting CXCR2 may be the ideal approach for selectively abrogating PMN-MDSC trafficking into 
tumors. Expression of  CXCR2 on both murine and human neutrophilic cells appears to be universal (6). 
CXCR2 is also expressed on normal neutrophils, but inhibition of  CXCR2 with a small-molecule inhibitor 
does not appear to suppress neutrophil responses to bacteria, and treatment-related reductions in blood 
neutrophil counts with CXCR2 blockade appear to be temporary, with rapid rebound following cessation 
of  drug (45, 46). Timing of  chemokine receptor inhibition may also be important. We previously demon-
strated that in the MOC1 model, PMN-MDSCs are relatively low and TILs are relatively high on day 10 
of  tumor progression (11). With progression from day 10 to 20, PMN-MDSCs increase and TILs decrease. 
Here, we demonstrated that SX-682 started on day 10 resulted in increased TIL accumulation within 
tumors on day 25, but this was not observed when treatment started on day 20, suggesting that earlier 
inhibition of  immunosuppressive cell trafficking may more effectively rescue effector immune cells. Other 
chemokine receptors, such as CXCR4, are also expressed on bone marrow and peripheral neutrophilic cells 
and may be important for trafficking into tumors (47). However, mounting evidence suggests that CXCR4 
signaling acts as an important retention signal for neutrophilic cells in the bone marrow, and that CXCR4 
inhibition may mobilize these cells from the marrow into circulation (48, 49). CXCR4 is also expressed at 
high levels on T cells (50). Given these data, CXCR2 inhibition likely offers the most selective inhibition of  
neutrophilic cell trafficking into tumors.

The mechanism of action of  SX-682 described here appeared to be limited to disruption of  CXCR2-me-
diated PMN-MDSC trafficking, despite the fact that both CXCR1 and CXCR2 are expressed on MOC1 
and LLC tumor cells. SX-682 treatment had little or no effects on MOC1 or LLC tumor cell proliferation, 
viability, or direct susceptibility to T cell killing in vitro. SX-682 monotherapy also had no effect on primary 
tumor growth in vivo in both models studied here. Other studies have demonstrated, however, that inhibition 
of  CXCR1 and CXCR2 signaling in carcinoma cells can impact invasive capacity, survival of  stem-like cells, 
epithelial-to-mesenchymal transition (EMT), and resistance to tyrosine kinase inhibitors (51–54). The tumor 

Figure 6. SX-682 enhances tumor control or rejection following adoptive transfer of antigen-specific T cells. RAG1–/– mice bearing MOC1 (A) or LLC (B) 
SIINFEKL–expressing tumors were treated with SX-682 or control chow on day 7 and treated with a single adoptive transfer of 1 × 106 OT-I T cells (OT-1 ACT) 
on day 10. Mice were followed for primary tumor growth (left) and survival (right). Cumulative results from 2 independent experiments shown. *P < 0.05; 
**P < 0.01 by log-rank (Mantel-Cox) analysis.
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cell–intrinsic determinants of  the CXCR1 or CXCR2 contribution to these biological processes are unclear 
but may be related to the underlying EMT status of  the tumor cells. Invasion through an ECM does not 
appear to be driven by CXCR2 in epithelial cells like LLC and MOC1, whereas chemokine signaling may 
contribute to migration and/or invasion in more mesenchymal cells (54). This requires further study. Regard-
less, our results suggest that CXCR2 blockade, through modulation of  the TME, can enhance responses to 
immunotherapy independent of  directly altered CXCR1/2 signaling within tumor cells.

In summary, this work demonstrated the ability of  SX-682 to enhance responses to PD-axis immune 
checkpoint blockade and adoptive transfer of  engineered T cells through selective inhibition of  CXCR2+ 
PMN-MDSC trafficking into tumors. These data suggest that tumor PMN-MDSCs may be important mod-
ulators of  response to both forms of  immunotherapy. As with any preclinical model, these results require 
validation in carefully controlled clinical trials. Head and neck and lung SCCs harbor heavy myeloid 
cell infiltration and display limited responses despite expression of  immune checkpoints, indicating that 
CXCR2 inhibition may be beneficial and carry the potential to enhance responses to T cell–based immuno-
therapies in patients with these cancers.

Methods
Cells, treatments, and animal studies. MOC1 cells from the same stock that has been genomically characterized 
were obtained from Ravindra Uppaluri (Washington University, St. Louis, Missouri, USA) and LLC cells were 
obtained from James Hodge (National Cancer Institute) (55). Cells were used at low passage number, serially 
tested for murine pathogens and mycoplasma, and cultured as described previously (56). SX-682 was obtained 

Figure 7. SX-682 treatment effect is not due to direct alteration of tumor cell viability, invasive capacity, or immunogenicity. (A) MOC1 or LLC cells were 
assessed for CXCR1 or CXCR2 expression by flow cytometry, compared to fibroblasts, endothelial, immune or epithelial cells from MOC1 or LLC tumors 
in vivo. Live CD45.2–CD31–PDGFR– oral mucosal epithelial cells and lung epithelial cells were used as comparators for MOC1 and LLC, respectively. (B) 
CXCR1 and CXCR2 expression on day 25 CD45.2–CD31–PDGFR– MOC1 or LLC tumor cells following SX-682 treatment beginning on day 10 or 20 after tumor 
implantation was assessed by flow cytometry. (C) MOC1 or LLC cells were plated in increasing doses of SX-682 and evaluated for alteration in viability 
via impedance analysis. (D) MOC1 or LLC cells were exposed to SX-682 (1 μM for 24 hours) and assessed for induction of apoptosis via flow cytometry. 
(E) Extracellular matrix invasion of MOC1 or LLC cells was assessed using 10% FBS (positive control) or CXCL1 (50 ng/ml) as the chemoattractant in the 
presence or absence of SX-682 (1 μM). (F) MOC1 or LLC cells expressing SIINFEKL were exposed to activated OT-I T cells in the presence or absence of 
SX-682 (cells plated in 1 μM) and T cell killing was assessed via impedance analysis. Representative impedance plots on the left, with quantification at 8 
hours on the right. Representative data from 1 of at least 2 independent assays with similar results shown. *P < 0.05; ***P < 0.001 by Student’s t test. 
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under a Cooperative Research and Development Agreement with Syntrix Pharmaceuticals. Recombinant 
murine CXCL1 was purchased from R&D Systems. Cells expressing OVA257–264 (SIINFEKL) were generated as 
described previously (57). Peripheral blood was sampled via cardiac puncture. Tumors were established by flank 
subcutaneous injections of MOC1 (5 × 106 cells) or LLC (2 × 106 cells) or their corresponding SIINFEKL-ex-
pressing variants in 30% Matrigel (Trevigen). SX-682 was formulated in high-fat chow by Research Diets, Inc. 
Anti–PD-1 mAb (clone RMP1-14) and isotype control (clone 2A3) were purchased from BioXCell. For some 
experiments, CD8+ cells were depleted in vivo via i.p. injection of antibody (clone YTS 169.4, BioXCell). OT-I 
CTLs were generated ex vivo as described previously (57) and adoptively transferred via i.p. injection.

Flow cytometry. Only fresh cells or tumor, spleen, bone marrow, oral mucosa, or lung tissues prepared 
into single-cell suspensions, as described previously (11), were analyzed. Nonspecific staining was mini-
mized with Fc receptor (FcR) blockade. Primary conjugated antibodies were purchased from Biolegend, 
BD Pharmingen, or eBioscience and applied for 30–60 minutes. Dead cells were excluded via viability dye 
staining and a fluorescence-minus-one technique was used to validate specific staining of  all antibody com-
binations (58). Apoptosis was assessed using the Annexin V Apoptosis Detection Kit (eBioscience) per the 
manufacturer’s protocol. For some experiments, cells were fixed and permeabilized for intranuclear (Ki67) 
staining using the FoxP3 Transcription Factor Staining Buffer Set (eBioscience) per the manufacturer’s 
recommendations. All analyses were performed on a BD FACSCanto or BD Fortessa analyzer running 
FACSDiva software and interpreted using FlowJo (vX10.0.7r2).

TIL culture. Day 14 MOC1 or LLC tumors were harvested, minced into 1-mm fragments, and plated 
in RPMI1640-based media with recombinant murine IL-2 (rmIL-2; 100 U/ml). After 72 hours, tumor 
fragments were removed. TILs were cultured in rmIL-2 for an additional 3 to 10 days, replenishing fresh 
media every 48 hours.

Myeloid cell sorting. MOC1 or LLC tumors were digested into single-cell suspensions and run in a 
40%/80% Percoll gradient. The leukocyte band was harvested and Ly6Ghi cells or F4/80+ cells were sorted 
using the Anti-Ly6G MicroBead Kit and Anti-F4/80 MicroBead Kit, respectively, on an AutoMACS Pro 
(Miltenyi Biotec) per the manufacturer’s recommendations.

PMN-MDSC IFN-γ suppression assay. CD3+ T cell were isolated from day 7 cultured TILs via negative 
magnetic selection using the Pan T cell Selection Kit II on the AutoMACS Pro (Miltenyi Biotec). T cells 
were plated into appropriate wells of  a 24-well plate coated with anti-CD3 and anti-CD28 mAbs as previ-
ously described (59). Ly6Ghi cells were isolated as described previously (59). T cells (1 × 105) with or with-
out Ly6Ghi cells (3 × 105) were plated for 24 hours. For the final 6 hours of  the incubation, brefeldin (5.3 
mM) was added. Cells were fixed and permeabilized with the Intracellular Fix and Perm Set (eBioscience) 
per the manufacturer’s recommendations and with anti–IFN-γ antibody in preparation for flow cytometry.

Impedance analysis. MOC1 or LLC cells (1 × 104 cells/well) were plated in the presence or absence of  
DMSO control or SX-682. In other experiments designed to measure potential abrogation of cultured TIL- 
mediated antigen-specific cytotoxicity, MOC1 or LLC cells were plated and allowed to gain impedance for 
24–48 hours. Cultured TILs were then added at a 10:1 effector/target (E/T) ratio in the presence or absence of  
tumor Ly6Ghi myeloid cells or F4/80+ myeloid cells (3:1 E/T ratio to the TILs). TILs, Ly6GhiLy6Clo myeloid 
cells, or F4/80+ myeloid cells were combined and incubated together for 2 hours before addition to the imped-
ance plate. Impedance experiments were performed using 96-well E-Plates (ACEA Biosciences) and changes in 
impedance were recorded using the xCELLigence Real-Time Cell Analysis (RTCA) platform per the manufac-
turer’s recommendations. For each plot, the y axis is the cell index and the x axis is time in hours. Triton X-100 
(0.2%) was added to some wells to induce total cell lysis. The percentage loss of cell index for a given time point 
was calculated using the following: 1 – (experimental cell index/control cell index).

ELISA. ELISA kits were purchased from R&D Systems and used per the manufacturer’s recommendations.
qRT-PCR. Quantitative reverse transcription PCR (qRT-PCR) was performed as previously described (57). 

CXCL1 and GAPDH primers were purchased from Thermo Fisher Scientific.
Invasion assay. The QCM ECMatrix Cell Invasion Assay was purchased from EMD Millipore and used 

per the manufacturer’s recommendations. Recombinant murine CXCL1 was purchased from R&D Systems.
Statistics. Tests of  significance between pairs of  data are reported as P values, derived using a Student’s t 

test with a 2-tailed distribution and calculated at 95% confidence. Comparison of  multiple sets of  data was 
achieved with analysis of  variance (ANOVA) with Tukey’s multiple-comparisons test. Survival analysis 
was determined by log-rank (Mantel-Cox) analysis. All error bars indicate standard deviation. Statistical 
significance was set to P < 0.05. All analysis was performed using GraphPad Prism v7.
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