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CXCR1/2 antagonism inhibits neutrophil function and not recruitment in cancer
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ABSTRACT

The level of tumor and circulating CXCR1/2-expressing neutrophils and CXCR1/2 ligands correlate with
poor patient outcomes, inversely correlate with tumoral lymphocyte content, and predict immune
checkpoint inhibitor (ICl) treatment failure. Accordingly, CXCR2-selective and CXCR1/2 dual inhibitors
exhibit activity both as single agents and in combination with ICl treatment in mouse tumor models.
Based on such reports, clinical trials combining CXCR1/2 axis antagonists with ICI treatment for cancer
patients are underway. It has been assumed that CXCR1/2 blockade impacts tumors by blocking neu-
trophil chemotaxis and reducing neutrophil content in tumors. Here, we show that while CXCR2 antag-
onism does slow tumor growth, it does not preclude neutrophil recruitment into tumor. Instead, CXCR1/2
inhibition alters neutrophil function by blocking the polarization of transcriptional programs toward
immune suppressive phenotypes and rendering neutrophils incapable of suppressing lymphocyte pro-
liferation. This is associated with decreased release of reactive oxygen species and Arginase-1 into the
extracellular milieu. Remarkably, these therapeutics do not impact the ability of neutrophils to phagocy-
tose and kill ingested bacteria. Taken together, these results mechanistically explain why CXCR1/2
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inhibition has been active in cancer but without infectious complications.

Introduction

Neutrophils, or polymorphonuclear (PMN) cells, are the most
abundant white blood cell type in peripheral blood. They are
the innate immune system’s first line of defense and a primary
component of the inflammatory response. The recruitment of
neutrophils to sites of infection and inflammation is essential
for the neutralization and removal of bacterial, fungal, and viral
pathogens.' Resolution of inflammation requires the diminu-
tion of neutrophils and other immune cells to basal levels,
which involves the elimination of their chemotactic
gradients.” However, in chronic inflammatory processes such
as cancer, neoplastic cells continue to secrete a variety of
chemokines and cytokines that mediate perpetual waves of
neutrophil recruitment.” Hence, the analogy that cancers
represent wounds that do not heal.* Neutrophil recruitment
to sites of inflammation and tumorigenesis is facilitated by
redundant chemotactic signals that include leukotriene B4
(LTB4), complement 5a (C5a), and several CXC ligands.
CXCRI (only expressed in humans) and CXCR2 (expressed
in mice and humans) are G protein coupled receptors that
constitute the primary mechanism for neutrophil chemotaxis
and recruitment.>® These potent receptor-ligand axis is shown
to be elevated in several inflammatory diseases, including
chronic obstructive pulmonary disease (COPD), asthma, rheu-
matoid arthritis, psoriasis, inflammatory bowel disease, and

cancer.” 1°

Although there exist reports of both pro-host and pro-
tumor functions of tumor-associated neutrophils (TAN) in
humans,'" recent reports, including one demonstrating that
neutrophil infiltration predicts immune checkpoint inhibitor
(ICI) treatment failure in non-small cell lung cancer
(NSCLC),'* ! have led to the performance of clinical investi-
gations in mice employing neutrophil antagonists, frequently
in combination with ICL.">"** Based on these results, human
clinical trials have been initiated. Specifically, agents targeting
CXCR2 selectively (AZD5069), CXCR1/CXCR2 (SX-682), and
the CXCR1/CXCR2 ligand CXCL8/IL-8 (BMS-986253) are
being studied in patients with lung cancer (NCT04123379
and NCT05570825), pancreatic cancer (NCT02583477 and
NCT04477343), melanoma (NCT03161431), and other solid
cancers (NCT04599140), in combination with anti-PD(L)1
antibody therapies. The general assumption with this thera-
peutic strategy is that CXCR1/CXCR?2 axis blockade will limit
neutrophil chemotaxis and recruitment such that the neutro-
phil content with the TME will be reduced. To that end, the
typical readout for on target activity of these drugs is reduced
TAN content in an on-treatment biopsy or the development of
neutropenia, the latter of which has been used to push ther-
apeutic doses to the highest possible levels. Given that there
several alternate mechanisms that drive neutrophil migration
(e.g. complement products, eicosanoid lipid mediators, col-
lagen fragments, etc.), we suspected that targeting the CXCR2
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axis alone would be unlikely to yield a near-complete exclusion
of neutrophils within tumors in vivo. Therefore, we undertook
a series of experiments designed to assess the impact of
CXCR1/CXCR2 antagonism on neutrophil content and func-
tion in lung cancer models in mice. Here, we show that two
different CXCR2 antagonists blunt tumor growth without
reducing TAN content in mice. Instead, the immune suppres-
sive effects of TAN are inhibited while sparing the ability of
neutrophils to phagocytose and kill bacteria within the neutro-
phil phagolysosome.

Materials and methods
Mice and in vivo treatments

Lewis lung carcinoma cells that were obtained from ATCC and
were cultured in complete DMEM with 10% heat-inactivated
FBS and penicillin/streptomycin (1 x 10°) were injected into the
parenchyma of the left lung lobe through the rib cage, as
described previously in the gender and age matched C57BL/6
mice.”® B6.12984-Pten™ "™ /] (Pten") and Stk11"™'9™/]
(Lkb1™") mice on pure C57BL/6 backgrounds were acquired
from The Jackson Laboratory. Pter?; Lkb """ (PL) mice were
generated by simple crossbreeding and have been previously
reported. PL mice received an intratracheal dose of 1x 10’
PFU of adenoviral Cre recombinase (AdCre; University of
Iowa Viral Vector Core, Iowa City, Iowa, USA) to initiate
tumorigenesis between 8 and 10 weeks of age, as previously
described.”” Tumor-bearing lungs were confirmed and their
volumes (W x L x D) were calculated using pCT 10d post
implantation for LLC and 30-35 weeks post infection for PL
mice. CXCR2 antagonist (AZD; 100 mg/kg) and CXCRI1/
CXCR?2 antagonist (SX-682; 200 mg/kg) were given twice daily
o.p. Anti-Ly6G (1A8; BP0075-1) and anti-rat Kappa immuno-
globulin light chain antibodies (MAR18.5; BE0122) adminis-
tered as described in Boivin et al.*® C57BL.6-Argl"™'"™/]
(Arglﬂ/ﬂ) mice were all obtained from The Jackson Laboratory.
Ly6G-Cre mice were provided by Matthias Gunzer (University
Duisburg-Essen, Essen, Germany).?> The Ly6G-Cre; Argl™"
mice were generated by simple crossbreeding and have been
previously reported. NE™'~ mice were generated by targeted
gene disruption as previously detailed.”

Tissue processing and flow cytometry

Single-cell suspensions were prepared from tumor-bearing
lungs by mechanically dissociating the tissue with scissors
and digesting in collagenase IV (Worthington), 80 U/mL
DNase (Worthington), and Pierce protease inhibitor cocktail
(ThermoSci; A32963) at 37c for 30 min. The resulting cells
were incubated with mouse TruStain FcX (Biolegend) for 15
min on ice and stained for 30 min at room temperature with
either the flow antibody panel #1 or #2. Flow antibody panel
#1: CD4 (GK1.5; BUV563; BD), CD8 (53-6.7; FITC; BD),
CD11b (M1/70; APC-R700; BD), CD1lc (N418; BV42l;
Biolegend), CD64 (X54-5/7.1; PE-Cy7; BD), CD45 (30-F11;
BUVe661; BD), CD3 (17A2; BV750; Biolegend), MHCII (M5/
114; BV711; BD), Ly6C (RA3-6B2; BV570; eBioscience), and
with Live/Dead Fixable Blue (Thermosci) to assess viability.

Flow antibody panel #2: CD4 (GK1.5; BUV563; BD), PDLI
(MIH5;BUV615; BD), CD45 (30-F11;BUV661; BD), Ly6G
(1A8; BUV737; BD), CD39 (24DMS1; BUV805; BD), CD11c
(N418;BV421; Biolegend), Ly6C (HK1.4; BV570; Biolegend),
PD1 (J43;BV605;BD), XCR1 (ZET; BV650; BD), MHCII (M5/
114.15.2; BV711; Biolegend), CD8a (53-6.7; BB515; BD),
CXCR3 (CXCR3-173; NFB610; Invitrogen), TCRB (H57-597;
BB700; BD), CD172a (P84; PerCPe710; BD), CD73 (eBioTY/
11.8; PE; eBioscience), CD64 (X54-5/7.1; PE-Cy7; Biolegend),
CD11b (M1/70; APC-R700; BD), CD38 (90; APC-Fire810;
Biolegend), and Live/Dead Fixable Blue (Thermosci) to assess
viability. Samples were analyzed using the BD FACSymphony
IT cell analyzer or Sony ID7000 analyzer for panel #1 and #2,
respectively. Compensation and gating analysis for the panel #1
were done with FlowJo Software (Tree Star).

The flow gating strategy is provided in Figure 1. Of note, for
this study, neutrophils were defined as CD11b"Ly6G" cells. For
the unique case of measuring neutrophil content in mice that
had received Ly6G depleting antibody, we utilized an alternate
method because the Ly6G flow antibodies are the same clone as
the neutrophil depleting antibody. For this specific case, we
defined neutrophils as CD11b*Ly6C™ cells.

Immunohistochemistry (IHC)

IHC staining and MSI was performed using PerkinElmer’s
Opal fIHC reagents and the Aperio VERSA200 Imaging
System (Leica Biosystems) as described in Kargl et al.'* Anti-
mouse Ly6G (1A8; Biolegend 127,602) was used at 1:2000 and
Opal 570 was used at 1:80 dilution.

Boyden cell migration assay

Tumor lysates (1 mg/mL) or mouse recombinant mouse
CXCL2 (50 ng/mL; R&D; 452-M2) were prepared in HBSS
and used in neuroprobe cell migration chamber with 3-pum
filter. Mice were treated with vehicle control or either CXCR2
antagonist for more than 2 d prior to inducing sterile perito-
nitis by injecting 1 mL of 4% thioglycolate intraperitoneally.
Peritoneal neutrophils were collected from peritoneal exu-
dates 4 h after the induction of sterile peritonitis.
Hemocytometer counts and modified Wright stained cytos-
pins were utilized to confirm >85% neutrophil purity. The
cells were used in the migration chamber in HBSS at 2 x 10°
cells/mL. After 3 h, the migrated cells were counted by flow
cytometry.

ELISA

Mouse CXCL1/KC Quantikine ELISA kit (R&D; MKCO00B),
CXCL2/MIP-2 Quantikine ELISA kit (R&D; MM200),
Complement C5a mouse ELISA kit (Invitrogen; EMHC), and
Leukotriene B4 Express ELISA kit (Cayman; 10009292) were
used according to manufacturer’s protocol on tumor lysates
that were prepared in PBS and Pierce protease inhibitor tablet
(ThermoSci; A32963). BCA assay was used to ensure equal
loading.
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Figure 1. CXCR1/2 antagonists blunt tumor growth without reducing tumor-associated neutrophil content in mice. The results of autochthonous PL lung squamous
model and orthotopic LLC model are shown on the top and bottom row, respectively. (A-B) lung tumor burden is expressed in tumor volume (WxLxD) and fold changes
measured with uCT scans before and after 2 weeks of the indicated treatments. AZD and SX-682 was given P.0. 100 mg/kg or 200 mg/kg twice daily, respectively. To
deplete neutrophils, mice were given 200 mg/kg of anti-Ly6G (1A8) daily and anti-rat IgGk every other day I.P. for 2 weeks. (C-D) neutrophils (CD11b*Ly6G" or
CD11b*Ly6C™), (E) lymphocytes (CD3*), (F) monocytes (CD11b*Ly6C"), (G) macrophages (CD11b*CD64%), and (H) dendric cells (DC; CD64~CD11c*MHCIIY) were
characterized using flow cytometry and expressed as the percentages of total live CD45. Each dot represents a single tumor-bearing mouse from 3 separate
experiments, n = 8, mean =+ s.d. ordinary one-way ANOVA with Tukey’s post hoc test *p < 0.05. (I) The representative flow cytometry gating strategy is shown.

Single cell RNA-sequencing

Tumor-associated neutrophils were isolated using fluores-
cence-assisted cell sorting (FACS) of the live Ly6G population
from single-cell suspensions of tumor-bearing lungs that have
been stained with anti-Ly6G (1A8; BUV737, BD) and LIVE/
DEAD Fixable Blue Dead Cell Stain Kit for UV excitation for
viability on Sony MA900 cell sorter into FBS containing PBS.
Cells were loaded onto the 10X Genomics Chromium
Controller using the Chromium Next GEM Single Cell 3’v3.1
kit to partition the cells into nanoliter-scale single-cell Gel
beads-in-emulsion (GEMs). Then, the GEMs were placed in
the thermocycler for the reverse transcription of the polyade-
nylated mRNA. cDNA was amplified to generate Gene
Expression libraries. The libraries were sequenced in the illu-
mina NextSeq2000 sequencer using a P3-100 flow cell, follow-
ing the 10X sequencing recommendations: Readl 28 cycles,
Read2 90 cycles, index1 10 cycles and index2 10 cycles. The
final pool was loaded at 1200 pM and 1% PhiX illumina control
was spiked in. Single-cell RNA sequencing data for tumor-
associated neutrophils were analyzed using the CELLXxGENE.

T cell proliferation assay

TAN were isolated with mouse anti-Ly6G MicroBeads
UltraPure (130-120-337: Miltenyi Biotec) kit according to the
manufacture’s recommendation. Splenic T cells were isolated
with mouse EasySeo T cell isolation kit (Stemcell; 19851) from
naive C57BL/6 mice and were stimulated in T cell medium

(RPMI 1640, penicillin/streptomycin, 200 mM L-glutamine, 50
mM B-mercaptoethanol, 1 M HEPES) with L-arginine (75 pM)
and recombinant human 50 U/mL of IL-2 (Peprotech).
Dynabeads mouse T-activator CD3/CD28 beads were used
according to manufacturer’s protocol. The cells were incubated
at indicated ratio for overnight before the T cell activating
beads were removed. The T cells and TANs were returned to
the tissue incubator for 24 h before the CellTrace violet signal
was measuring using flow cytometer.

Apoptosis detection

Cells were incubated in annexin-binding buffer with the
annexin V conjugates at 1:200 dilution and Live/Dead Fixable
Blue (Thermosci; L23105) at 1:800 dilution for 15 min at the
room temperature. The cells were washed and analyzed by flow

cytometry.

Arginase | activity assay

Activities of Arginase I of 2 x 10° cells were measured using
ARGI activity assay kit (Abcam; ab180877) according to the
manufacturer’s protocol. For conditioned media, the cells were
incubated directly in the plates. Whole cell lysates were made
with cell lysis buffer (Cell signaling tech; #9803) and loaded
into the activity assay. The manufacturer’s protocol was
followed.
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NE activity assay

NE was determined by measurement of p-nitroanilide resulting
from hydrolysis of the neutrophil elastase-specific peptide,
N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide. Human
NE isolated from human sputum leukocyte elastase (SPC;
SE562) was used to create the standard, ranging from 1 pM to
1x 107> uM. 2 x 10° cells per well was used for either condi-
tioned media or whole cell lysates. Conditioned media was
made by incubating 2 x 10° cells in 100 uL of PBS for 1
h. The cell lysates were made with 1x cell lysis buffer with
2 x 10° cells. The manufacturer’s protocol was followed.

Arginase | ELISA

The total arginase I content was measured using mouse
Arginase I ELISA kit (ab269541). Conditioned media was
made by incubating 2 x 10° cells in 100ul of PBS for 1 h. The
cell lysates were made with 1x cell extract buffer provided by
the kit with 2 x 10° cells. The manufacture’s protocol was
followed.

2',7’-Dichlorodihydrofluorescein diacetate (H2DCFDA)
and 4-amino-5-methylamino-2'7’-difluororescein (DAF-
FM) assay

Cells were loaded with 5 uM H2DCFDA (Invitrogen; D399) or
5uM DAF-FM (Invitrogen; D23841) for 15 min at 37°C in
PBS, and the manufacturer’s protocol was followed.

Immunofluorescence and confocal imaging

Cells (2 x 10° cells/mL) were activated with 250 nM of phorbol
myristate acetate (PMA) for 3 h on a glass-bottom 96-well
plate. Following the induction of NETosis, the reaction was
terminated with 4% (w/v) paraformaldehyde (PFA) overnight,
permeabilized with 1% Triton X-100 for 25 min and blocked
with 2.5% (w/v) BSA in PBS overnight. Citrulline Histone 3
(H3Cit) was probed for using mouse anti-H3Cit antibody
(AbboMax: 630-180; clone:nan) at 1:150 dilution. DAPI (100
uM, Thermo Fisher Scientific) at 1:333 dilution was used for
visualizing DNA. A Dragonfly 200 high-speed confocal ima-
ging platform (Andor Technology) was mounted on a Leica
DMi8 (Leica Microsystems) with a 100X/1.4 NA objective lens
under the control of Fusion version 2.3.0.36 (Oxford
Instruments). Images were captured using 488-nm and/or 561-
nm lasers with an Andor iXon Life 888 EMCCD camera
(Andor Technology) with the 2X mag changer. The analysis
of the acquired images was done using Imaris software; The
spots algorithm was chosen to identify H3Cit based on GFP
signal. Appropriate DAPI signal threshold was set and applied
to all images to categorize the spots into intra or extra nuclear
H3Cit.

Phagocytosis assay

Cells were incubated with pHrodo Green E. coli BioParticles or
pHrodo Red S. aureus BioParticles (P35366 and A10010) for 15
min at 37°C. The phagocytic capacities were compared using

a flow cytometry to measure the percentage and mean fluores-
cence intensities of GFP or PE positive cells, respectively.

Bactericidal assay

The indicated bacteria (1 x 107 cells/mL) were incubated with
the cells (2 x 10° cells/mL) for 15 min at 37°C. The wells were
gently washed with gentamycin (100 ug/mL) and separated
into two time points: 0 min and 30 min. The 0 min cells were
lysed after the gentamycin wash, whereas the 30 min cells were
incubated in PBS for 30 min before lysed. For both timepoints,
the cells were lysed with 0.1% Triton X and appropriate dilu-
tions were made before plating onto LB plates. After overnight,
CFU was calculated, 30 min timepoint data was subtracted
from the 0 min timepoint and divided from the 0 min time-
point data to measure the percentage of bactericidal capacities.

Experimental pneumonia

Mice of each treatment and control were treated for 4 d prior to
infection. On the infection day, 50 ul of S. aureus and E. coli at
2x 107 and 4 x 107 pfu/mL, respectively, into the tracheas of
mice. Bronchial Alveolar Lavage (BAL) samples were collected
by injecting and recovering 1 mL of PBS from the lungs of the
mice after 18 h. One hundred microliters of each BAL fluid was
plated to calculate the bacterial clearance.

Statistical methods

Data are expressed as the mean * standard deviation (s.d.)
unless otherwise stated. Statistical analyses were performed
on Prism 10 software. Multiple comparisons were assessed
using 1-way ANOVA with Tukey’s post hoc test. A 2-way
ANOVA was used specifically to assess differences between
tumor volume pairs. p Values of less than 0.05 were considered
statistically significant.

Study approval

All animal experiments used age- and sex-matched mice and
were conducted at the Fred Hutchison Cancer Center using
protocols approved by the Institutional Animal Care and Use
Committee.

Results

CXCR1/2 antagonists blunt tumor growth without
reducing tumor-associated neutrophil content in mice

We assessed the impact on tumor burden induced by anti-
Ly6G antibody mediated neutrophil depletion as compared
to that accomplished by administration of the CXCR2-
selective inhibitor, AZ12376429-026 (murine version of
AZD5069 which will be referred to as AZD in this study)
and the dual CXCR1/2 inhibitor, SX-682. To accomplish
this, lung tumors in both the Pter"Lkb /" (PL) autochtho-
nous mouse model of lung squamous cell carcinoma
(LUSQ) and the Lewis Lung Carcinoma (LLC) orthotopic
model of lung adenocarcinoma (LUAD) were imaged by



uCT, and tumors of comparable sizes were randomly
assigned into the treatment or control groups. AZD or SX-
682 as single agents showed modest, but significant, inhibi-
tion on the terminal tumor burden and the rate of tumor
growth expressed in fold growth over 2 weeks of treatment
in both mouse models, respectively (Figure 1(a,b)). The
importance of neutrophils in tumor progression was further
highlighted by the fact the tumor growth was most stunted
(Figure 1A ; purple) by depleting neutrophils using
a combination of anti-Ly6G (1A8) and anti-rat IgGk as
described in Boivin et al.*® (Figure 1D). To our surprise,
neither AZD nor SX-682 induced a significant reduction in
TAN content when expressed either by the percentage of
CD45 (Figure 1(c)) or the total cells per milligram of tissue
(Supplemental Figure S1A), or by immunohistochemistry
(Supplemental Figure S1G). Despite the lack of neutrophil
cellular exclusion from the lung tumors, we observed
a significant increase in percentages of CD3" cells in tumor-
bearing lungs that had been treated with AZD and SX-682
(Figure 1(c) and Supplemental Figure S1B-C), though this
was the most pronounced in both models with Ly6G anti-
body treatment (Figure 1(b)). The increased CD3" cellular
content was not accompanied by any significant changes in
monocyte, macrophage, or dendritic cell (DC) content with
the two antagonists (Figure 1(e-h)), except we did observe
a significant increase in monocytes in the LLC model with
neutrophil depletion, likely reflecting a reciprocal change
(Figure 1(f)). To extend these findings, we repeated this
experiment with a different flow panel that include CD4,
CDS8, and T cell activation markers such as CD39, CD38,
CD73, PD1, and CXCR3. We were unable to identify sig-
nificant changes in the percentages of CD39"CD73%,
CD38*CD73", PD1", and CXCR3" in CD4" or CD8" cells
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nor in the percentages of CD39*CD73", CD38"CD73", and
PDL1" in Ly6G" and CD64" positive cells (Supplemental
Figure S1H and I). Taken together, we have concluded that
CXCR2 antagonism inhibited tumor growth rates in two
different lung cancer models without significantly reducing
TAN content.

CXCR1/2 antagonism does not confer a loss of neutrophil
chemotaxis

First, we assessed the effect of the CXCR1/2 antagonism on
neutrophil migration toward recombinant CXCL2. In Figure 2
(a), Boyden cell migration assay showed significant, but incom-
plete inhibition of neutrophil migration toward the CXCL2
gradient (50 ng/mL) with either antagonist. Our objective
here was not to titer the two antagonists in mice or the con-
centration of CXCL2 gradient to achieve near-complete inhibi-
tion of neutrophil migration, but to demonstrate that at
a therapeutic dose (100 mg/kg for AZD and 200 mg/kg for
$X-682), these two antagonists can indeed inhibit neutrophil
migration toward CXCR2-dependent ligands - at least to an
extent. However, when using tumor lysates (TL) from PL or
LLC tumor-bearing lungs, which presumably contain the com-
plex mixture of neutrophil chemotactic molecules encountered
in vivo, the CXCR1/2 antagonists failed to significantly impede
neutrophil chemotaxis (Figure 2(b-e), comparing either the
third and fourth bar, or fifth and sixth bar). Surprisingly, the
capacity to attract neutrophils was further enhanced when
either LLC or PL tumors were treated with AZD (comparing
the fourth and sixth bars in Figure 2(b-c)). In contrast, SX-682
neither increased nor decreased the chemotactic capacities of
PL and LLC tumors (Figure 2(d-e)). The enhanced capacity of
AZD-treated LLC and PL tumors to attract neutrophils is
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Figure 2. CXCR1/2 antagonism does not confer a loss of neutrophil chemotactic capacities of tumors. Following a 4-d treatment period (black = control, red = AZD, and
blue = SX-682), thioglycolate-induced neutrophils (>85% pure) were isolated from the peritoneum exudates and used in the modified Boyden chamber chemotaxis
assay. The chemotactic capacities of the indicated neutrophils were assessed toward the gradients by (A) CXCL2 (50 ng/mL), (B and C) AZD-treated PL and LLC tumor
lysates, and (D-E) SX-682-treated PL and LLC tumor lysates. Each closed circle represents an experimental replicate from three separate biological replicates with the
indicated tumor lysates (1 mg/mL) prepared from at least three different mice. The mean percentages of migrated neutrophil over total seeded cells + s.d. Are shown.

(F-1) CXCL1, CXCL2, C5a, and LTB4 contents in whole tumor lysates of the indicated
total protein loaded. Each open circle represents a lysate of the tumor bearing lung

tumor model and treatment were measured by ELISA and expressed as pg/mg of
of mouse that were treated with vehicle control, AZD, or SX-682 for 2 weeks. The

graphs show the mean =+ s.d., and ordinary one-way ANOVA with Tukey’s post hoc test (*p < 0.05) was used for the statistical analysis.
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partly explained with upregulated levels of CXCL1 and CXCL2,
the prototypical ligands for CXCR2 (Figure 2(f,g)). However,
the increases were only observed in tumors that were treated
with AZD, but not with SX-682, suggesting possible differences
in compensation mechanisms elicited by the two antagonists.
Furthermore, the levels of the chemotactic agents C5a and
LTB4 were not impacted by CXCR1/2 axis inhibition
(Figure 2(h,i)), but the synergistic nature of the multiple per-
mutations of different chemokines remains unknown. Taken
together, we concluded that AZD and SX-682 inhibit CXCR2-
CXCL2-mediated chemotaxis to an extent; however, multiple
compensatory mechanisms likely exist in vivo.

CXCR1/2 antagonism perturbs neutrophil polarization
into pro-tumor sub-phenotypes

Since the CXCR1/2 antagonists reduced tumor burden rate
without a significant exclusion of neutrophils, we suspected
that these agents were impacting neutrophil function, and not
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recruitment. To test this in an unbiased way, we used scRNA-
seq to analyze the effect of CXCR1/2 antagonism on the live
Ly6G" cells in the lungs of LLC tumor-bearing mice.
Unsupervised analysis of scRNA-seq revealed 21 unique clus-
ters based on their gene expression (Figure 3(a)). Previously,
Zilionis and colleagues identified 6 neutrophil clusters in mice
and 5 in human samples.’’ They classified the cluster that
expressed Mmp8, Mmp9, S100A8 and S100A9, and Adam8
as mN1, or canonical neutrophils. They further subdivided
the neutrophils into groups mN3 through mN5 based on the
expression of genes such as Ccl3, Csfl, Cstb, Ctsb, and Irak2.
These observations fit the narrative that TAN progressively
polarize from the mN1 canonical state to more immunosup-
pressive and pro-tumor phenotypes (mN3-mNS5). The authors
also identified a subtype that is characterized by expression of
Ifng-inducible genes (mN2) that is disparate from the other
groups and believed to represent a pro-host TAN subgroup. To
visualize the polarization of neutrophil clusters in our dataset,
we annotated our clusters within the context of published gene
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Figure 3. CXCR1/2 antagonism perturbs neutrophil polarization into pro-tumor sub-phenotypes. Live, Ly6G+ cells from the LLC lung tumor-bearing mice were used.
Each dot represents a single TAN. (A) UMAP plots 21 clusters of neutrophils identified by the single-cell RNA-sequencing. (B) UMAP plot of the annotated clusters based
on gene signatures previously reported. (C) Heatmap showing genes upregulated (red) and downregulated (blue) in TAN clusters. Negative and positive Z-scores
respectively associate with increased or decrease expression. (D) The population compositions in percentages of whole are calculated for the annotated clusters for each
treatment group. (E and F) UMAP plots comparing the polarities of control versus AZD and SX-682 TANSs, respectively.



sets and were able to identify the mN1, mN2, mN3, and mN5
populations. However, we were not able to identify cluster
mN4 or mN6 - instead, we saw a hybrid cluster of mN1 and
mN3 (mN1_mN3) and a unique cluster 13 (Figure 3(b,c)).
Upon closer examination of cluster composition, we found
that the mN1 cluster was proportionally larger in the antago-
nist groups compared to control, suggesting that CXCR1/2
inhibition renders canonical neutrophils (mN1) incapable of
polarizing into more tumor promoting phenotypes (Figure 3
(d)). In addition, the proportion of mN2 cluster remained
constant among all the groups, reaffirming that there might
be a constant TAN population that are sensitive to the Ifng
signal. The shift from mN1 to mN3 and mNS5 is best visualized
in the UMAP plots comparing AZD- and SX-682-treated
TANSs with control TANs (Figure 3(e,f)). Each green dot repre-
senting a single TAN from either antagonist dominates the
right-hand side of the UMAP, whereas the red dots dominate
the left-hand side of the UMAP. Thus, it appears that CXCR1/2
antagonism perturbs TAN transcriptional profiles in favor of
a canonical state as opposed to immune suppressive
phenotypes.

CXCR1/2 antagonists eliminate the suppressive effects of
TAN on T cell proliferation in vitro

Prior studies of CXCR2-deficient myeloid cells have shown
that CXCR?2 signaling may play an important role in the ability
of neutrophils to produce potentially immune suppressive
substances (e.g., ROS).'®** This suggests that CXCR2 function
is not limited to chemotaxis and may bear functional signifi-
cance. Therefore, we tested the hypothesis that the gene expres-
sion changes identified in the sc-RNA-seq studies above would
impart changes in neutrophil function with respect to lympho-
cyte suppression. To accomplish this, we used TANs isolated
from mice that were treated with a CXCR1/2 antagonist for at
least 4 d. Naive splenic T cells were stained with CellTrace
Violet and seeded with anti-CD3/CD28 beads and the indi-
cated TANs at 1:1:3 (bead:T cell:TAN) ratio. The sequential
loss of CellTrace Violet signal among the proliferating T cells
indicated that over 80% and 60% of the CD4" and CD8" T cells
were dividing without exposure to TANs, respectively.
However, when incubated with control TAN, they were sig-
nificantly inhibited from proliferating (Figure 4(a)). To our
surprise, the neutrophils that had been treated with either
AZD or SX-682 had completely lost their ability to suppress
CDS8" T cells, whereas their loss of suppressive effects on CD4"
T cells were significant but not complete (Figure 4(a)). The
same observation was made when we used higher T cells to
TAN ratios — both AZD and SX-682 TANs showed significant
defect in inhibiting T cell proliferation compared to the control
TANs (Supplemental Figure S2A). In addition, we ruled out
the possibility of CXCR1/2 antagonism inducing early apopto-
sis or death of the neutrophils. To address this, we incubated
the neutrophils in full-serum T cell media that we used for the
above experiment and measured the apoptotic and dead cells
every 24 h. Supplemental Figure S2B shows that there are no
significant differences among the percentage live, apoptotic
cells, or dead cells in CXCR1/2 antagonized neutrophils.
Opverall, this evidence strongly supports the hypothesis that
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the CXCR1/2 signaling plays a crucial role in mediating the
suppressive effects of neutrophils on T cell proliferation.

To gain deeper mechanistic insight, we measured arginase-1
(Argl) activity and neutrophil elastase (NE) activity in the
conditioned media (CM) and whole cell lysates (WCLs) of
neutrophils.* Figure 4(b,c) shows that CXCR1/2 blockade
significantly reduced the ability of the neutrophils to convert
L-arginine into urea or to hydrolyze N-methoxysuccinyl-Ala-
Ala-Pro-Val p-nitroanilide (MSAPN) - a peptide used to mea-
sure neutrophil elastase (NE)-specific activity - in the condi-
tioned media, but not in the whole cell lysates (WCL). The
comparable total Argl cellular content was confirmed in the
WCLs with Argl ELISA (Supplemental Figure S3A). These
observations suggest that the CXCR1/2 antagonists-treated
neutrophils still possess ample intracellular content of
Arginase I and NE, but are unable to release these effector
molecules into the extracellular space. In addition, the levels
of the reactive oxygen species (ROS) and nitric oxide (NO)
were measured using the cell permeable fluorescent probe,
2¢,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) and
4-amino-5-methylamino-2’7’-difluororescein ~ (DAF-FM),
respectively. The result suggested modest reductions in reac-
tive oxygen intermediates and nitric oxide in the CXCR1/2
inhibitor-treated neutrophils (Figure 4(d,e)). Argl and ROS
are two well-known mediators of lymphocyte suppression,
and the significant reductions in these two key components
are possible mechanisms by which CXCR1/2 antagonism can
limit the pro-tumor functions of neutrophils.

Lastly, we examined the effects of CXCR1/2 antagonism on
the formation of neutrophil-extracellular traps (NETs) in neu-
trophils. NETosis is a unique mechanism by which neutrophils
execute their antimicrobial and pro-tumorigenic functions.*>>*
It has been shown to inhibit staphylococcal skin infection
extravasation into the bloodstream and to aid in cancer
metastasis.’ To assess NETosis, we used immunofluorescence
(IF) to measure extranuclear citrulline Histone 3 (H3Cit) by
contrasting with nuclear DAPI staining. Compared to the
control, we found significantly lower ratios of extranuclear or
intranuclear H3Cit, suggesting that the CXCR1/2 antagonists
may hinder NETosis (Figure 4(f)). It has been previously
shown that ROS generation is a critical step in NETosis and
dependent of JAK2-dependent ERK phosphorylation.”®?”
However, we were able to detect any significant changes in
the phosphorylation status of ERK1/2 or AKT (Supplemental
Figure $3B). Although we do not yet understand the signaling
defect with the CXCR1/2 antagonism, the data, overall, suggest
that CXCR1/2 ligands modify essential roles in mediating
neutrophil behaviors within the TME.

CXCR1/2 antagonism does not impact phagocytosis and
intracellular bacterial killing by neutrophils

The crucial role of neutrophils in the fight against bacterial
infection cannot be overstated. Therefore, the concern over the
use of CXCR1/2 antagonists in cancer patients that they might
be prone to infections is not unwarranted, especially given our
observation that NETosis and NE release may be defective in
the neutrophils whose CXCR1/2 signaling pathway has been
targeted. To test the effects of CXCR2 antagonism on the
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Figure 4. CXCR1/2 antagonists limit the suppressive function of PMN on T cell proliferation in vitro. TAN were purified using the anti-Ly6G positive selection from the LLC
tumors treated with the indicated treatments for 4 d. The TANs were incubated with T cells that were stained with CellTrace violet (1 uM) and anti-CD3/CD28 beads at
the 1:1:3 (T cells: beads: TANs) ratio. (A) The proliferating T cells were measured by the loss of CellTrace violet signal and expressed as percentage of total CD4 or CD8
T cells. The representative histograms of CellTrace violet signal of T cells incubated with the indicated TANs are shown. (B and C) Arg1 activity and NE activity,
respectively, were measured in the conditioned media (CM; circles) and whole cell lysates (WCL; squares) of neutrophils with the indicated treatment. Neutrophils
isolated from Arg1 or NE knockout mice were used as negative control for the respective activity assays. (D and E) generation of reactive oxygen intermediates or nitric
oxide was measured in the neutrophils that were loaded with cell-membrane permeable 2'7'-dichlorodihydroflourescin diacetate (H2DCFDA) or 4-amino-5-methyla-
mino-2'7'-difluororescein (DAF-FM), respectively. (F) Neutrophils with the indicated treatment were allowed to attach to the glass bottom 96-well plate and activated
with 250 nM of PMA for 3 h. Following the induction of NETosis, citrulline histone 3 (H3Cit; green) was probed, and DAPI (blue) was used for visualizing nucleus. The
graph shows the ratios of the extranuclear over intranuclear H3Cit spots in neutrophils with indicated treatment. Representative images acquired by confocal
microscope are shown in either the XY or Z coordinates with or without bright field (gray). The graphs show the mean + s.d., and ordinary one-way ANOVA with Tukey’s
post hoc test (*p < 0.05) was used for the statistical analysis. Each dot represents a replicate from three separate biological experiments. Graphs show the mean + s.d.,

and ordinary one-way ANOVA with Tukey’s post hoc test (*p < 0.05) was used for the statistical analysis.

phagocytic capacity of neutrophils, we incubated neutrophils
with pHrodo BioParticles. These beads are non-fluorescent
outside the cell at neutral pH but fluoresce when phagocytosed
into endosome. Figure 5(a) shows no defect in the neutrophils’
ability to phagocytose the beads in numbers or degree mea-
sured by the percentage positive or MFI, respectively, with
either the CXCR2 antagonist. The pitfall of this assay is that
increased phagocytosis does not necessarily mean bacterial
clearance. Therefore, we incubated live, log-phase E. coli and
S. aureus with neutrophils after which the neutrophils were
washed with gentamycin to eliminate any adherent or asso-
ciated extracellular bacteria. The cells were incubated in PBS
for 30 min, then lysed, and plated onto LB plates. The results
indicated that neither antagonist reduced the bactericidal activ-
ities of neutrophils against S. aureus or E. coli (Figure 5(b)).
These results should not be surprising since NE and ROS are
well-known to exert their antimicrobial effects within the

neutrophil phagolysosome and do not require extracellular
release (which may be inhibited by CXCR1/2 antagonists) for
bacterial killing. To provide a better clinical context, we
instilled S. aureus and E. coli (in separate experiments) into
the lungs of mice that had been treated with one of the antago-
nists (or vehicle) starting 4d prior to infection. After 18 h,
bronchial alveolar lavage (BAL) specimens were plated to
compare the bacterial loads. The resulting colony forming
units (CFUs) of the BAL from mice treated with AZD were
not significantly different to that of the control, suggesting that
the antagonist did not reduce the host immune system from
clearing bacterial infection. Surprisingly, the pneumonia model
indicated that SX-682 significantly enhances the host immune
system to clear infection (Figure 5(c)). The mechanisms under-
lying the enhanced bactericidal capacity by SX-682 treatment
are not readily apparent. It is important to note that we did not
titrate up the doses of either antagonists to the point of
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Figure 5. CXCR1/2 antagonism does not impact phagocytosis and intracellular bacterial killing by neutrophils. (A) pHrodo BioParticles conjugates for phagocytosis were
incubated with neutrophils that were treated with the indicated CXCR1/2 antagonist. The phagocytotic capacities of the neutrophils are expressed by percentage
positive cells and MFI after 15 min of incubated at 37C and measured by flow cytometry. (B) The capacity of neutrophils to kill live S. aureus or E. coli, respectively, were
examined as previously described by Belaaouaj et al. (1998).3° The neutrophils were allowed 30 min after unassociated bacteria were washed off with gentamycin. The
cells were then lysed and plated — the resulting colony forming unit (CFU) represents bacteria that have been phagocytosed, but not yet killed. (C) The bacterial burdens
from the experimental pneumonia study are expressed in CFU/mL in the bronchial alveolar lavage (BAL) collected from the mice infected with S. aureus or E. coli,
respectively. The infected mice were allowed to clear the indicated bacteria for overnight before BAL were collected. Each dot represents a mouse or experimental
replicate from three separate biological experiments. The graphs show the mean =+ s.d., and ordinary one-way ANOVA with Tukey’s post hoc test (*p < 0.05) was used

for the statistical analysis.

neutropenia in our mouse models. It is certainly possible that
at higher dose, the bactericidal capacities of neutrophils are
impacted. Further studies delineating the role of CXCR2 antag-
onism in the process of neutrophil-mediated bacterial killing is
currently underway in our laboratory. However, we have con-
cluded that these therapeutic doses of CXCR2 antagonists do
not impart an increased risk of infection, consistent with the
initial results from formal clinical investigations.”®

Discussion

Neutrophils are often abundant within the TME, inversely cor-
relate with lymphocyte content, and associate with ICI treatment
failures.'>'**" These observations have been supported by sev-
eral studies performed using mouse models of cancer demon-
strating pro-tumor roles for TAN and that their depletion or
inhibition reduces tumor growth.'>*" Accordingly, clinical trials
have emerged employing neutrophil antagonizing therapies,
most frequently in combination with immune checkpoint block-
ade. Most of these trials have employed CXCR2, CXCR1/2, or
IL-8 antagonists, all of which were designed to block the domi-
nant chemotactic axis for neutrophil recruitment thereby limit-
ing their recruitment into the TME. Having studied many of
these therapeutics in our laboratory, we repeatedly observed that
they did, in fact, reduce tumor burden but surprisingly did not
reduce TAN content. Therefore, we undertook a series of experi-
ments designed to identify their impact. Here, we show for the
first time that CXCR1/2 blockade inhibits neutrophil function
but not recruitment within the TME.

In retrospect, it should not be surprising that inhibition of
the CXCR1/2 axis does not abolish neutrophil recruitment to
the TME. Likely because of their importance in combating
invading microorganisms, neutrophil chemotactic factors are
highly redundant and include several factors in addition to
CXCR1/2 ligands.” The in vitro chemotactic assays performed
here show that CXCR1/2 blockade does, in fact, inhibit neu-
trophil chemotaxis to CXCR1/2 ligands, such as recombinant
CXCL2. However, the complicated mixture of neutrophil che-
moattractants that exist within the TME (harbored within the
tumor lysates used here experimentally) was fully capable of

inducing neutrophil chemotaxis despite CXCR1/2 blockade.
Although we did not find a significant upregulation of C5a or
LTB4 in our lysates, there are numerous other mediators of
neutrophil chemotaxis that could be involved, such as CCL4,
a ligand for CCR5.%2* Identification of the operative ligand(s)
using unbiased approaches is an active area of investigation in
our laboratory.

The results presented here support two interrelated roles for
CXCR1/2 blockade in altering neutrophil function. First, it is
clear from the sc-RNA-seq data that neutrophil transcriptional
profiles have been altered and point toward an inhibition of
polarization toward more tumor-promoting phenotypes. This
implies that the activity of certain pathways or production of
certain proteins have been impacted. As an example, intracel-
lular ROS activity is reduced within anti-CXCR1/2-treated
neutrophils. Second, the ability of neutrophils to release effec-
tor molecules has been impacted in a way that does not impli-
cate protein or effector molecule content. For example, Arg-1
intracellular protein content (by ELISA) and function (by Argl
activity assay) were not affected by CXCR1/2 blockade.
However, Argl activity was reduced by CXCR1/2 blockade in
the extracellular space, where its presence would be required to
suppress lymphocyte proliferation. Similarly, NE intracellular
granule content is not affected by CXCR1/2 blockade though
NE activity in the extracellular space was reduced. These results
suggest that neutrophil function has been impacted by polar-
ization of transcriptional profile and content of certain pro-
teins and by the inability to release some effector molecules
into the extracellular space in response to CXCR1/2 signaling.

CXCRI1/2 antagonism does not appear to affect phagocytosis
nor the ability of neutrophils to kill ingested bacteria in vitro and
in vivo. In fact, phagocytosis was modestly increased with SX-682,
which is of unclear etiology and significance at this time. The
reduction in ROS and NO production alluded to above could
theoretically reduce the ability of neutrophil to kill bacteria within
the phagolysosome. Neutrophils possess numerous other anti-
bacterial entities (NE, defensins, lipocalin, etc.) that may compen-
sate for the reduction of ROS production.** Alternatively, ROS
supply may still reach satisfactory intra-phagolysosome levels to
accomplish bacterial killing.
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One notable limitation of our study is the reliance on
the study of mouse neutrophils and the absence of experi-
ments utilizing human neutrophils. This is the result of the
technical limitations associated with using human neutro-
phils. Although most of the assays utilized here can be
satisfactorily performed using human neutrophils, the
short ex vivo lifespan of neutrophils precludes ex vivo
administration of study drugs for enough time to impact
their function. In the future, we plan to repeat these studies
using neutrophils isolated from patients receiving SX-682
as part of a clinical trial, such that these neutrophils would
be devoid of CXCR1/2 signaling. We should also discuss
the fact that our group previously reported a decrease in
TAN content induced by SX-682 in the PL model.'* In that
study, we only used Ly6G IHC to measure TAN content
and from a single section. Therefore, we repeated the THC
studies here (Supplemental Figure 1) and reviewed slides
from the prior study. We observed that the neutrophil
content is anatomically sporadic and simply counting
a limited number of high-power fields would not be an
accurate measure of total tumor TAN content. The THC
data presented here did not identify differences in TAN
content induced by CXCRI1/2 axis inhibition, consistent
with the flow cytometry data.

The results reported here provide much needed insight
as to the mechanisms by which CXCR1/2 inhibitors alter
neutrophil function and recruitment in the setting of can-
cer therapy. Many of the ongoing clinical trials mentioned
in the opening are relying on on-treatment biopsy neutro-
phil content to indicate on-target activity of the CXCR1/2
axis antagonist. Based on the results presented here, this
outcome is likely not achievable. Instead, correlative studies
examining the sequelae of blocking TAN function and its
inherent lymphocyte suppression, such as increased infil-
tration of CD8" T cells and restoration of the IFNG sig-
nature, may prove superior biomarkers of drug activity.
Lastly, since abrogation of neutrophil immune suppressive
functions may be observed at doses lower than those that
induce neutropenia, a more refined therapeutic window
may be possible by further exploration of clinical dose-
response relationships.
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