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Abstract

Patients with metastatic breast cancer (MBC) have limited therapeutic options and novel
treatments are critically needed. Prior research implicates tumor-induced mobilization of myeloid
cell populations in metastatic progression, as well as being an unfavorable outcome in MBC;
however, the underlying mechanisms for these relationships remain unknown. Here, we provide
evidence for a novel mechanism by which p38 promotes metastasis. Using triple-negative breast
cancer models, we showed that a selective inhibitor of p38 (p38i) significantly reduced tumor
growth, angiogenesis, and lung metastasis. Importantly, p38i decreased the accumulation of
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myeloid populations, namely myeloid-derived suppressor cells (MDSCs) and CD163* tumor-
associated macrophages (TAMs). p38 controlled the expression of tumor-derived chemokines/
cytokines that facilitated the recruitment of pro-tumor myeloid populations. Depletion of MDSCs
was accompanied by reduced TAM infiltration and phenocopied the anti-metastatic effects of p38i.
Reciprocally, p38i increased tumor infiltration by cytotoxic CD8* T cells. Furthermore, the
CD163*/CD8* expression ratio inversely correlated with metastasis-free survival in breast cancer,
suggesting that targeting p38 may improve clinical outcomes. Overall, this study highlights a
previously unknown p38-driven pathway as a therapeutic target in MBC.

Keywords

breast cancer; metastasis; myeloid-derived suppressor cells; macrophages; p38 kinase; tumor
microenvironment

INTRODUCTION

Breast cancer (BC) is the second-leading cause of cancer-related death in women 1. Among
BC subtypes, triple-negative breast cancer (TNBC, ER/PR/HER2-negative) poses significant
challenges due to early onset and a lack of targeted therapies. The current standard-of-care
for TNBC is chemotherapy with anthracyclines and taxanes, achieving pathological
complete response rates (pCRs) of nearly 40% 2. Despite high response rates, a significant
number of TNBC patients develop metastatic disease with worse overall survival than those
with other subtypes 3, suggesting a pressing need for newer therapeutic options. Evidence
points to the tumor microenvironment (TME) as a major contributing factor to unfavorable
outcomes. Remarkably, TNBC is enriched with stromal components 4, including
mesenchymal stromal cells (MSCs) and immune populations, many of which paradoxically
support cancer progression °. Current efforts in the field are directed towards identifying
druggable targets in the TME.

Tumor and stromal cells in the TME are engaged in complex and dynamic interactions that
drive tumor angiogenesis and immune-resistant phenotypes °. Prior studies, including ours,
indicate that cancer cells alter the behavior of MSCs, especially cancer-associated fibroblasts
(CAFs), to promote tumor vasculature and an immune suppressive milieu >-8. In particular,
the tumor-stroma crosstalk can stimulate the expansion of tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs) 2. These myeloid populations have
been recently linked to the formation of the pre-metastatic niche 1011, a tumor-induced
permissive microenvironment at distal sites 12. Thus, the molecular pathways controlling
tumor-induced recruitment or expansion of myeloid cell populations, such as TAMs and
MDSCs, may serve as potential therapeutic targets 13-15,

Significant activation of the p38 mitogen-activated protein kinase (p38 MAPK; henceforth
referred to p38) was reported for the breast and lung TMEs & 7- 16, Earlier work showed that
p38 contributes to the invasive and metastatic phenotype of TNBC 1718, Furthermore,
genetic inactivation of p38 in cancer cells reduced tumor angiogenesis  1°. Recently,
TAK1-p38 signaling was linked to metastasis of TNBC to the lung in preclinical models,
while the mechanism remained unknown 20, Notably, clinical data indicate significant
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activation of p38 in breast tumors and its association with disease progression 2, further
implicating p38 as a potential therapeutic target in the breast TME. Among the four p38
MAPK family members, the p38-a kinase encoded by the MAPK14 gene is ubiquitously
expressed at high levels 22, Investigational agents inhibiting p38-a/p isoforms showed
promising results in pre-clinical models 18: 23 and were tested clinically for the treatment of
chronic inflammation 24, However, little is known about their impact on the breast TME and
their ability to inhibit metastasis of breast cancer to the lungs, a major site of tumor
dissemination.

In this study, we tested the hypothesis that p38 drives TNBC growth and metastasis through
orchestration of a pro-tumorigenic myeloid-dependent mechanism. Our data revealed that
single-agent treatment with a selective p38 inhibitor (p38i) significantly reduced tumor
growth and lung metastases. Mechanistic studies showed that p38i reduced tumor
angiogenesis, as well as mobilization of pro-tumor myeloid cells to the TME and distal
organs. Importantly, we found that p38 controlled tumor-induced recruitment and expansion
of pro-tumor TAMs and MDSCs. Depletion of MDSCs, which was accompanied by a
reduction in TAMs, mimicked the response to p38i. These findings indicate that p38 is a
viable therapeutic target in the breast TME and suggest that agents that block p38 inhibit
lung metastasis by impeding the recruitment of pro-tumor myeloid populations.

METHODS

Cell lines and culture conditions

Mouse mammary carcinoma 4T1 (RRID:CVCL_0125), metastatic breast cancer MDA-
MB-231 (RRID:CVCL_0062), and human embryonic fibroblast WI-38
(RRID:CVCL_0579) cell lines were obtained from American Type Culture Collection
(ATCC, Manassass, VA, USA), and cultured as recommended by ATCC. AT-3 cell line
(RRID:CVCL_VR89) was generated by Dr. Scott Abrams (RPCI) from a mammary
carcinoma of MMTV-PyMT transgenic C57BL/6 mice 13. 4T1 and AT-3 cell lines were
further engineered to express a Luciferase reporter (4T1-Luc; AT-3-Luc) for detailed
bioluminescence tracking of tumor progression. MDA-MB-231-CTR and MDA-MB-231-
dnp38 cells expressing EGFP (CTR) or EGFP and Flag-tagged kinase-inactive p38-AGF
(dnp38) were generated by retroviral transduction followed by cell sorting, and are described
elsewhere 17, All human cell lines were authenticated using short tandem repeat profiling by
ATCC or the Roswell Park Core within the last three years. The cells were routinely
screened for mycoplasma, and all studies made use of mycoplasma-free cells. Cell cultures
were supplemented with 10% heat-inactivated fetal bovine serum (FBS) and penicillin/
streptomycin at 37°C with 5-10% CO» in a humidified incubator.

p38 inhibitor, Antibodies and Other Reagents

Mice

The information is presented in Supplementary Information.

Female BALB/c or C57BL/6 mice (6—7 week old) were from the Charles River Laboratories
(Wilmington, MA). Female SCID/CB17 mice were from a colony of SCID/CB17 mice bred
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and maintained at the Animal Facility of the Roswell Park (RP). Animals were kept in
microinsulator units and provided with food and water ad /ibitum according to a protocol
and guidelines approved by the Institute Animal Care and Use Committee (IACUC). The
facility is certified by the American Association for Accreditation of Laboratory Animal
Care (AAALAC) and in accordance with current regulation and standards of the US
Department of Agriculture and the US Department of Health and Human Services.

Mice were inoculated into the mammary fat pad with exponentially growing 4T1-Luc or
AT-3-Luc tumor cells in Dulbecco’s Phosphate Buffered Saline (DPBS) (50-200,000/
mouse). Control naive mice were injected with DPBS only. At day 4 post inoculation, mice
were randomly divided into three groups with 8 mice/group: Naive, tumor-bearing (TB), and
TB+p38i. Inhibitor of p38, Ralimetinib 25, was given at 30mg/kg by oral gavage for 9
consecutive days, while Naive and TB groups (4T1-luc or AT-3-Luc) received DPBS. In the
study with 50,000 4T1-Luc cells (Fig. 1), Ralimetinib was administered by oral gavage
starting on day 14 post implantation, when the tumor size reached ~100mm3; at study
endpoint on day 34 mice were subjected to Bioluminescence Imaging. Mouse weight was
measured two times per week. Tumor diameters were measured with electronic calipers
twice/week. Volumes were calculated using the formula (length) x (width)2/2. On days 7 and
14, mice were subjected to Bioluminescence Imaging (see below). At endpoint on day 14,
mice were euthanized and subjected to necropsy and organ collection. Blood was collected
for CBC by cardiac puncture.

For MDSC depletion studies, 4T1-Luc cells were othotopically inoculated into BALB/c
mice (six per group), followed by i.p. injections with anti-Ly6G (clone 1A8) or an
appropriate isotype-control antibody (rat 1gG2a) each at 100ug/mouse (Bio X Cell, Lebanon,
NH) every other day for two weeks. At day 14, the mice were subjected to bioluminescence
imaging and tissue collection as above. For the established tumor model, when tumor
reached ~100mms3, mice were randomly divided into two groups with 8 mice/group, and
p38i was given daily by oral gavage at 30mg/kg. At day 14, mice were analyzed as above.

Bioluminescence Assays

Bioluminescence imaging was done on days 7 and 14. D-luciferin (100 uL, 15 mg/ml) was
injected intraperitoneally ~10 min prior to imaging. Luminescence was measured in IVIS
Spectrum (S100D16450) and analyzed using Living Image software, reported as average
flux (photons/second). Bioluminescence assays were done on protein extracts from the lungs
and livers using the VERITAS microplate luminometer and Luciferase Assay System
(Promega, Madison WI). Relative luminescence units (RLU) were determined using the
Veritas GLOMAX software, version 1.9.3., and quantified with MS-Excel.

Complete Blood Counts

Blood was collected into EDTA solution to prevent coagulation and then diluted 1:10 with
DPBS. Analysis was performed using the HemaTrue Analyzer and HeskaView Integrated
Software version 2.5.2.
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Immunohistochemistry (IHC)

Tumors, organs or tissues were fixed in 10% (v/v) formalin before embedding in paraffin
and staining by the Pathology Core. Blood vessels were stained with anti-mouse CD31
antibody as described 1°. All comparisons were performed on mice with comparably sized
tumors. Microvessel density was determined as described 26 and the data were presented as
mean number of microvessels/field (0.2 mm?) + standard deviation. The Ki-67 staining and
analysis were conducted using standard procedures 1°. CD163 staining was processed using
ImageScope software version 12.2.1.5005. CD163* stains were quantified using ImageJ
software version 1.52a from three visual fields in three different tumors per group at x200
magnification. Megakaryocytes in the spleen and myeloid cell foci in the liver were
quantified using ImageJ from three fields per sample for each group at x100. Ly6G* stains
were quantified at x400 using ImageJ software from three fields in three tumors per group.
Tumor tissues from MDA-MB-231 cell xenografts in SCID mice were generated and
processed as described 19; tumor tissues were stained for F4/80 (total macrophages) and
CD163" macrophages, and processed as above. The mean numbers are shown for each test.
Statistical analysis was performed using a two-tailed test with Microsoft Excel.

Immunoblotting

Tumor cells were seeded in a 6-well plate at 300,000 cells/well and treated with various
doses of p38i. Whole-cell lysates were prepared using NP40 lysis buffer and processed
essentially as described 19, Snap-frozen tumor tissues were ground and suspended in NP40
lysis buffer.

Luminex Assay

Tumor cell-conditioned media was analyzed using Luminex 200 system for Human
Cytokine/Chemokine Panel. Briefly, MDA-MB-231 cells were seeded at 450,000 cells/well.
The following day, cells were washed with PBS and replenished with serum-free media.
After incubation for 48 hours, the conditioned media was subjected to multiplex analysis of
multiple cytokines. Forty-one analytes were measured using human high sensitivity
cytokine/chemokine kits (Millipore) as described 2. For the standard curves, reconstituted
standards were serially diluted 1:3 with assay buffer for 9-point curves. Assays were
assembled using 96-well plates. Each plate contained samples (in duplicates), standards, and
two internal quality controls. Analyte capture and detection was carried out according to
manufacturer’s instructions. Data were acquired using a Luminex 200 with xPONENT
version 3.1 software. Individual analyte concentrations were calculated from standard curves
generated with BeadView Analysis Software using a five-point curve fitting routine.

gPCR Analysis

Cells were treated with p38i or vehicle-control (DMSQ) and RNA was extracted using the
TRIzol Reagent according to the manufacturer’s instructions. cDNA samples were prepared
and amplified in triplicate using standard protocols with a reference marker 5S rRNA as
described in 19. Primer sequences are presented in Supplementary file.
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ELISA assays for mouse Ccl2/MCP1 were performed with 4T1-Luc tumor tissues from
mice treated with p38i or received DPBS, as well as 4T1-Luc cell conditioned media.
Briefly, 4T1-Luc cells were cultured at 300,000 cells/well in 6-well plates, then were washed
with DPBS and serum-free media was added to each well with 2uM of p38i or vehicle-
control (DMSO). Conditioned media was collected at 48 hours and subjected to the ELISA
procedure according to the manufacturer’s instructions. Optical density was measured at
450nm and 570nm. Assays were performed in triplicates and the mean values are shown of
two independent repeats.

Flow cytometry

For the lungs, cells were isolated from whole lung digested with collagenase and
hyaluronidase. For spleen, lungs and bone marrow, cells were isolated from the spleen and
lungs by mechanical dissociation, while bone marrow cells were recovered by flushing
femurs and tibias with saline. RBCs were lysed with ACK lysing buffer. Cells were stained
for 20 minutes at room temperature in FACS buffer (1xPBS with 5% FBS) and washed once
with FACS buffer. All samples were analyzed on an LSRFortessa Cytometer (BD
Biosciences) running FACSDiva version 6.1.3, and data files were analyzed using FlowJo
version 10.

MDSC generation assay in vitro

3x108 mouse unfractionated bone marrow cells from female C57BL/6 mice were cultured
for 4 days in non-tissue culture-treated petri dishes in 10 mL complete RPMI containing 40
ng/mL G-CSF plus 40 ng/mL GM-CSF as described 28. Vehicle control, 1-5 uM p38i was
added to the culture at day 0. Following culture, MDSCs were co-cultured at 1:1 ratio with
syngeneic splenocytes pre-stained with CellTrace Violet Dye for 72 hours. Proliferation of
co-cultured CD4* and CD8* T cells was measured through CTV dye dilution using flow
cytometry, as described 28, The percentage of suppression was calculated by (AMFI anti-
CD3-stimulated T cells minus AMFI co-cultured T cells) divided by AMFI anti-CD3-
stimulated T cells, where the difference in mean fluorescence intensity (AMFI) was
calculated by subtraction from unstimulated controls.

Metadata analysis

The Kaplan—Meier curves of recurrence-free survival in BC patients were generated using
Kaplan-Meier Plotter with Log-rank test 2. Metastasis-free survival data were obtained
using a published dataset of 295 BC patients 30 and a prognostic PROGgeneV/2tool 31,
Expression of CD8A and CD163 in BC stromal compartments and their association with BC
recurrence at 5 years were generated with Oncomine online tool https://www.oncomine.org/
using the dataset of the Finak Breast Cancer Study 32, that is deposited in the NCBI Gene
Expression Omnibus (GEO) dataset GSE12622. Heat-map of expression profiles was
generated with the TCGA BC dataset (Project ID: TCGA-BRCA, dbGaP Study Accession:
phs000178) using the cBioPortal Cancer Genomics tool https://www.chioportal.org/. The
expression data of myeloid cell markers in the lungs of 4T1 tumor-bearing and tumor-free
mice were generated using the GEO dataset GSE62817 33,
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Statistical significance of data comparisons were determined using the Student’s unpaired &
test with a two-tailed distribution. Statistical significance was achieved when £<0.05.
Survival was evaluated using the Kaplan-Meier estimator with the log rank test, based on
time-to-arrive at a tumor volume of 1cm?3 using GraphPad Prism 7.

Blockade of p38 reduces mammary tumor growth and metastasis to the lungs

Prior work showed that genetic inactivation of p38 in TNBC cells reduces tumor growth and
metastasis 18 19, Here, we explored the response to systemic blockade of p38 in the well-
characterized 4T1 mouse mammary carcinoma model, in which tumor cells are implanted
into the mammary fat pad of syngeneic female BALB/c mice 8 34-36, \We examined a
selective p38 alpha/beta kinase inhibitor (p38i), Ralimetinib 25, which was administered by
oral gavage. Treatment with p38i significantly decreased tumor growth by 45% (Fig. 1A-B),
as determined by tumor weight at day 34 (Fig. 1C). The mice did not show evidence of overt
toxicities on the bases of the absence of changes in body weight and behavior. Evaluation of
survival based on time-to-arrive at 1 cm?3 tumor volume showed a statistically significant
increase in survival in the p38i-treated group (Fig. 1D; P<0.01). Tumor histology showed
that p38i reduced the Ki-67 index by 42% (Suppl. Fig.1A-B). In contrast, in cell culture,
p38i did not inhibit the proliferation of 4T1 cells, as well as MDA-MB-231 cells, a well-
characterized human TNBC cell line model (Suppl. Fig. 1C), at concentrations that
effectively decreased phosphorylation of p38 targets MAPKAPK?2 and HSP27 (Suppl. Fig.
1D). Notably, genetic inactivation of p38 in MDA-MB-231 cells did not affect cell
proliferation in vitro1°.

Histological analysis of CD31-stained tumor tissues showed a significant reduction of the
blood-vessel density (BVD) in the p38i-treated group (Fig. 1E-F). This response was
consistent with the anti-angiogenic effect of genetic inactivation of p38 in tumor cells 1°.
4T1 tumors develop spontaneous metastases to the lungs during the early phase of primary
tumor growth 36, Histological evaluation of the lungs revealed metastases in tumor-bearing
(TB) mice (Fig. 1G), and this was confirmed by bioluminescence assays of whole-lung
extracts (Fig. 1H). Treatment with p38i reduced lung metastases (Fig. 1H). A decrease in
phospho-MAPKAPK?2 levels in tumor tissues further confirmed the p38i inhibitory activity
in vivo (Fig. 11). Thus, systemic blockade of p38 as a single-agent strategy reduced tumor
growth, angiogenesis, and lung metastasis, while it did not inhibit tumor cell growth /n vitro.

Inhibition of p38 impedes tumor angiogenesis at early stages of tumor growth

To gain mechanistic insights, we explored the response to p38i in a model of the early stages
of the metastatic process 33. In this model, orthotopic growth of 4T1 tumors promotes the
formation of a pre-metastatic niche within the lungs and liver, and this is linked to
mobilization of pro-tumor myeloid cells 33. 4T1 cells were inoculated into the mammary fat
pad of female mice, followed by daily doses of p38i starting on day 4 (Fig. 2A). On day 14,
4T1-Luc cells were detected at the site of inoculation but not in the lungs, indicating the
absence of macro-metastatic lesions (Fig 2B). p38i-treated group showed lower
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luminescence signals (Fig 2B—C), concordant with a reduction in tumor weight, although
this was not significant (Fig 2D). CD31-staining revealed a significant reduction in the BVD
in the p38i-treated group (P<0.001), while their tumor sizes were not statistically different
(Fig. 2E-G). All subsequent comparisons were performed in mice on comparably sized
tumors. Lung histology did not show macro-metastatic lesions in all experimental groups.
The difference in Ki-67 indices between tumor groups (i.e., control vs. p38i) did not reach
statistical significance. Thus, these data showed that p38i reduced tumor angiogenesis in a
pre-metastatic 4T1 tumor setting, which was consistent with genetic inactivation of p38 1°.

Inhibition of p38 reduces infiltration of MDSCs to the lungs and liver

We found a substantial presence of myeloid cells in the blood vessels of TB-mice compared
to the lungs from naive and p38i-treated mice (Suppl. Fig. 2C). Next, we examined the types
of myeloid populations, focusing on the granulocytic or polymorphonuclear (PMN) subset
of myeloid-derived suppressor cells (MDSCs) 37. Although MDSCs consist of two major
subsets, PMN and monocytic, the 4T1 model is known to induce a robust PMN-MDSC
response that contributes to tumor progression 14:38. 39 \We and others have previously
shown that such 4T1 tumor-induced PMN-MDSCs display potent immune suppressive
activity 38 39 Immunohistochemical (IHC) analysis showed a massive infiltration of PMN-
MDSCs, based on Ly6G expression as a canonical marker, into the lungs of TB-mice that is
consistent with prior reports 10:13.14.33 The Jung influx of Ly6G™ cells was markedly
reduced in the p38i-treated group (Fig. 3A-B) and, interestingly, this was independent of the
tumor size (Suppl. Fig. 2B). To validate this finding, we performed flow cytometry on
whole-lung tissues for the prototypical CD11b*Ly6C!°Ly6G* PMN-MDSC phenotype from
TB-mice with comparable tumor sizes (Fig. 3C). Our data showed a significant increase in
the level of PMIN-MDSCs in the lungs of TB-mice, whereas p38i significantly reduced this
response (Fig. 3C). These data indicate that tumor growth provokes the mobilization of
PMN-MDSCs to the lungs and p38 kinase plays an important role in this response.

Next, we inspected the histology of the liver, the third most common site of MBC 3.
Histology did not reveal metastatic lesions in the liver (Suppl. Fig. 3A). In contrast, multiple
foci of immune cells were readily found within liver sections of TB-mice, while these cells
were absent in tumor-free mice (Suppl. Fig. 3A). This tumor-induced immune response was
significantly reduced in the p38i-treated group (Suppl. Fig. 3A-B). Further, anti-Ly6G
staining revealed PMN-MDSC-like cells within the immune cell foci in the proximity of
blood vessels (Suppl. Fig. 3C, yellow arrows). Notably, the Ly6G* foci were essentially
eliminated in the livers of the p38i-treated group (Suppl. Fig. 3C-D). These data indicated
that the mammary gland primary tumor instigated the mobilization of myeloid populations,
such as PMN-MDSCs, to the lungs and liver, whereas blockade of p38 mitigated this
response.

Inhibition of p38 reduces tumor-induced splenomegaly and myelopoiesis

Thus far, we found that p38i decreased tumor-induced mobilization of PMN-MDSCs to the
lungs and liver (Fig. 3 and Suppl. Fig. 3). Next, we questioned whether this response
involves the spleen, a known site of extramedullary hematopoiesis (EMH) in patients with
advanced-stage solid cancers 40 and in TB-mice 3° 41, Examination of the spleen in TB-
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mice revealed a significant increase in organ weight and size (Fig. 3D-E). The analysis of
the spleen histology showed expansion of the red-pulp zones, the site of myelopoiesis 42, in
TB-mice compared to the control (Fig. 3D). Notably, we found accumulation of
megakaryoblasts (MK) in the red-pulp zones of the TB group (Fig. 3D, F), consistent with
tumor-induced EMH. The tumor-induced enlargement of the spleen and the expansion of
red-pulp zones and MK cells were significantly diminished in the p38i-treated group (Fig.
3D-F). IHC further showed a massive expansion of Ly6G™ cells in the spleen of TB-mice
(Fig. 3G), while flow cytometry confirmed a significant increase in the CD11b*Ly6C!°Ly6G
* population (Fig. 3H). Consistent with this result, we found a significant increase in
granulocytes in the peripheral blood (Fig. 31). Importantly, p38i markedly reduced the
expansion of circulating granulocytes and the Ly6G™ cells in the spleen (Fig. 3G-I and
Suppl. Fig. 3E). Together, these data revealed that p38 contributes to the tumor-induced
expansion of myeloid populations, namely MK and PMN-MDSCs, in the spleens of TB-
mice.

p38 controls tumor infiltration by macrophages

TAMs promote tumor angiogenesis and metastasis 10 15, and high levels of TAMs across a
range of solid cancers have been associated with a poor prognosis 43. Therefore, we
examined TAMs in the studied model. First, assessment of peripheral blood showed an up-
surge in monocytes in TB-mice, whereas p38i significantly reduced their frequency (Fig.
4A). IHC analysis revealed high levels of CD163" macrophages in 4T1 tumors, while
treatment with p38i significantly reduced the amount of CD163* TAMs (Fig. 4B-C). CD163
expression has been tied to M2-type macrophages, which promote tumor growth and
progression 44: 45,

Next, we tested whether the macrophage influx depends on p38 signaling in tumor cells. To
address this question, we utilized a genetic model in which p38 signaling in the TNBC cell
line MDA-MB-231 was blocked by a kinase-inactive form of p38-alpha (p38-AGF; dnp38)
19 1HC of primary tumors showed high levels of CD163* and total F4/80" macrophages in
empty-vector control tumors, whereas dnp38-tumors showed a significant reduction in
TAMs (Fig. 4D). These data showed that genetic inactivation of tumor p38 signaling
decreased the mobilization of TAMs to the tumor, while systemic p38i treatment reduced a
tumor-driven increase in circulating monocytes and TAMs within the TME.

TAMs and PMN-MDSCs obstruct tumor infiltration by CD8* cytotoxic T cells > 37. 46, To
assess if this mechanism was hampered by p38i, we analyzed tumor infiltration by CD8* T
cells. Staining tumor sections for CD8A, the alpha-chain of the CD8 molecule expressed by
cytotoxic T cells, showed a significant increase in CD8* T cells in tumors of p38i-treated
mice compared to the untreated counterparts (Fig. 4E—F). These data indicated that blockade
of p38 increased tumor influx by CD8* T cells.

We further explored the significance of the CD163 and CD8A markers in BC by analyzing
expression data using the Oncomine tool. Analysis of the BC stroma dataset 32 showed a
significant increase in the level of both markers in the BC-associated stroma compared to the
normal breast stroma (Suppl. Fig. 4A), although disease recurrence was associated with a
lower level of CD8A and a higher level of CD163 (Suppl. Fig. 4B). We hypothesized that
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the expression ratio of CD163 and CD8A may serve as a better prognostic indicator of
patient survival. This hypothesis was tested in the context of recurrence-free survival (RFS)
in BC patients (n=5,143) using an online tool for a Kaplan-Meier estimator 2°. We found a
significant association of a high CD163/CD8A expression ratio with disease recurrence (Fig.
4G). Then, the CD163/CD8A ratio was examined in the context of metastasis-free survival
using a dataset of 295 BC patients 30 and a prognostic PROGgeneV/2tool 31 (Suppl. Fig.
4C). The data showed that a high CD8A/CD163 ratio correlates with a better prognosis for
disease recurrence and MFS. Thus, p38 blockade enhanced tumor infiltration by CD8* T
cells, while reducing the influx of pro-tumor CD163* TAMs, suggesting a novel strategy to
enhance the tumor influx of CD8" T cells for an improved clinical outcome.

Depletion of granulocytes mimics the response to p38i.

Our data suggested that p38 facilitates the expansion and mobilization of PMN-MDSCs and
TAMs, which have been linked to the promotion of metastasis and tumor angiogenesis 10-12,
Thus, we examined whether depletion of PMN-MDSCs recapitulate the response to p38i as
an approach to provide further evidence of a non-cell-autonomous mechanism. We
performed the experiment as described in Fig. 2, but this time in TB-mice received
intraperitoneal (i.p.) injections of anti-Ly6G antibodies to deplete granulocytes, including
PMN-MDSCs. Assessment of peripheral blood indicated that anti-Ly6G treatment
effectively reduced granulocytes in the circulation, with minimal effects on monocytes
(Suppl. Fig. 4D). Treatment with anti-Ly6G also reduced tumor volume at day14 (Fig. 5A-
B). Notably, the IHC data revealed a reduction in tumor vasculature and infiltration of
CD163* macrophages, whereas the treatment enhanced tumor infiltration by CD8" T cells
(Fig. 5C). Consistent with these data, prior work indicated that MDSCs subvert
macrophages toward an M2-type response in the 4T1 tumor model 4. Assessment of the
lungs and liver showed that the treatment effectively reduced Ly6G™* cells in these tissues
(Fig. 5D). Together, these data indicate that depletion of PMN-MDSCs mimics the response
to systemic p38 blockade.

p38 controls a tumor-immune crosstalk by regulating tumor-secreted factors acting on
myeloid cells

Our findings suggested that p38 regulates the mobilization of pro-tumor myeloid
populations, although the mechanisms remained unclear. One hypothesis is that systemic
p38 blockade may have a direct effect on generation of the myeloid populations. We tested
this hypothesis by assessing the impact of p38i on the generation of immune suppressive
MDSCs using a bone marrow culture system /n vitro 28. Treatment with p38i did not reduce
the generation of either monocytic or granulocytic MDSC populations and did not affect
their immune suppressive capacity (Suppl. Fig. 5).

Based on the genetic model (Fig. 5D), we explored the notion that p38 may act in a non-cell-
autonomous fashion by controlling the expression of tumor- or stromal-derived chemokines
which, in turn, influence the recruitment of pro-tumor myeloid populations to the TME. To
that end, we examined whether myeloid populations within the metastatic lung TME
expressed chemokine/cytokine receptors for the corresponding ligands produced by the
tumor cells. Gene expression profiles of the lungs from tumor-free versus 4T1 TB-mice 33
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showed a significant increase in myeloid cell markers, i.e. SL00A8, S100A9, and Stfa2l1
(Fig. 6A), which are associated with chemotactic activity and cancer progression 48. To
validate this finding, we examined expression of myeloid markers in the lungs of control,
TB-mice and p38i-treated TB-mice from the study described in Fig. 2. Levels of myeloid
markers were significantly increased in TB-mice, while p38i significantly decreased this
response (Suppl. Fig. 4E). Importantly, metadata showed that the cytokine and chemokine
receptors are among the top elevated genes in the lungs of TB-mice (Fig. 6A). MDSCs
infiltrating 4T1 tumors also expressed elevated levels of these aforementioned markers 4°.

Next, we asked whether inactivation of p38 diminished the production of tumor-derived
factors, focusing on chemokines. Here, we utilized MDA-MB-231 cells expressing dnp38
that inhibited tumor infiltration by TAMs (Fig. 4D). Secretome analysis using the Luminex
system detected 15 chemokines and cytokines of 41 tested analytes at biologically relevant
concentrations, and these factors were downregulated in dnp38 cells (Fig. 6B). Remarkably,
the receptors for the five top regulated factors (CXCL1, CCL2, CCL5, CSF2, and CSF3)
were also elevated in the lungs of TB-mice (Fig. 6A-B). Intriguingly, prior research
implicated the ligand-receptor pairs CXCL1-CXCR2, CCL2-CCR2, CSF2-CSF2RB, and
CCL5-CCR1 in the mobilization of myeloid populations including TAMs and MDSCs 15: 50,
Further, we found that the expression of Cxcr2 and Csf2rb receptors was significantly
increased in the lungs of TB-mice, while their levels were reduced in p38i-treated TB-mice
(Suppl. Fig. 4E). Next, we examined CCL2 levels in tumor and stromal cells, as both cell
types express this cytokine 1°. Quantitative RT-PCR showed a significant reduction of CCL2
MRNA levels by p38i in both cell types (Fig. 6C). Furthermore, ELISA showed that p38i
reduced CCL2/MCP-1 levels by nearly 3-fold in 4T1 cells and by 2-fold in tumors (Suppl.
Fig. 4F-G). Together, these data indicated that p38 regulates TME-produced secretory
factors, while their cognate receptors are expressed on pro-tumor myeloid populations such
as TAMs and MDSCs.

To explore the relevance of these observations to human BC, we examined the expression of
the myeloid-related genes in the TCGA datasets. Genomic data revealed elevated levels of
the ligands, their receptors and myeloid cell markers in TNBC/basal carcinomas (Fig. 6D).
Notably, TNBC also expressed high levels of mesenchymal/EMT markers. Further, the
Kaplan-Meier data showed a significant inverse association of high mRNA levels of CCR1
and a myeloid marker S100A8 with recurrence-free survival in BC patients (Fig. 6E).
Together, these data suggested that p38 in carcinoma and stromal cells regulates the
expression of cytokines and chemokines that facilitate the mobilization of pro-tumor
myeloid populations (Fig. 6F).

DISCUSSION

Metastatic breast cancer (MBC) is a life-threatening stage of disease that urgently requires
more effective therapies. While tumor progression to metastasis is a highly complex process,
it is becoming clear that successful metastasis reflects not only cell-autonomous, but also
cell-non-autonomous mechanisms 51, In this study, we found that a clinically relevant anti-
p38 agent inhibits metastasis of breast cancer to the lungs by reducing tumor-induced
mobilization of myeloid populations. Our data suggest that p38 acts in tumor and stromal
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cells by regulating the expression of cytokines and chemokines, which facilitate the
mobilization of pro-tumor myeloid populations. Overall, we demonstrated that: 1)
administration of a pharmacologic p38 inhibitor (p38i) diminished TNBC growth,
angiogenesis, and metastasis concomitant with a dramatic reduction in TAMs and MDSCs
within the TME; 2) depletion of MDSCs, which was accompanied by a reduction in TAMs,
recapitulated the anti-metastatic effects of p38 blockade; reciprocally, this led to an increase
in intratumoral CD8" T cells; 3) genetic or pharmacological blockade of p38 reduced the
expression of tumor- and stromal-derived chemokines known to facilitate the recruitment of
pro-tumor myeloid populations; and 4) an elevated CD8/TAM ratio was associated with
increased breast cancer patient survival, indicating that p38 blockade may be a novel
strategy to alter this ratio to improve clinical outcome. Thus, our study indicates that p38
contributes to MBC v7a cell non-autonomous myeloid-dependent mechanisms.

Our work revealed an unrecognized pro-tumor p38 activity mediated through the
mobilization of myeloid populations, such as MDSCs and TAMs. MDSCs comprise
heterogeneous populations of pathologically activated immature myeloid cells, which
accumulate during disease progression and suppress immune responses, while facilitating
metastasis 37. Expansion of MDSCs is well-documented in multiple preclinical tumor
models, including the 4T1 mouse mammary carcinoma and the MDA-MB-231 human
TNBC cell line models 10.13. 14,33, 35,47 Oyr data demonstrate that inhibition of p38 blocks
the expansion of MDSCs and their mobilization to the lungs and liver, while reducing tumor
infiltration by TAMs. Remarkably, inactivation of p38 in cancer cells by a genetic approach
phenocopied the response to the pharmacological inhibitor with respect to a reduction in
TAMs and inhibition of tumor angiogenesis and lung metastasis. These data link the pro-
tumor function of p38 to the control of expansion and mobilization of pro-tumor myeloid
populations.

MDSCs contribute to the formation of the pre-metastatic niche, facilitating spread to the
lungs and liver 11. 33, Here, blockade of p38 reduced the expansion of PMN-MDSCs in the
spleen and mobilization of PMN-MDSCs to the lungs and liver. The presence of cancer
stimulated the expansion of the red-pulp zones in the spleen, increasing MK cells and PMN-
MDSCs. While this tumor-induced extramedullary myelopoiesis is well-characterized
13,14,33,35 the current study revealed p38 as a previously unidentified and important
mediator of this response. Our data showed that blockade of p38 reduced tumor-driven
expansion of the splenic myeloid compartment and the production of MK cells.
Extramedullary myelopoiesis or hematopoiesis (EMH) may occur in the spleen, liver and
other organs outside of the bone marrow, particularly in cases of cancer and acute infections
41,52,53 Qur data provide an exciting prospect to restrain EMH, a potential source of these
myeloid populations, in both acute and chronic pathologies using the anti-p38-class of
agents.

Our data suggest that p38 regulates communication between the tumor and host immune
cells. We found that p38 controls the expression of an array of cytokines and chemokines
(e.g., CCL2, CXCL1, GM-CSF, and G-CSF) by tumor cells and MSCs, while myeloid cells
express their corresponding cognate receptors. The data on genetic inactivation of p38 in BC
cells and the TCGA data further support this model. Prior studies have shown that the
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CXCL1-CXCR2 pair promotes the accumulation of PMN-MDSCs 9, while the CCL2-CCR?2
pair regulates tumor infiltration by TAMs 15, as well as PMN-MDSCs °4. Evidence also
implicates G-CSF and GM-CSF in the mobilization of myeloid populations including PMN-
MDSCs 13 33.55 While p38 blockade /7 vivo could diminish the production of MDSCs, we
did not observe this effect /n vitro using a bone marrow culture system. This suggests that
p38 may impact MDSC biology post-development, which is consistent with prior research
showing that p38 blockade may impact the migration and release of cytokines by myeloid
cells 56, Thus, p38 may mediate the release of cytokines in multiple cell types in the breast
TME, contributing to the mobilization of such pro-metastatic myeloid populations. Future
studies are warranted, however, to test these hypotheses in detail.

Of the four p38 isoforms, p38-a. isoform is expressed at high levels by human breast (MDA-
MB-231) and mouse (4T1) mammary carcinoma cell lines 17-20, The p38 inhibitor used in
the study (Ralimetinib) selectively inhibits p38-a/p isoforms while the inhibitory activity
towards y/8 isoforms is negligible 24 25.57_ |n addition, genetic inactivation of p38-a results
in the inhibition of phosphorylation of the p38 effectors such as MK2, HSP27, and CREB/
ATF117.18,20 a5 well as reduces metastasis 17+ 18 20. 58 Nonetheless, recent data suggest a
more complex role of p38 isoforms in the regulation of inflammatory pathways related to
cancer. Notably, inhibition of p38-a may trigger activation of p38-5, indicating a more
complex interdependence of the kinase isoforms 9. Thus, while our study suggests a link of
p38-a/p isoforms to tumor-induced myeloid cell mobilization, these and other reported
findings reinforce the complexity of the p38-mediated networks in tumor progression and
metastasis.

A strong anti-angiogenic activity of p38i is consistent with the effect of genetic inactivation
of p38 in human BC cells 9. Prior work showed that p38 regulates the production of
vascular growth factors by the tumor-stromal crosstalk in the TME 9. Our study suggests
that p38 also contributes to tumor angiogenesis through a mechanism involving TAMs and
PMN-MDSCs. Our data show that depletion of PMN-MDSCs impedes tumor vasculature
and tumor infiltration by CD163* (M2-type) TAMSs, which is consistent with prior work
linking MDSCs to the subsequent regulation of an M2-type TAM response 47. Thus, the
p38-MDSC pathway may represent a potential target for anti-angiogenic therapy, providing
an alternative strategy. Inhibition of p38 may also improve the efficacy of current anti-
angiogenics, as TAMs and MDSCs contribute to the resistance to anti-angiogenics targeting
the VEGF pathway 60,

The clinical significance of the p38-myeloid mechanism is further supported by genomic BC
data. Metadata revealed high levels of p38-dependent ligands, their receptors and MDSC
markers in TNBC/basal carcinomas. Further, the p38i agent reduced tumor infiltration by
CD163* TAMSs, while increasing the presence of CD8* T cells in the tumor. Conversely,
metadata for the expression ratio of CD163/CDB8A in BC suggested a correlation with worse
disease relapse, and this was statistically significant.

In summary, this work implicates the p38 kinase in the control of tumor-induced expansion
and mobilization of pro-tumor myeloid populations. This response supports breast cancer
angiogenesis and metastasis, providing a novel therapeutic target in MBC. Notably, our
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study made use of p38 blockade as a monotherapy mainly to focus on its mode-of-action,
but it likely will have greater utility in combination with standard-of-care or immune-
targeted therapies, such as immune checkpoint blockade which has led to durable responses,
but only in subsets of patients. In those settings, p38 blockade represents a new paradigm to
lessen pro-angiogenic or myeloid-mediated pro-tumorigenic mechanisms that might
interfere with optimal combinatorial therapeutic efficacy.
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Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

The study discovered that a clinically relevant anti-p38 agent inhibits breast cancer
metastasis to the lungs by impeding the recruitment of pro-tumor myeloid cells,
suggesting that targeting this pathway has important implications for cancer
immunotherapy.
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Figure 1. Tumor growth and metastasis arereduced by systemic treatment with a p38 inhibitor.
(A) 4T1-Luc mammary carcinoma cells (50,000) were orthotopically implanted into female

BALB/c female 6-week old mice (9 mice per group). Starting on day 14 post-tumor
implantation, when the tumor size reached ~100mm3, mice were treated by daily oral gavage
with vehicle-control (saline) or p38i (Ralimetinib). (B) Quantification of bioluminescence in
live animals at day 34. (C) Tumor weight at day 34. (D) Survival was evaluated using
Kaplan-Meier estimator based on time-to-arrive at 1cm3 of tumor size measured in 4T1
tumor-bearing mice in non-treated (4T1) and Ralimetinib-treated groups, (n=9). Comparison
was made using the Log-rank test (P<0.01). (E) Tumor blood vessels were visualized by
anti-CD31 staining, bar=100pum. (F) The microvessel density was evaluated on comparable
size tumors using CD31-stained sections in six fields for each case (3 tumors/group) and
presented as mean area per field (0.2 mm?). Statistical significance was determined using the
two-tailed unpaired #test (P<0.05). (G) Detection of metastases in H&E-stained lung
sections. (H) Luminescence activity in whole-cell extracts from the lungs of control or p38i-
treated comparable size groups, 3 mice per group. (1) Immunoblots of whole tumor extracts
from mice bearing 4T1 tumors from the vehicle control and p38i-treated groups.
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Figure 2. Blockade of p38 kinase reduces angiogenesis at the early tumor growth stage.
(A) The study outline: 4T1-Luc mammary carcinoma cells (200,000) were orthotopically

implanted into BALB/c female 6-week old mice (9 mice per group). Treatment with p38i/
Ralimetinib at 30mg/kg was initiated on day 4 by daily oral gavage. (B) Bioluminescence
images of tumor-free (naive), tumor-bearing (tumor), or tumor-bearing and p38i-treated
mice. Note the absence of luminescence at the lungs. (C) Quantification of bioluminescence
in live animals on day 14. (D) Tumor weight (median) at day 14 of the study. (E) Images of
CD31-stained tumor sections from untreated or p38i-treated tumor-bearing mice,
bar=100um. (F) Quantification of the microvessel density in CD31-stained sections of
comparable-size tumors (G), a mean area per field (0.2 mm?), 6 fields per tumor section, 3
tumors per group. (G) Comparison of tumor volumes from untreated and p38i-treated
groups. Statistical significance was determined using the two-tailed unpaired #test (£<0.05;
ns, not significant, P>0.05).
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Figure 3. Blockade of p38 reduces accumulation of MDSCs in the lungs and the expansion of
PMN-M DSCs and megakaryocytesin the spleen of tumor-bearing mice.

(A) Lung tissues from tumor-free (naive), 4T1-Luc tumor-bearing (Tu) and tumor-bearing
mice treated with p38i were stained for Ly6G, a marker of PMN-MDSCs, bar=200um. (B)
Quantification of Ly6G™ cells in the lung sections, 3 fields per section, 3 mice per group. (C)
Flow cytometry analysis of CD11b*Ly6C!°Ly6G* cells in whole-lung tissues, 3 mice per
group. (D) H&E-stained spleen tissues at 20x magnification (top row, bar=1mm), bottom at
200x, bar=100pum. Yellow arrows show megakaryocytes; WP, white pulp; RP, red pulp. Note
an increase in the RP and spleen size in tumor-bearing mice compared to tumor-free mice,
and their reduction by p38i/Ralimetinib. (E) Spleen weights were measured at day 14 of the
study, n=5. (F) Evaluation of megakaryocytes (MK) in the spleen of tumor-free (naive),
tumor-bearing (Tu), and tumor-bearing treated with p38i (Tu+p38i). (G) Spleen sections
stained for Ly6G, bar=100um. (H) Flow cytometry data for CD11b*Ly6C!°Ly6G* cells in
whole-spleen tissue from 3 mice per group. (I) Quantification of granulocytes in peripheral
blood using complete blood count (CBC) assays. Comparisons were done with material
from naive mice and mice with comparably sized tumors, and statistical significance was
determined using the two-tailed unpaired £test (*/<0.05; **P<0.01; ***F<0.001).
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Figure 4. Evaluation of CD163* macrophagesin tumor tissues.
(A) Quantification of monocytes in peripheral of tumor-free mice (naive), tumor-bearing

untreated (Tu) or p38i-treated mice by CBC assays at day 14 of the study. (B) Images of
CD163-stained tumor sections, bar=100um. (C) Quantification of CD163* cells in tumor
tissues, 3 fields/section, 3 sections/group. (D) Images of CD163 and F4/80-stained sections
of tumor xenografts of MDA-MB-231 human breast cancer cells (empty-vector control and
dnp38) in SCID mice, bar=200um. (E) Images of CD8A-stained 4T1-Luc tumor sections,
bar=100pm. (F) Quantification of CD8A™* cells in tumor tissues, 3 fields/section, 3 sections/
group. (G) The Kaplan—Meier estimator of metastasis-free survival in patients with BC,

n=3,951.
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Figure5. Depletion of PMN-MDSCs by anti-Ly6G antibody impedesthe pre-metastatic niche.
(A) Panels show bioluminescence images and their quantification in live animals at day 14.

4T1-Luc mammary carcinoma cells (200,000) were orthotopically implanted in female
BALB/c 6-week old mice, 7 mice/group. The next day, mice were administrated i.p.
injections of vehicle-control (saline) or antibody to Ly6G scheduled on every other day. (B)
Tumor volume at day 14. Statistical significance was determined using the two-tailed
unpaired #test (*/£<0.05). (C) Blood vessels (CD31), tumor-associated macrophages
(CD163) and tumor-infiltrating T cells (CD8A) were visualized in tumor sections from
comparable-size tumors (day 14) treated with anti-Ly6G or isotype-control (CTR) antibody,
bar=100pm. (D) Panels show Ly6G stained sections of the lungs and liver of mice treated
with anti-Ly6G or isotype-control (CTR) antibody, bar=100um.
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Figure 6. The p38 kinase controls the tumor-immune crosstalk that mediates the expansion of
pro-tumor myeloid populations.

(A) Expression of myeloid cell markers and cytokine/chemokine receptors in the lungs from
tumor-free (naive) and 4T1 tumor-bearing mice (tumor). (B) Levels of secreted factors were
measured in serum-free media conditioned for 48 hours by human MDA-MB-231 breast
cancer cells, expressing the empty-vector (CTR) or dnp38 (dn-p38) constructs. Two
biologically independent replicates were assayed using the Luminex 200 System. (C)
Quantitative RT-PCR of CCL2/MCP-1 in total RNA from MDA-MB-231 and WI-38
mesenchymal stromal cells which were treated with vehicle (DMSO) or p38i (Ralimetinib)
for 48 hours. (D) Expression profiles of breast cancer TCGA dataset. (E) Kaplan-Meier
estimation of recurrence-free survival for CCR1 and S100A8 in BC patients (n=3,951). (F)
The working model: the p38 kinase in tumor and mesenchymal stromal cells in the TME
mediates expansion and mobilization of pro-tumor myeloid cells by controlling the tumor-
immune crosstalk.
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