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ABSTRACT

Triple-negative breast cancer (TNBC) lacks the expression of estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor 2 (HER2). TNBC tumors are not sensitive to endocrine
therapy, and standardized TNBC treatment regimens are lacking. TNBC is a more immunogenic subtype of
breast cancer, making it more responsive to immunotherapy intervention. Tumor-associated macro-
phages (TAMs) constitute one of the most abundant immune cell populations in TNBC tumors and
contribute to cancer metastasis. This study examines the role of the protein kinase HUNK in tumor
immunity. Gene expression analysis using NanoString’s nCounter PanCancer Immune Profiling panel
identified that targeting HUNK is associated with changes in the IL-4/IL-4 R cytokine signaling pathway.
Experimental analysis shows that HUNK kinase activity regulates IL-4 production in mammary tumor cells,
and this regulation is dependent on STAT3. In addition, HUNK-dependent regulation of IL-4 secreted from
tumor cells induces polarization of macrophages into an M2-like phenotype associated with TAMs. In
return, IL-4 induces cancer metastasis and macrophages to produce epidermal growth factor. These
findings delineate a paracrine signaling exchange between tumor cells and TAMs regulated by HUNK
and dependent on IL-4/IL-4 R. This highlights the potential of HUNK as a target for reducing TNBC
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metastasis through modulation of the TAM population.

Introduction

Breast cancer is considered one of the most prevalently diag-
nosed cancers worldwide that primarily affects women.' BC is
considered a heterogeneous disease, broadly defined based on
the expression of hormone receptors including estrogen (ER)
and progesterone (PR) receptors, as well as the human epider-
mal growth factor receptor (HER2). Breast cancer can be
further classified into four main subtypes which are Luminal
A, Luminal B, HER2-enriched, and triple-negative."™ Triple-
negative breast cancer (TNBC) is a subtype of breast cancer
that lacks the expression of estrogen receptors, progesterone
receptors, and the aberrant expression of the HER2 receptor.””
TNBC accounts for 10-20% of all breast cancers and dispro-
portionately affects younger women predominantly of African/
African American or multiracial descent. Some clinical char-
acteristics of patients diagnosed with TNBC include poor
prognosis, high recurrence, and higher distant metastasis
rates.® Due to the tumors lacking hormone receptors and
HER?2, expression TNBC patients cannot be treated with endo-
crine therapy or HER2 targeted treatment."” Therefore, the
standard treatment for TNBC includes chemotherapy or con-
ventional postoperative adjuvant chemoradiotherapy.®

More recent studies have focused on characterizing the
heterogeneity of TNBC, to explore new treatment alternatives.
TNBC exhibits a higher potential for tumor-infiltrated lym-
phocytes (TILs) within the tumor microenvironment
(TME).>'® Apart from TILs, another immune cell that is
abundant in the TME and has been shown to contribute to
TNBC metastasis is tumor-associated macrophages
(TAMs).''""> TAMs are described as a heterogeneous cell
population that can be polarized in response to signals
enriched in the microenvironment in which they are sustained.
In both humans and mice, TAMs are broadly classified into
either the “classically activated” M1 subtype or the “alternately
activated” M2 subtype.'*'® Markers to identify this population
in mice differ from humans. In mice, M1-polarized macro-
phages are primarily recognized for their antitumoral function
and can be characterized by their expression of nitric oxide
synthase (iNOS) and support antitumor immunity through the
production of superoxide anions and nitrogen-free
radicals.'”'® However, in humans, M1-polarized macrophages
are typically identified by surface markers such as CD86 and
CD64." In contrast, M2 TAMs, typically identified by surface
markers such as CD206 and Argl, share similar functions in
both species and exhibit pro-tumoral and immunosuppressive
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functions.”® Polarization and activation of M2 TAMs are
mediated primarily by cytokines of a Ty2-type immune
response, which includes the production of interleukin 4 and
13 (IL-4 and IL-13) that reprogram macrophage function
.. X R 16—18-21
toward an anti-inflammatory and immune evasive one
Intriguingly, our work and others have shown the relation-
ship between hormonally up-regulated neu-associated kinase
(HUNK) and breast cancer progression.”””>> HUNK is
a serine-threonine protein kinase, a member of the Snf-1/
AMPK protein kinase family.”® Some of the described func-
tions of HUNK in cancer include promoting breast cancer
metastasis.”>>> HUNK was shown to promote metastasis
using the MMTV-myc genetically engineered mouse model.*”
We also showed that HUNK-dependent phosphorylation of
EGFR at threonine (T) 654, resulted in increased metastatic
phenotypes in human TNBC breast cancer cells and metastasis
in vivo using the 4T1 tumor model.”> More recently, our group
published work that described that HUNK gene alterations
correlate with poorer survival outcomes. Using data mined
from cBioPortal, we were able to evaluate a subset of breast
tumors that had genomic, proteomic, and phospho-proteomic
data available. When we looked at the genomic and proteomic
data, we found that immune system pathways including che-
mokine and cytokine signaling were significantly altered in
tumors that had HUNK gene alterations compared to those
that did not, suggesting that HUNK may have a role in breast
cancer tumor immunity.”” Chemokines and cytokines are
known for their multifunctional role in cancer by affecting
immune-cell infiltration and function in the TME, including
macrophages, and for their effect on breast cancer growth and
metastasis. Therefore, in this study, we aimed to evaluate the
role of HUNK in tumor immunity. We provide evidence in this
study that HUNK regulates the cytokine IL-4 in cancer cells
and modulates the polarization of TAMs. We demonstrate
a novel function for HUNK in tumor immunity, highlighting
that targeting this kinase is a potential strategy for the modula-
tion of TAMs as an anti-metastatic immunotherapy.

Methods
Cells and culture conditions

All cells were originally obtained from the American Type
Culture Collection (ATCC) and maintained in a humidified
5% CO2 incubator at 37°C. 4T1 cells were maintained in the
Roswell Park Memorial Institute Medium (RPMI-1640)
(Corning —10-041-CV). RAW 267.4 and EO771 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Corning —10-017-CV). All media were supplemented with
10% heat-inactivated Fetal Bovine Serum (FBS) (Gibco,
Thermo Fisher Scientific - A5670701), L-Glutamine
(Corning — 25-005-CI), and Penicillin Streptomycin solution
(Corning — 30-002-CI), unless otherwise specified.

Generation of transduced and transfected cells

4T1 cells and EO771 cells expressing HUNK or K91M were
generated as previously described.** All cell lines with HUNK
modifications were maintained in puromycin-containing

media. EO771 selected with 2 pug/ml puromycin. 4T1°™" and
4T1HUNKSR Gells were grown in 2 pg/ml puromycin as pre-
viously described.?® 4T1 cells were transfected with vector,
pcDNA-HA-HUNK, pcDNA-HA-K91M, pcDNA-Stat3 was
a gift from Jim Darnell (Plasmid #8706; http://n2t.net/
addgene:8706.; RRID:Addgene_8706; Addgene, Watertown,
Massachusetts*®) and pcDNA-EGFR.

Pre-made lentiviral particles used to express mouse IL-4
were purchased from Vector Builder (Chicago, Illinois) and
were added to 4T1"YNXP cells per the manufacturer’s instruc-
tions. After 72 h, transduced cells were visualized by fluores-
cence microscopy. Transduced cells were selected by using
Blasticidin (15ng/ul) (InvivoGen’s - ant-bl-05). Cell lines
were tested for mycoplasma using MycoFluor™ Mycoplasma
Detection Kit (Thermo Scientific - M7006)

Western blotting

Cells were lysed in buffer containing final concentrations of
50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1% Triton X-100;
supplemented with HALT protease and phosphatase inhibi-
tor cocktail (Thermo Scientific, —~78440). Primary antibodies
used for western blotting are p-EGFR (pT654 - GenTex),
EGFR (Santa Cruz - sc-373,746), B-tubulin (Santa Cruz - sc-
55,529), p-STAT6 (Thermo Fisher — 700247), STAT6 (Cell
Signaling — 5397S), p-STAT3 (Cell Signaling —9145), STAT3
(Cell Signaling — 12640), HUNK (Invitrogen - PA5-28765),
Arginase-1 (Santa Cruz - sc-271,430), HA (Cell Signaling —
3724S), IL-4 (Santa Cruz - sc-53,084), IL-4 R alpha (Santa
Cruz - sc-28,361), CD206 (Cell Signaling -24595), EGF
(Invitrogen - MA5-15606) and F4/80 (BioRad - MCA497).
Imaging and quantification were performed on the
ChemiDoc imaging system using Image Lab software (BIO-
RAD) or the FluorChem-R with AlphaView software
(ProteinSimple). To quantify bands, a box was drawn around
it, and the signal within the box was quantified. Imaging
software reported both the background subtracted volumes
(called adjusted volumes) as well as the non-background
subtracted volumes (simply called volumes) used for
quantification.

RNA isolation and quantitative RealTime PCR

RNA was prepared by using the GeneJet RNA isolation kit
(Thermo Scientific - K0732). The synthesis of cDNA from the
RNA template was performed using the iScript™ Reverse
Transcription Supermix 5X (BioRAD -1708840). The resulting
cDNA was used to perform quantitative RealTime PCR using the
iTaq™ Universal SYBR Green Supermix (BioRAD —1725120)
system. All Primer SYBR Green Assay was purchased from
BioRAD; Hunk (BioRAD —-10025636 gMmuCID0022653), Stat3
(BioRAD -10025636 qMmuCID0044698), Egfr (BioRAD
-10025636 qMmuCID0007564), Il4 (BioRAD -10025636
gqMmuCID0006552), 1113 (BioRAD -10025636 qMmu
CED0044968), Egf (BioRAD -10025636 qMmu
CID0019249). Expression levels of genes were normalized to
Gapdh Forward: (5-ATGGTGAAGGTCGGTGTGAACG-3),
Reverse: (5-CGCTCCTGGAAGATGGTGATGG-3).
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Enzyme-linked immunosorbent assay (ELISA)

For IL-4 cytokine detection, cells were seeded at 1 x 10° cells in
a 6 cm tissue culture plate and maintained in serum-free media
for 24 h. After 24 h, cell-free media were collected for ELISA.
IL-4 concentrations were measured with an IL-4 Mouse ELISA
Kit (eBioscience Co - BMS613) and performed per the manu-
facturer’s recommended protocol. A series of cytokine concen-
trations (0, .63, 1.25, 2.50, 5.0, 10.0, 20.0, 40.0 pg/mL) were
used to plot the standard curve. The concentrations within the
culture medium collected from different experimental groups
were determined by applying the optical density value to the
standard curve.

In vitro macrophage polarization assay

To assess M2-polarization markers, Raw 264.7 cells were sti-
mulated with 20 ng/ml of recombinant IL-4 (R&D Systems —
404-ML) for 24 h. To assess M1-polarization markers, cells
were stimulated with 10 ng/ml LPS (Novus Biologicals, LLC -
NBP2 -25,295) plus 100 IU/ml IFN-y (R&D Systems —485-MI).
After treatment, cells were washed and harvested for down-
stream application.

To assess macrophage polarization by conditioned media,
4T1 cells (1x10° cells) were seeded in 10cm plates in
RPMI1640-free serum medium for 24 h. After 24 h, the super-
natants were harvested and filtered through a 0.45 mm mem-
brane and frozen at -80°C until use. Raw 264.7 cells were
seeded at a density of 3 x 105 cells/well into a 6-well plate.
The following day, media was removed, and cells were washed;
4T1 condition media (CMs) were placed into the six wells
plates containing Raw 264.7 cells and incubated in a standard
humidified incubator at 37°C in a 5% CO2 atmosphere for up
to 24-48 hours. Cells were then collected and harvested for
downstream application. To assess inhibition of polarization
Raw 264 cells were treated with a 1:10 dilution of a-IL4 recep-
tor (IL-4 R) antibody for 15 min, followed by IL-4 (Santa Cruz
Biotechnology - sc-28,361).

Isolation, culture, and differentiation of bone
marrow-derived cells

Bone marrow was isolated from 6-8-week-old female BALB/c
and BALB/c-Il4ra"™"? mice as described.” The left femora
and tibiae were removed from the surrounding soft tissues.
Both ends of the bone were resected with a bone cutter, and
bone marrow cells were collected by flushing the diaphysis of
each bone with isolation media (PBS supplemented with 1%
FBS) using a 5-ml syringe fitted with a 20-gauge needle. Bone
marrow cells isolated from femora or tibiae in each animal
were combined. Cells were dispersed by repeatedly pipetting
the cell suspension using a 10-m1 syringe fitted with a 22-
gauge needle and filtering through a 70-mm filter mesh. Single-
cell suspensions were obtained, and red blood cells were
removed by 1:1 dilution of RBCO Lysis Buffer (Invitrogen
—-00-4333-57). The reaction was stopped by adding 1X PBS,
cells were collected by centrifugation and resuspended in PBS.
Cells were cultured with alpha-modified MEM supplemented
with 10% FBS and Penicillin Streptomycin solution overnight.
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For monocyte differentiation, 20 ng/ml of M-CSF (Cell
Signaling Technology —5228) was added to the complete med-
ium. Cells were cultured, and media was replaced every 3 d.
After 7 d of culture with M-CSF, macrophages were identified
using CD11b (Novus -NB110-89474SS) western blotting or
analysis by flow cytometry.

NanoString analysis

The NanoString’s nCounter PanCancer Immune Profiling
panel (NanoString Technologies™, Seattle, Washington, USA)
is composed of >700 tumor immune specific genes used for
gene expression profiling on the nCounter platform
(Nanostring, Seattle, WA) as described by the manufacturer.
NanoString nSolver 4.0 software was used for the analysis of
gene expression values. Quality control, background correc-
tion, and data normalization were performed according to
NanoString Gene Expression Data Analysis Guidelines. Data
can be accessed via NCBI GEO (GSE242859).

Animal care

Animal care and experiments were approved and executed
under the guidelines of the Indiana University School of
Medicine IACUC. All animals were housed and cared for in
the AAALAC-accredited Animal Research Center at the
Indiana University School of Medicine and routinely moni-
tored by laboratory personnel and veterinary staff. Animals
were euthanized by isoflurane overdose per the Guide for the
Care and Use of Laboratory Animals. Protocols were in place
for early and humane endpoints if an experimental animal
displayed signs of illness. Tumor measurements and health
monitoring were performed regularly by lab and veterinary
staff.

Orthotopic tumor models and IL-4 treatment

Mice were acquired from Jackson Labs (Strain #: 000651). To
generate tumors, female BALB/c mice were anesthetized using
a mix of isoflurane and oxygen. 4T1 cells were resuspended in
regular media and then injected into the abdominal mammary
gland at 50,000 cells per gland. Once the tumors reached
a volume of (~1000 mm?) (approximately 3 weeks post injec-
tion), they were isolated. Tumors were digested for the genera-
tion of single-cell suspensions, which was performed by using
a Mouse Tumor Dissociation Kit (Miltenyi Biotec —130-096-
73). Tumor and red blood cells were excluded using a ficoll
gradient, and the remaining cells were used for downstream
applications including RNA isolation, flow cytometry, and
western blot. For IL-4 treatment, female BALB/c and BALB/-
Il4ra™"*) mice were injected as described above and tumors
were generated. After 1-week post-injection, treatment of IL-4
started; mice were intraperitoneally treated with vehicle (PBS)
or recombinant IL-4 (10 ug/kg) (Pepro Tech, NJ, 214-14) every
other day for 1 week. After the end of treatment (on day 14)
mice were placed under observation for 5d and sacrificed
following IACUC guidelines, and tumors and lungs were col-
lected. Metastasis for each experiment was evaluated by isolat-
ing and sectioning of the lung followed by H&E staining to
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visualize lung metastasis. Total metastatic lesions per lung were
counted. For both experiments, tumor growth was monitored
every 3 d, and tumor volume was calculated.

Tumor-associated macrophages isolation

The tumors were minced with razor blades and digested for the
generation of a single-cell suspension as described above.
Isolation of TAMs was performed by immunomagnetic nega-
tive selection using EasySep™ Mouse Monocyte Isolation Kit
(STEMCELL Technologies -19,761).

Flow cytometry

Fixable Viability Stain 620 (BD Biosciences) was used to dis-
criminate between live and dead cells. The cells were then
blocked with Fc-block (BD Biosciences) permeabilized and
stained with antibodies for 30 min in the dark at 4°C.
Antibodies are anti-mouse F4/80 (Biolegend - B209472), anti-
mouse Arginase-1 (Invitrogen 53-3697-80), anti-mouse CD45
(Biolegend —103149), viability dye (Invitrogen — 65-0865-14),
and anti-mouse CD206 (Biolegend — 141708). Stained samples
were analyzed on a Cyan ADP 9 color cytometer (Beckman
Coulter), and analysis was performed with FlowJo software
version 10. Each fluorochrome was compensated against all
the other fluorochromes. As internal controls, we used isotype
antibody controls and Fluorescence Minus One (FMO) control
to verify the specificity of the signal for each cell surface
marker. About 5-10,000 events of the smallest population
were acquired, to ensure statistical power for the analysis.

Measurement of IL-4 in serum

Once the tumors reached a volume of (~1000 mm?>), mice were
euthanized, and blood was drawn by cardiac puncture.
Collected whole blood was placed in a microcentrifuge tube.
The blood was allowed to clot by leaving it undisturbed at
room temperature for 15-30 min. The blood clot was removed
by centrifuging at 1,000-2,000 x g for 10 min at 4°C. Following
centrifugation, the serum was used to measure IL-4 levels by an
ELISA kit (BioLegend’s ELISA Max™ —431101). ELISA was
performed by following the manufacturer protocol.

Statistical analysis

Group measurements comparing two groups were compared
using a two-tailed Student’s t-distribution. Error bars represent
the standard error of the mean. Data are representative of at
least three independent experiments with at least three indivi-
dual replicates or more per experiment. One-way ANOVA
with Tukey’s multiple comparisons was used to compare the
means of three or more groups. p values were calculated using
GraphPad Prism software. *, p <0.05; **, p<0.01; **, p<
0.001, ****, p <0.0001. Metastases in the lungs were analyzed
using a blind study analysis. The total number of metastatic
lesions was counted per lung and used to generate group
averages, which were compared between groups and analyzed
by T-test (for two samples) or one-way ANOVA (for three or
more samples). Tumor growth curves were analyzed using

two-way ANOVA with Tukey’s multiple comparisons. The
figures in this manuscript were created with BioRender.com
and Adobe Illustrator. Graphics and Statistical analysis were
performed using GraphPad Prism (version 7 & 8).

Results
HUNK has a potential role in regulating tumor immunity

Although a role for HUNK in breast cancer metastasis has
previously been reported,” a role for HUNK in tumor immu-
nity has not been described. To explore the effect of HUNK in
tumor cells on the immune compartment within the TME, we
performed a gene expression analysis using NanoString’s
nCounter PanCancer Immune Profiling panel, which contains
>700 tumor immune-specific genes and allowed us to specifi-
cally target our analysis to immune profiling. To generate
tumors, we modified HUNK in the epithelial 4T1 tumor cells
and generated control (CTL) or HUNK knockdown (shRNA)
cell lines (Figure 1(a)). We isolated tumors from mice ortho-
topically implanted with 4T1°™ and 4T17"N% cells, HUNK
knockdown in the tumors was confirmed by quantitative
RealTime PCR (Figure (1b)). We also confirmed our pre-
viously reported findings®> that tumor growth was not affected
(Figure 1(c)), and mice with tumors derived from 4T1HUNKsh
cells had reduced levels of lung metastasis compared to 4T1°™"
tumors (Figure 1(d)). nCounter analysis was performed on n =
3 biological replicates from 4T1°™ and 4T17YN4 tymors
which showed tight clustering of gene expression within tumor
groups. We identified ~100 mRNA targets that were signifi-
cantly altered in HUNK-depleted (4T1"YN¥M4) tumors
(Figure 1(e)) and further analyzed the significantly altered
mRNA targets using Reactome pathway analysis tool. Based
on the set of mRNA targets that were significantly altered in the
HUNK-depleted group, the Reactome pathway analysis indi-
cated that IL-4 and IL-13 cytokine signaling, which acts
through the IL-4 receptor (IL-4 R), was significantly decreased
(Figure (le)). To validate these findings, we measured Il4 and
1113 expression levels in 4T1™ and 4T1"YN®! tumors
by RealTime PCR. Results show that4T1""™%" tumors had
reduced Il4 gene and protein expression levels (Figure (1f-g));
however, no significant changes were observed in IlI3
(Supplementary Figure S1A) when 4T17"N%" tumors were
compared to 4T1°™ tumors.

HUNK regulates IL-4 production in 4T1 cells

Because we originally modified HUNK in the epithelial 4T1
tumor cells, we explored tumor cell-intrinsic effects. Secondary
confirmation of HUNK depletion in 4T1 cells using two inde-
pendent shRNAs was performed by RealTime PCR
(Figure (2a)). We then compared IL-4 protein by western
blot and Il4 expression in 4T1™ and 4T1"VNKh cells by
RealTime PCR. We found that 4T1"YN" expressing cells
had lower levels of both IL-4 protein (Figure (2b)) and I/4
mRNA compared with 4T1™ cells (Figure (2c)). We also
measured 1113 expression and results correlated with observa-
tions in tumors where no statistically significant changes were
observed in 1113 levels between 4T1™" and 4T1""NK cells
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Figure 1. HUNK regulates TNBC tumor immunity. A. Western blot analysis for HUNK in 4T1<- and 4T11UNKh cells, B. Hunk mRNA levels from 4T1<™ and 4T1"NP tumors
were analyzed by RealTime PCR. C. Tumor growth was assessed by measuring tumor length and width; tumor growth was not affected. D. Lungs isolated from both
4T1™ and 4T1HNSP orthotopic model were analyzed for tumor burden by H&E. The quantification of tumor burden on the lung is represented in column graph where
4T1HUNKSh 1ungs exhibited reduced levels of metastasis compared to 4T1<™ lungs. E. 4T1<™ and 4T17UNSP (shA) orthotopic mammary tumors were used to assess
NanoString’s nCounter PanCancer Immune Profiling panel. A total of 99 mRNA targets were significantly altered in HUNK-depleted tumors. Significantly altered mRNA
was analyzed using Reactome pathway analysis tool. Quality control, background correction, and data normalization were performed according to NanoString Gene
Expression Data Analysis Guidelines using the nSolver v4.0 software. F. Western blot analysis for IL-4 in 4T1™ and 4T1"NP tumors. G. /14 mRNA levels from 4T1<™ and
4T1HUNKh tumors were analyzed by RealTime PCR. For all panels except E, one-way ANOVA was used to compare the mean of three or more groups. N > 3 tumors per

group for all analyses. Data are expressed as mean = SEM *, p < 0.05; **, p < 0.01; ***, p < 0.001.

(Supplementary Figure S1B). We next measured IL-4 secretion
by ELISA. The IL-4 protein was detectable in the condition
media (CM) isolated from 4T1°™ and 4T17VNS! cells after 24
h of cell growth. Results from three independent studies
showed that high IL-4 protein levels were found in the CM
from 4T1°™ cells but were reduced in 4T1HUNKSh cellg
(Figure (2d)), suggesting that HUNK depletion results in loss
of IL-4 secretion.

To determine if HUNK kinase activity is required for I/4
synthesis and IL-4 secretion, we re-expressed HUNK WT and
a kinase-inactive HUNK (K91M) into our 4T1HUNKsh celjg
(Figure (2e)). We found that the addition of HUNK WT into
ATTHUNKSh celfg rescued 114 expression levels (Figure (2f)) and
IL-4 secretion (Figure (2g)). However, re-expressing HUNK
K91M did not (Figure (2f,g)). Furthermore, we also saw similar

effects in EO771 cells, where EO771 cells overexpressing
HUNK WT showed higher levels of both Il4 mRNA when
compared with EO771 cells expressing HUNK K91M
(Supplementary Figure S2).

EGFR is not required for IL-4 production downstream of
HUNK in 4T1 cells

We previously identified EGFR as a substrate of HUNK and
showed that HUNK phosphorylates this receptor at threonine
(T) 654.°> We also found that increased phosphorylation of
T654 EGFR in TNBC tumor cells correlates with increased
epithelial-to-mesenchymal transition (EMT), migration and
invasion, and metastasis.”> A common downstream signaling
pathway that is activated by the phosphorylation of EGFR is
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vector, pcDNA-HA-HUNK, or pcDNA-HA-K9TM HUNK. Western blots showing re-expression of HA-HUNK and HA-K91M HUNK in 4T1HUNKhA g 4TqHUNKShE cq)jg
F. RealTime PCR analej/sis of 114 levels in 4T1HUNKhA g 4T1HUNKSRE (o5 re-expressing HUNK and K91M. G. IL-4 concentrations measured by ELISA in condition media of
ATHUNKSIA 3 4T1HONKSRB el |5 re-expressing HUNK and K91M. One-way ANOVA was used to compare the mean of three or more groups. Data are expressed as mean

+ SEM of three independent experiments. *, P < 0.05; **, P < 0.01.

the mitogen-activated protein kinase (MAPKs) pathway (Ras-
MAPK-ERK1/2 pathway).’**' Ras-MAPK-ERK downstream
signaling pathways have been implicated in the regulation of
IL-4 signaling.’>>> Therefore, we tested whether the overex-
pression of EGFR in HUNK knockdown 4T1 cells resulted in
the rescue of IL-4 expression but did not see any effect of EGFR
on this process (Supplementary Figure S3).

HUNK regulates IL-4 production in a STAT3-dependent
fashion

It has also been reported in other cancer models that STAT3
phosphorylation at the tyrosine (Y) 705 site leads to IL-4
transcription.”* Therefore, to elucidate whether STAT3 activa-
tion is involved in regulating IL-4 production downstream of
HUNK in 4T1 cells, we measured STAT3 phosphorylation at
Y705 in 4T1¢™ and 4T1"YNKP cells using western blot.
Results showed that phosphorylation of STAT 3 was reduced
in 4T1HUNKsh celjg (Figure (3a) (shA) & Figure (3b) (shB)).
To determine if HUNK kinase activity affects the phosphor-
ylation of STAT3, we re-expressed HUNK WT and HUNK
K91M into our 4T1HUNKh cefls and measured STAT3 phos-
phorylation. Results showed that the addition of HUNK WT
into 4T1HUNKPA and 4T1HUNKSDA cells rescued STAT3

phosphorylation but re-expressing K91M did not (Figure (3¢)
(shA) & Figure (3d) (shB)). To elucidate whether STAT3
activation is required for IL-4 production in 4T1 cells, we
overexpressed STAT3 WT in 4T1HUNKSh Celig (Figure (3e)
(shA) & Figure (3h) (shB)) and measured Il4 expression levels.
The result showed that overexpression of STAT3 in 4T1VNKsh
cells rescued STAT3 phosphorylation (Figure (3f) (shA) &
Figure (3i) (shB)) and Il4 expression (Figure (3g) (shA) &
Figure (3j) (shB)). Finally, to elucidate if the rescue of STAT3
phosphorylation recovered the IL-4 secretion in 4T1HUNKsh
cells, we measured IL-4 in CM from in 4T17VNKh gyerexpres-
sing of STAT3. The results showed that the overexpression of
STATS3 in 4T1HYNS cells rescued IL-4 secretion (Figure (3k)
(shA) & Figure (3j) (shB)).

HUNK regulation of IL-4 in 4T1 cells induces macrophage
polarization

Our data show that IL-4 secretion from 4T1 cells is being
regulated by HUNK, and it is well established in the literature
that IL-4 is a major activator of TAMs.>"** Therefore, we
wanted to assess whether a loss of IL-4 secretion from 4T1
cells due to HUNK-depletion affected macrophage polariza-
tion. We designed an in vitro approach to assess polarization
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Figure 3. HUNK regulation of IL-4 in cancer cells is dependent on STAT3 activation. A-B. Western blot analysis showing phosphorylation of Stat3 in 4T1¢™ and 471HUNKsh
cells (shA-panel A, shB-panel B). Densitometry shows that the phosphorylation of Stat3 is diminished in 4T1"N cells, C-D. 4T1HUNKSMA gng 4T1HUNKSRE colls were
transfected with vector, pcDNA-HA-HUNK, or pcDNA-HA-K91M. Western blots showing re-expression of HA-HUNK and HA-K91M HUNK in 4T17UNKh cells (shA-panel C,
shB-panel D). Re-expression of HUNK in 4717k cells rescues phosphorylation of Stat3. E & H. 4T1"YNK" cells were transfected with vector or pcDNA-Stat3. Stat3
MRNA levels in 4T717UNKsh overexpressing Stat3 wild type (WT) were analyzed by RealTime PCR. (shA-panel E, shB-panel H) F & I. Overexpression of Stat3 wildtype in
4T1HUNKSh colls was confirmed by western blotting of total and activated (phosphorylation at Y705) of Stat3. (shA-panel F, shB-panel 1) G & J. /l4 mRNA levels were
measured in 4T1"WNKP overexpressing Stat3. Overexpression of Stat3 in 4T1"UNh vascued 114 levels. (shA-panel G, shB-panel J) K & L. IL-4 concentrations measured by
ELISA in condition media (CM) of 4T1HUNKh cel|s overexpressing Stat3. (shA-panel K, shB-panel L). Unpaired t-tests were used to compare the means of two groups. One-

way ANOVA was used to compare the mean of three or more groups. Data are expressed as mean + SEM of three independent experiments. ¥, p < 0.05; **, p < 0.01; ***,
p <0.001.
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Figure 4. HUNK regulation of IL-4 in 4T1 cells promotes M2 macrophage polarization. A. Experimental schematic. B. Raw 264.7 was treated with 20 ng/ml IL-4. M2
polarization was measured by western blotting for increased expression of CD206, Arginase-1, and Y705 phosphorylation of Stat6. C. Raw 264.7 treated with condition
media (CM) from 4T1<™ and 4T17UNKSP cells. CM-derived from 4T1™ resulted in M2 polarization measured by western blotting for CD206, Arginase-1, and Y705
phosphorylation of Stat6. Densitometry shows that CM derived from 4T1HUNKSPA g 4T1HUNKSRB calls do not result in M2 polarization D. Western blot analysis showing
Egf expression in Raw 264.7 treated with CM from 4T1™ and 4T1HUNKSh colis, E, Egf expression levels measured by RealTime PCR in Raw 264.7 treated with CM from
4T1M and 4T1HUNKh calls, F-G. Raw 264.7 cells were treated with a 1:10 dilution of a-IL4 receptor (IL-4 R) antibody for 15 min, followed by IL-4 (F) or CM from 4T1<™ and
4T1HUNKSh calls (G). Polarization was assessed by measuring CD206, Arginase 1, and Y705 phosphorylation of Stat6 by western blot. Each experiment was repeated three
times. Densitometry shows that Raw 264.7 cells treated with anti-IL4 receptor (IL-4R) antibody followed by CM derived from 4T1"UNKP cells do not result
in M2 polarization. One-way ANOVA was used to compare the mean of three or more groups. Data are expressed as mean + SEM of three independent experiments.

*, p <0.05; **, p < 0.01; ***, p <0.001.

using the RAW 264.7 cell line (Figure (4a)). IL-4 induces
activation of macrophages and TAMs primarily by activating
IL-4 receptor (IL-4 R) signaling through the Janus kinase/sig-
nal transducer and activator of transcription (JAK/STAT) cas-
cades, resulting in STAT6 phosphorylation.’® To analyze
in vitro polarization by IL-4 in these cells, we first performed
a control experiment where recombinant IL-4 was applied to
RAW 264.7 cells and IL-4 R signaling was measured by western
blot of STAT6 phosphorylation, Arginase 1, and CD206
expression as phenotypical markers.”” Our findings show that
IL-4 induced STAT6 phosphorylation, Arginase 1, and CD206
expression (Figure (4b)). We next used this in vitro approach to
ask whether applying CM from our 4T1 cell lines onto the
RAW 264.7 cells had a similar effect. Our results show that CM
from 4T1°™ induced and increased expression of CD206,
Arginase 1, and phosphorylation of STAT-6 in RAW 264.7
but CM from 4T17YNSh cells did not (Figure (4c)). This

finding is consistent with our earlier experiments showing
that 4T17UNKP cells have reduced IL-4 production compared
to 4T1¢™" cells.

Activation of TAMs induced by IL-4 has been reported
to increase the induction of epidermal growth factor (Egf)
expression from the macrophages, resulting in a paracrine
loop that contributes to cancer metastasis.’®>° Egf secreted
by TAMs promotes a synergistic effect between TAMs and
breast cancer cells, promoting cell migration.*®*’
Consequently, we measured both protein and Egf mRNA
expression levels in RAW 264.7 treated with CM from both
4T1°™ and 4T1"UNKR cells. Results showed that RAW
264.7 treated with CM from 4T1°™ have relatively high
protein and high Egf expression levels compared to cells
treated with CM from 4T17UNKsh (Figure (4d-e)). To assess
whether IL-4 is directly inducing this polarization on the
target cells through IL-4R, we used an IL-4R blocking



antibody and showed in a control experiment that IL-4 R
antibody blocked STAT6 phosphorylation, CD206, and
Arginase 1 after IL-4 treatment (Figure (4f)). We then did
an experiment where the IL-4R antibody was applied to
block IL-4 R on the target RAW 264.7 cells before adding
CM from either 4T1°™ or 4T1HYNKh cells. Results show
that when RAW 264.7 is treated with IL-4 R antibody, CM
from 4T1°™ does not induce STAT6 phosphorylation,
CD206, or Arginase 1 (Figure (4g), compare lane 2 to
lane 3), and as expected from Figure (3c), CM from
4T1HUNKR cells does not induce these factors regardless
of IL-4 R blocking.

Targeting HUNK modulates the TAM population in the
tumor microenvironment

To assess if targeting HUNK influences macrophages
in vivo in the breast cancer TME, we utilized an orthoto-
pic mammary tumor model. To generate tumors, we
implanted 4T1°™ and the two different 4T17VNK cell
lines into the mammary gland of BALB/c female mice.
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After the tumors reached 10 mm in diameter (day 24 post-
injection), they were isolated and analyzed for TAMs by
flow cytometry. Cellular markers used to identify this cell
population in tumors were CD45+ (hematopoietic cells),
F4/80+ (macrophages), CD206+, and ARG1+ (M2 macro-
phage subpopulation) (Figure (5a)). Results show that
tumors derived from 4T1#YNX® cells have lower percen-
tages of CD206+ and double positive CD206 and Arginase
1, CD45/F480+ cells, compared to tumors derived from
4T1™ cells (Figures (5b,c)). Gating strategies for flow
cytometry analysis are shown in Supplementary Figure S4.

It has been reported that IL-4 plays a significant role in
inducing TAM polarization and regulating their pro-
tumoral and metastatic potential.** IL-4 released from
tumor cells stimulates IL-4R on TAMs, leading to Egf
expression and further Il4 expression from the TAMs.*"**
Egf released from TAMs can promote cancer metastasis by
signaling to EGFR on tumor cells, creating a paracrine
signaling loop between TAMs and tumor cells.”’ We first
measured IL-4 levels in the serum from mice by ELISA
(Figure (5d)) but we did not see any effect of HUNK in
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Figure 5. Targeting HUNK modulates the TAM population in tumors. A. Representation of flow cytometric gating strategy and analysis of markers used to identify M2
macrophages present in tumors. B-C. Percentage of positive CD206 cells (subset from CD45+/F4/80+ cells) on tumors derived from 4T1™ and 4T1#UN®P Fyrther
analysis of TAMs from 4T1<™ and 4T17UNK" tumors was performed by quantification of percentages of Arginase 1 positive cells (subset from CD45/F4/80+/CD206+
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standard curve. E. Western blot showing Egf levels from 4T1<™ and 4T1"YN*" tumors. F. RealTime PCR analysis of Egf levels from 4T1<™ and 4T1"NP tumors.
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systemic IL-4 regulation in the host. Next, we analyzed Egf
expression and Egf protein levels in the tumors. Results
showed that tumors derived from 4T17YNKh cells have
reduced protein (Figure (5e)) and mRNA levels of Egf
(Figure (5f)) compared to control cells. Il4 levels in
4T1°™ and 4T1"N" tumors were previously shown in
Figure (1g). IL-4 R activation on TAMs by IL-4 leads to the
production of Egf and more IL-4. Therefore, we also eval-
uated Egf and Il4 in the TAMs isolated from tumors.
Consistent with our findings and the concept of
a paracrine signaling loop between tumor cells and
TAMs, we saw that TAMs isolated from 4T17"N®" tumors
also have low Il4 levels (Figure (5g)) and Egf levels
(Figure (5h)) compared with TAMs from 4T1°™ tumors.
Our findings suggest a model that HUNK-dependent IL-4
released from tumor cells leads to activation of IL-4R on
TAMs, which in turn causes TAMs to produce more IL-4
and Egf. Consequently, inhibiting HUNK impairs IL-4 reg-
ulation in 4T1 cells, resulting in a low availability of IL-4 in
the TME. Therefore, there would be less exposure of TAMs
to IL-4 in the TME, leading them to lose further produc-
tion of IL-4 and production of Egf, breaking the paracrine
loop between tumor cells and TAMs (Supplementary
Figure S6).

Macrophage polarization by HUNK is dependent on the IL-
4/IL-4 R paracrine interaction

Our results show that blocking IL-4-to-IL-4 R signaling on
macrophages in vitro impairs M2 polarization. To further
explore this observation, we made use of the homozygous
IL-4 R knockout (BALB/c-Il4ra™'* ) herein referred to as
Il4r-/-) mice (Supplementary Figure S5A). Il4r-/- mice exhi-
bit a loss of IL-4 R expression and signal transduction and
are an essential tool for studying the role of IL-4/IL-4
R-directed immunological pathways.** To further assess
our findings, we first isolated bone marrow cells from
Il4r-/- and BALB/c wild type (wt) mice and differentiated
these cells into macrophages, confirmed by western blot for
the macrophage marker F/480 (Supplementary Figure S5B)
and flow cytometric quantitation of the CD45+/F4/80+ cell
population (Supplementary Figure S5C,D). After 5d of dif-
ferentiation, we analyzed the purity of the cell subpopula-
tions by flow cytometry using CD45 (hematopoietic cells),
and F4/80 (macrophages) as markers (Supplementary Figure
S5C). Results showed that after differentiation we obtained
a yield of >80% CD45/F4/80 double-positive cells in both
the wt and Il4r-/- mouse model and, therefore, we con-
cluded that differentiation of bone marrow-derived macro-
phages is not impaired in the Il4r-/- mice (Supplementary
Figure S5D). Next, we polarized bone marrow-derived
macrophages (BMDM) into an M2 subpopulation. Results
showed that BMDM from BALB/c wt mice had increased
phosphorylation of STAT6, suggesting M2 polarization,
however, BMDM derived from Il4r-/- mice did not
(Supplementary Figure S5E). We also characterized these
cells by flow cytometry using CD45 (hematopoietic cells),
F4/80 (macrophages), Cd11b, and CD206 (M2) as markers
(Supplementary Figure S5F). The flow cytometry analysis

showed that the total subpopulation of BMDM that is M2
is significantly higher from BALB/c wt mice after polariza-
tion by IL-4, whereas the subpopulation of M2 from BMDM
of Il4r-/- mice is less than 1% after IL-4 stimulation
(Supplementary Figure S5G).

Overexpression of IL-4 in 4T1"UNKsh cels rescues

phosphorylation of Staté6 in macrophages and metastasis

Thus far, our results show that 4TTHYNKR cellg have low levels

of IL-4 protein secretion and Il4 mRNA expression. We also
show that CM isolated from 4T1"YN<" does not induce
macrophage polarization in vitro and tumors derived from
4T1HYNER have lower numbers of TAMs in the TME com-
pared to 4T1°"" tumors. To test whether the overexpression of
IL-4 in 4T17UNKR cells will rescue macrophage polarization
toward M2 phenotypes, we expressed IL-4 in the 4T17YNKsh by
lentiviral transduction (Figure (6a) (shA) & Figure (6b) (shB)).
We then isolated CM from these cells and applied it to BMDM
from BALB/c wt mice or Il4r-/- mice. Results show that CM
from 4T17YNEP cells re-expressing IL-4 rescued pStat6 in wt
BMDM but did not affect Il4r-/- BMDM (Figures (6¢,f) (shA),
Figures (6d,e) (shB)). Consistent with the IL-4 R blocking anti-
body experiments shown in Figure 4, loss of IL-4R in cells
isolated from the Il4r-/- mice also blocked STAT6 phosphor-
ylation (Figures (6e,f)).

Several studies demonstrated that in breast cancer
tumors, IL-4/IL4R is responsible for inducing pro-
metastatic growth phenotypes.*>*® It has also been shown
by Bankaitis and colleagues that a systemic reduction in IL-
4 using the 4T1 tumor model limited the burden of meta-
static disease in the lungs.*> Therefore, to assess whether
IL-4 can rescue metastasis in 4T17"N*" tumors we admi-
nistered IL-4 to mice (Figure (7a)). As previously described,
we utilized an orthotopic mammary tumor model and
implanted 4T1°™ and the two different 4T17YNK® cell
lines into the mammary gland of BALB/c female mice.
After 1-week post injections, on day 7 we started adminis-
tration of IL-4 (10ug/kg) treatment which was given to
mice every other day for seven more days. On day 15, the
experiment was ended, and we analyzed lungs for metasta-
sis. Results show that IL-4 administration does not affect
tumor growth (Figure (7b)) but significantly increases lung
metastasis, effectively rescuing metastasis in the 4T HUNKsh
groups (Figure (7c,d)). Overall, our findings indicate that
HUNK-mediated IL-4 signaling in the tumor microenvir-
onment plays an important role in promoting cancer
metastasis.

Discussion

Patient death from TNBC is due to high metastatic rates,
relatively poor outcomes, and a lack of sensitivity to endocrine
therapy. Therefore, the urgency to identify new biomarkers
and target components that help to predict new clinical ther-
apeutics is under high emphasis. In this study, we highlight
a new role of HUNK in regulating IL-4 and TAM activation in
the TME. Our study establishes the importance of targeting
HUNK to modulate TAMs in the TME.
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Cancer cells can modulate and secrete IL-4.*”*® In particu-
lar, it has been shown that TNBC cells secrete higher levels of
IL-4 in the tumor milieu, compared with ER-positive breast
cancer cells.*’ It has also been shown that IL-4 can serve as
a key regulator of cancer progression by initiating a paracrine
loop between immune cells and tumor cells.'® The data pre-
sented here show that in mouse TNBC cells, HUNK activity
regulates the expression and secretion of IL-4. We also show
that HUNK regulates IL-4 production in a STAT3-dependent
manner. This is consistent with other findings that show
STATS3 regulates IL-4 production.” In particular, STAT3 has
been shown to be overexpressed and constitutively activated in
TNBC cells, contributing to cancer progression, metastasis,
poor survival, and resistance to chemotherapy.’®*” Activated
STATS3 regulates the expression of different genes involved in
cancer cell survival and is also involved in regulating cancer cell
immune evasion.”®>° In breast cancer cells, it has been shown
that STAT3 regulates IL-4 transcription.**

Another pathway that has been reported to mediate IL-4 in
breast cancer is the EGFR signaling pathway. Liu et al. showed
that activation of EGFR results in the expression and secretion
of IL-4 in a metastatic breast cancer model.* We previously
showed that HUNK phosphorylation of EGFR at T654 corre-
lates with increased metastasis in breast cancer in vivo tumor
studies.”® Therefore, we also tested whether this

phosphorylation would lead to IL-4 regulation. We found
that EGFR is not involved in this process. Our results highlight
a new signaling pathway by which HUNK kinases activity
signals in metastatic breast cancer cells that is independent of
EGEFR and results in IL-4 production.

IL-4 has been extensively studied in cancer as an important
pleiotropic cytokine. IL-4 upregulation and overexpression
have been reported to induce pro-tumoral and pro-metastatic
functions in different murine and human cancer models.** In
the TME, IL-4 activates Ty2 response and TAMs.*” In breast
cancer, it is reported that IL-4 can differentiate macrophages
into an M2-like TAM phenotype, enhancing the invasion and
migration of breast cancer cells.”® Our data confirmed what
others reported, that metastatic breast cancer cells, here we use
the 4T1 cell line, express and secrete IL-4. Secreted IL-4 then
induces polarization of macrophages into an M2-like TAM
phenotype. Our new data show that HUNK regulates IL-4
production and that the depletion of HUNK impairs this effect.
We also show that M2-like activation in our model is primarily
regulated by the IL-4 receptor signaling pathway on macro-
phages. Our studies show that IL-4 secreted from tumor cells
activates IL-4 R on macrophages leading to activation of Stat6.
There is evidence of a multifunctional role of IL-4 as an
important regulator of other immune cells, including activa-
tion of CD8 + T cells.*” Our study does not explore the
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activation of T-cells, but this does not exclude the fact that this
could also occur in our system. It has also been reported that
IL-4 induces metastatic growth phenotypes in breast cancer.*’
Prior evidence has shown that up-regulation of IL-4/IL-4 R
signaling is associated with poor prognosis in both human
and murine models, and IL-4 inhibition significantly reduces
invasion to distant sites of breast cancer cells.*>*"** Our data
show that exogenously delivered IL-4 into mice promoted
metastasis. Lungs from mice with 4T1"Y™" tumors that
were administered IL-4 had significantly increased lung metas-
tasis when compared to the placebo group. Contrary to others
who have reported that in breast cancer IL-4 stimulates tumor
growth,> our data fail to replicate those results. This could be
due to the source of IL-4 or the amount of time that mice were
exposed to IL-4. There is a correlation between the role that IL-
4 plays in tumor immunity and cancer tumorigenesis.
Endogenous IL-4 has been found to promote tumor growth,
while exogenously delivered IL-4 is often linked to tumor
growth suppression.”* Indeed, we elected to use recombinant
IL-4 for our studies because the amount of IL-4 generated from
the 4T1"YN R cells that we engineered to stably express mIL-4
was quite high and providing recombinant IL-4 allowed us to
more carefully control the in vivo analysis. Future studies could
be geared toward exploring the effects of endogenous IL-4.
TAMs can promote tumor growth by secreting growth
factors that induce angiogenesis and support EMT.'>'>** In
particular, TAMs overexpress EGF, which is associated with
metastasis.’>>> Seminal work from Wyckoff et al. showed
that an EGF-dependent paracrine loop between tumor cells

and macrophages is required for mammary tumor cell
migration.*® In the TME macrophages will produce EGF,
where cancer cells expressing EGF receptors will get acti-
vated by EGF, which subsequently promotes migration of
the cancer cells in a codependent manner with the
TAMs.*®**%¢ Furthermore, results from Goswami, et al.
also showed in a co-culture-based in vitro model of macro-
phages and breast cancer cells that EGF expressed by macro-
phages but not cancer cells is required to promote cell
invasion.”

Intriguingly, our data show that TAMs isolated from
4T1°™derived tumors express high levels of EGF and that
tumors derived from 4T1 cells after depletion of HUNK lead to
a loss of IL-4 secretion and suppress EGF production from
TAMs isolated from the 4T1""™*" tumors. This finding cor-
relates with higher metastasis levels we see in tumors derived
from 4T1¢™ cells compared to those derived from 4T1HUNKsh
cells. Our data demonstrate that a paracrine loop exists
between macrophages and tumor cells in the mammary
tumor TME that is controlled by HUNK. HUNK causes secre-
tion of IL-4 from tumor cells, leading to the activation of IL-4 R
on TAMs that in turn produce EGF. EGF then signals back to
EGEFR on the tumor cells. Our prior work further shows that
HUNK phosphorylates EGFR to promote metastatic signaling
and metastasis of tumor cells.** Our findings are significant
because they implicate HUNK as a multi-functional metastatic
target in the tumor cell that can impact the bidirectional nature
of the paracrine signaling loop to TAMs which is critical for
metastasis (Supplementary Figure S6). Importantly, our data



highlight the potential of targeting HUNK as a novel treatment
of TNBC and HUNK’s promising role as a key immune reg-
ulator of M2-like TAMs.
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