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Tumor-associated macrophages contribute to tumor progression
and therapeutic resistance in breast cancer. Within the tumor
microenvironment, tumor-derived factors activate pathways that
modulate macrophage function. Using in vitro and in vivo models,
we find that tumor-derived factors induce activation of the Janus
kinase (JAK)/signal transducer and activator of transcription 3
(STAT3) pathway in macrophages. We also demonstrate that loss
of STAT3 in myeloid cells leads to enhanced mammary tumori-
genesis. Further studies show that macrophages contribute
to resistance of mammary tumors to the JAK/STAT inhibitor
ruxolitinib in vivo and that ruxolitinib-treatedmacrophages produce
soluble factors that promote resistance of tumor cells to JAK
inhibition in vitro. Finally, we demonstrate that STAT3 deletion
and JAK/STAT inhibition in macrophages increases expression of
the protumorigenic factor cyclooxygenase-2 (COX-2), and that
COX-2 inhibition enhances responsiveness of tumors to ruxolitinib.
These findings define a mechanism through which macrophages
promote therapeutic resistance and highlight the importance of
understanding the impact of targeted therapies on the tumor
microenvironment.
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Tumor-associated macrophages (TAMs) contribute to tumor
progression through a variety of mechanisms that include

promotion of angiogenesis, tumor cell invasion, matrix remod-
eling, and immunosuppression (1). Macrophages have also been
linked to resistance of tumors to chemotherapy (2, 3). Recent
efforts have focused on developing therapeutic strategies that
reduce macrophage recruitment and inhibit protumorigenic
macrophage function within the tumor microenvironment (4).
However, less is known regarding the impact of macrophages on
therapeutic responsiveness to agents designed to target onco-
genic signaling pathways in tumor cells. Because tumor cells and
tumor infiltrating macrophages are exposed to similar factors,
such as cytokines and growth factors, it is likely that signaling
pathways that are active in tumor cells are also activated in
macrophages. Given that macrophages are key components of
the inflammatory environment in tumors, understanding the ef-
fects of targeted therapies on the function of these cells is im-
portant for developing strategies that enhance therapeutic
responsiveness and ultimately reduce recurrence.
Macrophage polarization within the tumor microenvironment

is thought to play a key role in tumor progression (5). Conven-
tionally, macrophages are polarized toward the classical pheno-
type in response to IFN-γ and the alternatively activated
phenotype by IL-4 (6–8). The two phenotypes, referred to as
M1 and M2 (9), or M(IFN-γ) and M(IL-4) to more specifically
define macrophage phenotypes based on stimulus (7), are critical
in response to infection. Classically activated macrophages [M1,

M(IFN-γ)] drive the proinflammatory protective cascade, while
alternatively activated macrophages [M2, M(IL-4)] develop to
antagonize inflammation and orchestrate the wound-healing
response. While TAM polarization is often associated with an
alternatively activated-like phenotype, recent studies have sug-
gested that TAMs can express markers associated with both
polarization states depending on tumor type and stage, sug-
gesting that macrophage phenotype and function within the tu-
mor microenvironment are complex (10–12). Signal transducer
and activator of transcription (STAT) factors are important reg-
ulators of macrophage polarization. IFN-γ–activated STAT1 has
been linked to M1 polarization, while STAT6 and STAT3, acti-
vated by IL-4/IL-13 and IL-10, respectively, have been linked to
M2 polarization (13). Activated STAT3 has been observed in up
to 30% of myeloid cells in human breast cancers (14) and has been
implicated in regulating myeloid cell function in a number of tu-
mor models. While the majority of studies support a protumor role
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for myeloid STAT3 (15–20), other studies have suggested that loss
of myeloid STAT3 may contribute to tumorigenesis (21). These
studies highlight the complexities of STAT-mediated regulation of
myeloid cells during tumor initiation and growth.
Activation of the JAK/STAT pathway in tumor cells is known

to contribute to tumor growth and progression. Both STAT3 and
STAT5 have been shown to promote breast cancer growth and
progression and the JAK/STAT pathway is being explored as a
potential therapeutic target for breast cancer patients (22–29).
However, the impact of inhibiting JAK/STAT signaling in cells of
the tumor microenvironment has not been extensively in-
vestigated. Based on the knowledge that myeloid cells, such as
macrophages, are critical components of the tumor microenvi-
ronment and that these cells are functionally modulated by the
JAK/STAT pathway, there is a clear need to understand the role
of JAK/STAT signaling in immune cell populations to effectively
target this pathway in cancer patients.
In these studies, we demonstrate that soluble factors from

triple-negative breast cancer (TNBC) cells induce STAT3 activa-
tion in macrophages. Using genetic approaches, we demonstrate
that STAT3 deletion using the c-fms-iCremodel leads to enhanced
formation of mammary tumors. Using pharmacological ap-
proaches, we demonstrate that the presence of macrophages
within mammary tumors contributes to resistance of tumors to the
clinically relevant JAK inhibitor, ruxolitinib. Additionally, we find
that either genetic deletion of STAT3 or treatment of macro-
phages with ruxolitinib results in induction of the protumorigenic
factor prostaglandin synthase 2 (PTGS2)/cyclooxygenase-2 (COX-2),
which contributes to resistance of tumor cells to JAK inhibi-
tion. Furthermore, we provide evidence that the COX-2 in-
hibitor, celecoxib, enhances the efficacy of ruxolitinib in mammary
tumors. Taken together, these studies suggest that inhibition of
JAK/STAT signaling in myeloid cells leads to altered expression of
factors that contribute to therapeutic resistance, and suggest that
combination therapies that target these factors may enhance the
efficacy of JAK inhibitors in breast cancer.

Results
Tumor Cell-Derived Factors Activate STAT3 in Macrophages.We have
previously demonstrated that activation of fibroblast growth
factor receptor 1 (FGFR1) in breast cancer cells leads to pro-
duction of IL-6 family cytokines, which promotes tumor cell
proliferation, survival, and migration in a STAT3-dependent
manner (30). Furthermore, activation of FGFR1 in mammary
epithelial cells leads to macrophage recruitment and activa-
tion (31, 32). Therefore, we hypothesized that activation of
FGFR1 would lead to the production of soluble factors that
activate STAT3 in macrophages. Initial studies were performed
using the previously characterized HC-11/R1 mammary epithe-
lial cell line (33, 34). HC-11/R1 cells express a chemically in-
ducible FGFR1 (iFGFR1) that is activated by dimerization
following treatment with a B/B homodimerizer (34). Treatment
of bone marrow-derived macrophages (BMDMs) with condi-
tioned medium (CM) from B/B-treated HC-11/R1 cells led to
rapid STAT3 activation (Fig. 1A), demonstrating that iFGFR1
activation in these cells leads to production of soluble factors
that activate STAT3 in macrophages. To verify that STAT3 is
also activated in macrophages in vivo, HC-11/R1–derived mam-
mary tumors were analyzed by immunofluorescence. Analysis of
the macrophage marker F4/80 demonstrated extensive infiltration
of tumors by F4/80+ cells (Fig. 1B). Quantification of pSTAT3
staining found that ∼23% of F4/80+ cells are also pSTAT3+,
suggesting that this pathway is activated in a subset of macro-
phages in the tumor microenvironment. To confirm these findings
in another model, similar studies were performed using 4T1 cells,
a well-established mammary tumor cell line that has also been
shown to depend upon both FGFR and STAT3 activity for growth

in vivo (35, 36). Similar to the HC-11/R1 cells, treatment of BMDMs
with 4T1 cell CM led to rapid activation of STAT3 (Fig. 1C).
In previous studies, we have demonstrated that iFGFR1-

activated HC-11/R1 cells produce IL-6 family cytokines, which
contribute to STAT3 activation in epithelial cells in a gp130-
dependent manner (30). Inhibition of gp130 in BMDMs led to a
partial reduction in pSTAT3 following exposure to HC-11/R1
media (SI Appendix, Fig. S1A), suggesting that HC-11/R1–
derived IL-6 family cytokines contribute to STAT3 activation in
BMDMs, although additional factors may also contribute. The
4T1 cells produced comparatively less IL-6 as shown by ELISA
(Fig. 1D). To identify additional potential STAT3-activating
cytokines in HC-11/R1 and 4T1 CM, we performed a pro-
teome profiler mouse XL cytokine array (SI Appendix, Fig. S1B).
Several cytokines and growth factors were found in HC-11/R1
and 4T1 CM compared with control CM that are known to
activate STAT3 in various cell types and models—such as
Amphiregulin, G-CSF, GM-CSF, and VEGF (Fig. 1D)—several
of which correlate with poor prognosis in patients (37–40). These
data suggest that there are several cytokines and growth factors
present in mouse tumor cell CM that may contribute to activa-
tion of the STAT3 signaling pathway in macrophages.
To determine whether human breast cancer cells also activate

STAT3 in macrophages, differentiated THP-1 cells were in-
cubated with CM collected from a panel of human breast cancer
cell lines consisting of estrogen receptor (ER)-positive cells
(MCF7, T47D, ZR75.1), HER2+ cells (BT474, SKBR3), and
triple-negative cell lines (Hs578T, MDA-MB-231, MDA-MB-
468, and BT549). We found that MDA-MB-231, Hs578T, and
BT-549 breast cancer cell lines, which represent the TNBC sub-
type, rapidly and robustly activated STAT3 signaling in macro-
phages (Fig. 1E). In contrast, ER+ (T47D, MCF7, ZR75.1),
HER2+ (BT474, SKBR3), and triple-negative MDA-MB-468 cell
lines did not induce activation of STAT3 in macrophages. These
findings were confirmed using human peripheral blood mono-
nuclear cell (PBMC)-derived macrophages (SI Appendix, Fig.
S1C). To determine whether STAT3 is activated in macrophages
in human breast cancer samples, patient samples were costained
for CD68 and pSTAT3. CD68+pSTAT3+ cells were identified in
3 of 21 (13.6%) of ER+ samples, 11 of 21 (52.5%) of HER2+, and
16 of 21 of (76.2%) of TNBC samples (Fig. 1F). These findings
confirm the presence of pSTAT3+ macrophages in human breast
tumors and also confirm the findings that these cells are present in
the majority of TNBCs.
Further studies using a Bio-Plex cytokine assay were per-

formed to identify the specific TNBC-derived factors that acti-
vate STAT3 in macrophages (SI Appendix, Fig. S1D). STAT3 can
be activated by various cytokines in human macrophages, in-
cluding IL-6 and IL-10 (41). Analysis of cytokine levels revealed
increased levels of IL-6, but not IL-10, in CM obtained from
TNBC cell lines compared with MCF-10A cells, which represent
a normal-like breast epithelial cell line (SI Appendix, Fig. S1D).
Further validation of IL-6 levels revealed the highest expression
levels at both the mRNA and protein levels in the TNBC cells
capable of activating STAT3 in macrophages (Fig. 1 G and H).
Treatment of macrophages with a gp130 inhibitor led to re-
duction in pSTAT3 activation following treatment with CM from
MDA-MB-231 and Hs578T cells (Fig. 1I), suggesting that human
breast cancer cell-derived IL-6 family cytokines contribute to
STAT3 activation in macrophages. Taken together, our findings
demonstrate that both mouse and human tumor cells produce
factors that activate STAT3 in macrophages.

Deletion of STAT3 in Myeloid Cells Enhances Tumor Onset and
Growth. Based on our findings that tumor cell-derived factors
activate STAT3 in macrophages, further studies were performed
to determine the impact of myeloid STAT3 deletion on mam-
mary tumor formation and growth. For these studies, STAT3-floxed
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mice were crossed with c-fms-iCre mice to generate STAT3cKO

mice. Previous characterization of c-fms-iCre mice demonstrated
Cre expression primarily in monocytes, macrophages, and gran-
ulocytes with lower levels of expression found in splenic T cells (21).
Analysis of spleens of nontumor bearing STAT3cKO mice suggested
that there are no overt alterations in the number of immune pop-
ulations in these mice (SI Appendix, Fig. S2A). Analysis of total
STAT3 expression in immune cell populations in HC-11/R1–
derived mammary tumors by flow cytometry revealed reduced
STAT3 expression in myeloid cells, including macrophages and
granulocytes (SI Appendix, Fig. S2B), demonstrating selective de-
letion in these populations in cells within the tumor microenvi-
ronment. HC-11/R1 cells were injected into mammary fat pads of
recipient STAT3fl/fl and STAT3cKO to assess the impact of myeloid
STAT3 deletion on mammary tumor growth. There was an increase
in the number of recipient mice that developed tumors in the
STAT3cKO mice (87%) compared with littermate STAT3fl/fl con-
trols (33%). Furthermore, overall survival in the STAT3cKO mice
that developed tumors was poorer than in control mice (P = 0.046)
(Fig. 2A). To confirm these findings using an additional model,
orthotopic transplants were performed using 4T1 cells. These cells
represent a highly aggressive tumor cell line, and tumors formed in
100% of mice of both genotypes. However, we observed more rapid
tumor growth and reduced survival in the STAT3cKO mice injected
with 4T1 cells compared with STAT3fl/fl littermate controls (P ≤
0.0001) (Fig. 2B). To ensure that these phenotypes are not due to
nonspecific effects of Cre recombinase expression, additional con-
trol experiments were performed in which tumor cells were injected
into fat pads of c-fms-iCremice. No differences in survival or tumor

growth rate were observed when comparing mice that received
tumors with or without Cre recombinase present in their myeloid
lineage (SI Appendix, Fig. S2 C and D).
Tumors from STAT3cKO and STAT3fl/fl mice were histologi-

cally similar. Both demonstrated epithelioid tumor cells growing
in a solid, vaguely alveolar pattern with pushing tumor borders.
The cells had high nuclear:cytoplasmic ratios, irregular nuclear
contours, and coarse chromatin with moderately sized nucleoli.
Most tumors demonstrated areas of geographic necrosis with
moderate to marked neutrophilic infiltrates; the extent of ne-
crosis tended to be larger in tumors from STAT3fl/fl animals in
comparison with STAT3cKO mice. Areas of myxoid degeneration
were often present adjacent to the necrosis. Analysis of BrdU
incorporation revealed increased rates of cell proliferation in
tumors generated in the STAT3cKO hosts compared with their
respective controls [Fig. 2 C and E (P = 0.0258), Fig. 2 F and H
(P = 0.0103)]. Further analysis by immunofluorescence and flow
cytometry demonstrated that F4/80+ cells represented a similar
percentage of total cells between STAT3fl/fl and STAT3cKO tu-
mors, suggesting that macrophage recruitment is not impacted by
loss of STAT3 function (Fig. 2 C, D, F, and G). These findings
suggest that STAT3 deletion in myeloid populations leads to
enhanced mammary tumor formation associated with increased
rates of proliferation within the tumors.

Macrophage Depletion Enhances the Efficacy of Ruxolitinib in
Mammary Tumor Models. Based on the results that genetic de-
letion of STAT3 in myeloid cells enhances mammary tumori-
genesis, we hypothesized that loss of STAT3 activity in myeloid
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Fig. 1. Tumor cell-derived factors activate STAT3 in
macrophages. (A) CM from B/B or control stimulated
HC-11/R1 cells was used to stimulate BMDMs for the
indicated times in minutes. Immunoblot analysis of
pSTAT3 and GAPDH (loading control). (B) HC-11/R1
tumor sections were stained for F4/80 (red) and
pSTAT3 (green). Higher-magnification panel indi-
cates costained cells. (Scale bar: 50 μm.) (Magnifica-
tion: Right, 112 ×.) (C) 4T1 CM was used to stimulate
BMDMs for the indicated times. Immunoblot analysis
of pSTAT3 and GAPDH protein. (D) IL-6 ELISA of HC-
11/R1 cells treated with control (−B/B) or B/B and
4T1 cells. Select cytokines from HC-11/R1 or 4T1 CM
fold-change expression relative to control media
condition as baseline (dotted line). **P < 0.01. (E)
Immunoblot for pSTAT3 and total STAT3 (TSTAT3)
protein in THP-1 cells treated with the CM from the
indicated human breast cancer cells. (F) TN human
breast cancer samples stained for CD68 (red) and
pSTAT3 (green). Higher-magnification images show
colabeled cells and bar graph depicting the per-
centage of ER+, HER2+, and percent of TNBC cases in
which costained cells were identified. (Magnifica-
tion: 40×; higher power images, 106×.) (G) qRT-PCR
analysis for IL-6 mRNA in TNBC cells. (H) ELISA anal-
ysis for IL-6 protein in TNBC CM. (I) Immunoblot
analysis of pSTAT3 and total STAT3 protein in THP-1
macrophages pretreated with SC-144 inhibitor or
control before exposure to breast cancer cell line CM,
no CM (RPMI), or 20 ng/mL recombinant IL-6 (positive
control) for 15 min.
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cells would result in reduced responsiveness of tumors to STAT
inhibition. To inhibit the STAT pathway pharmacologically,
further studies focused on the JAK inhibitor, ruxolitinib, which is
being examined in clinical trials for breast and other cancers (22,
24, 26, 27). HC-11/R1 or 4T1 cells were injected into the
mammary fat pads of wild-type BALB/c mice and once tumors
were established, mice were treated with ruxolitinib. We found
that treatment of mammary tumor-bearing mice with ruxolitinib
did not impact survival (Fig. 3 A and C), which is consistent with
other studies (42). Reduced pSTAT3 staining was found in tu-
mor sections from mice that received ruxolitinib treatment (Fig.
3E), demonstrating drug efficacy within the tumors. To de-
termine whether macrophages impact responsiveness of tumors
to ruxolitinib, mice were treated with either clodronate lipo-
somes to deplete phagocytic cells or empty liposomes as a con-
trol. Analysis of tumor sections for F4/80+ cells demonstrated
effective macrophage depletion in clodronate liposome-treated
mice (Fig. 3F). While treatment with clodronate liposomes alone
did not impact survival, administration of clodronate liposomes
in conjunction with ruxolitinib led to a significant increase in
overall survival in both tumor models (Fig. 3 A and C). When
comparing the log-transformed tumor growth rates among
treatment groups, there was a significant difference between the
Rux/Clodronate group with both DMSO/Clodronate and Rux/
Control groups in HC-11/R1–bearing mice (Fig. 3B). The growth
rates were not different between the DMSO/Control and Rux/
Clodronate groups; however, the tumor volumes at any given
point were significantly different. These results suggest that
macrophages may be more important at the very early stages of
tumor development and that once tumors reach a certain size,

the growth rates progress similarly. The same interpretation
applies to 4T1-bearing mice. While the growth rates were not
statistically significantly different, there was a slowing of tumor
growth in the Rux/Clodronate group compared with the other
groups (Fig. 3D). Although analysis of BrdU incorporation
revealed no statistically significant differences in proliferation
among the treatment groups (SI Appendix, Fig. S3), apoptosis as
determined using a TUNEL assay was significantly enhanced in
the mice randomized to Rux/Clodronate compared with the
control or single-treatment groups (Fig. 3 G and H). Taken to-
gether, these data suggest that macrophages promote resistance
of mammary tumors to ruxolitinib.

Inhibition of JAK Activity in Tumor-Associated Macrophages Leads to
Increased Resistance of Tumor Cells to Ruxolitinib Treatment. As
shown in Fig. 2, genetic deletion of STAT3 signaling in myeloid
cells enhances mammary tumor onset and growth. Furthermore,
pharmacological inhibition of JAK/STAT signaling in mammary
tumors, where both tumor cells and cells within the stroma are
exposed to inhibitor, results in no impact on overall survival
when macrophages are present (Fig. 3). Taken together, these
findings suggest that the efficacy of ruxolitinib on the tumor cells
is dampened by the presence of macrophages within the tumor
microenvironment, possibly due to the production of protumori-
genic factors by macrophages following loss of STAT3 activity. To
assess this possibility, an in vitro assay was developed to determine
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Fig. 2. Deletion of STAT3 in myeloid cells enhances tumor onset and growth.
(A) Kaplan–Meier curves of HC-11/R1 cells transplanted into STAT3fl/fl (n = 4) or
STAT3cKO (n = 14) mice. (B) Kaplan–Meier curves of 4T1 cells transplanted into
STAT3fl/fl (n = 12) or STAT3cKO (n = 10) mice. (C) HC-11/R1 or 4T1 (F) tumor sections
stained for H&E, BrdU, and F4/80 from STAT3fl/fl and STAT3cKOmice. (Scale bars: 50
μm.) (D) Percentage of F4/80+ cells in HC-11/R1 or 4T1 tumors (G) among all single
live cells of STAT3fl/fl and STAT3cKO mice. Means not statistically different. (E) Per-
centage of BrdU+ cells in HC-11/R1 or 4T1 tumors (H) among total DAPI-stained
nuclei of STAT3fl/fl and STAT3cKOmice. Numberswere quantified from counts across
at least five images in three mice per genotype. *P < 0.05, ***P < 0.001.
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Fig. 3. Macrophage depletion enhances the efficacy of ruxolitinib in
mammary tumormodels. (A) Kaplan–Meier curves of HC-11/R1 or 4T1-transplanted
(C) WT BALB/c mice treated with DMSO or Rux with Control (n = 4–5 mice per
group) or Clodronate liposomes (n = 8–10mice per group). (B) Tumor volume (log-
transformed) and linear regression trendlines for each treatment group of HC-11/
R1 or 4T1 (D) tumor-bearing mice. (E) Immunohistochemistry for pSTAT3 (brown)
on HC-11/R1 or 4T1 tumor-bearing mice treated with DMSO/Control liposomes
(vehicle) and Rux/Control liposomes. (F) Immunofluorescence of F4/80+ cells
(red) in HC-11/R1 (Left) or 4T1 (Right) tumor-bearing mice treated with DMSO/
Control liposomes and DMSO/Clodronate liposomes. (G) TUNEL staining from
each treatment group in the HC-11/R1 or 4T1 (H) tumor-bearing mice. *P <
0.05, **P < 0.01, ***P < 0.001. Images were taken at 40× magnification.
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whether inhibition of the JAK/STAT pathway in macrophages
induces the production of soluble factors that act in a paracrine
manner on tumor cells to reduce their responsiveness to
ruxolitinib. MDA-MB-231 and Hs578T cells both exhibit basal levels
of JAK-dependent STAT3 activation (Fig. 4A). Treatment of
these cells with ruxolitinib resulted in reduced viability at con-
centrations comparable to those observed in TNBC cell lines in
other studies (Fig. 4B) (43). Because STAT3 can be activated in a
JAK-independent manner (44), studies were performed to con-
firm that ruxolitinib effectively inhibits STAT3 activation in
macrophages following treatment with TNBC CM in THP-1 cells
and human primary macrophages (Fig. 4A and SI Appendix, Fig.
S4A). Further in vitro studies were performed to determine
whether treatment of macrophages with ruxolitinib induces the
production of factors that interfere with the ability of ruxolitinib to
inhibit tumor cell growth. For these studies, THP-1 cells were
treated with tumor cell CM in the presence of either ruxolitinib or
solvent control. After 24 h, we replaced the medium with serum-
free RPMI to collect the factors secreted by these TAMs alone
and to eliminate potential confounding effects of soluble factors
present in the original tumor cell CM. This collected supernatant
is referred to as either DMSO TAM CM or Rux TAM CM. We
then determined whether the DMSO TAM CM and Rux TAM
CM impacted the ability of ruxolitinib to reduce tumor cell via-
bility. Tumor cells required approximately twofold more
ruxolitinib to achieve 50% cell death following treatment with Rux
TAM CM compared with cells treated with DMSO TAM CM
(P = 0.0081 and P = 0.0427 for MDA-MB-231 and Hs578T, re-
spectively) (Fig. 4E). These findings were also observed in human
primary macrophages (see, for example, Fig. 7 A and B). When
using CM from MCF7 cells, which does not strongly stimulate
STAT3 activity in macrophages (Fig. 1E), we observed no differ-
ences between DMSO TAMCM and Rux TAM CM conditions in
response to ruxolitinib treatment (Fig. 4F), suggesting that the
effects of ruxolitinib are specific for JAK/STAT-activated macro-
phages. These findings demonstrate that treatment of macro-
phages with ruxolitinib results in increased production of soluble
factors that act on tumor cells in a paracrine manner to promote
resistance to ruxolitinib.

JAK Inhibition in Macrophages Induces Expression of a Subset of
Protumorigenic Factors. RNA-sequencing (RNA-seq) studies
were performed to identify specific genes that are regulated
following ruxolitinib treatment in macrophages (45). Human
primary macrophages were stimulated for 2 h with CM from
MDA-MB-231 or MCF7 cells containing either ruxolitinib or
solvent and total RNA was harvested for RNA-seq. Analysis of
differentially expressed genes revealed that treatment of mac-
rophages with CM obtained from MDA-MB-231 cells led to
regulation of numerous genes that were not similarly regulated
in macrophages treated with CM from MCF7 cells, as observed
in both the heat map and principal components analysis (Fig. 5A
and SI Appendix, Fig. S5A). Further gene set enrichment analy-
ses (GSEA) comparing macrophages treated with MDA-MB-231
CM vs. control medium demonstrated enriched expression of
genes associated with the IL-6/STAT3 pathway (Fig. 5B), as
expected based on our findings that CM from these cells activates
this pathway (Fig. 1E). GSEA analysis also revealed genes asso-
ciated with the IL-2/STAT5 pathway in macrophages (Fig. 5B),
and immunoblot analysis confirmed activation of STAT5 follow-
ing treatment of macrophages with tumor cell CM (SI Appendix,
Fig. S4), providing additional validation for the RNA-seq analysis.
Additional pathways that are established regulators of macro-
phage function, such as TNFA/NFκB, Myc, and IFN (9, 46), were
also increased in macrophages treated with MDA-MB-231 CM
(Fig. 5B and SI Appendix, Fig. S5B). Interestingly, genes associated
with epithelial-mesenchymal transition (EMT) were enriched after
treatment with MDA-MB-231 CM (Fig. 5B), many of which are

soluble factors that promote EMT and invasion in a paracrine man-
ner, such as IL6, CXCL1, MMP1, and VEGFA (47–50).
These findings are consistent with other studies demonstrating

that MDA-MB-231 cells induce tumor-promoting phenotypes in
macrophages (51). While some genes in this pathway were down-
regulated following ruxolitinib treatment, the EMT gene set was
not uniformly altered by ruxolitinib treatment (SI Appendix, Fig.
S5D), suggesting that tumor cell-induced signaling pathways
other than the JAK/STAT pathway likely contribute to regula-
tion of this gene set. Numerous studies have suggested that
breast cancer cells drive alternative activation/M2 polarization of
macrophages. However, analysis of established human M1/M2
markers revealed induction of genes associated with both
polarization states (SI Appendix, Fig. S5A), suggesting that sol-
uble factors from MDA-MB-231 cells induce a mixed polariza-
tion phenotype in macrophages. These findings are consistent
with recent studies demonstrating that tumor-associated mac-
rophages exhibit a mixed phenotype in vivo (12, 52). Overall,
these results demonstrate that multiple signaling pathways are
activated in macrophages following exposure to tumor cell-
derived factors, which may have both pro- and antitumor ef-
fects on macrophage function, highlighting the complex nature
by which tumor cells regulate macrophage phenotype.
To identify genes that are specifically regulated by the JAK

pathway, a comparison of macrophages treated with MDA-MB-
231 CM in the presence or absence of ruxolitinib was performed.
These studies found that ruxolitinib treatment led to a reduction
in the expression levels of numerous genes (Fig. 5C). GSEA
demonstrated that ruxolitinib specifically reduced expression of
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Fig. 4. Inhibition of JAK activity in tumor-associated macrophages leads to
increased resistance of tumor cells to ruxolitinib treatment. (A) Immunoblot
analysis of pSTAT3 and total STAT3 protein in MDA-MB-231 and Hs578T
TNBC cells. (B) Rux IC50 (μM) assay at 48 h in Hs578T, MDA-MB-231, and
MCF7 (ER+) breast cancer cells. (C) Immunoblot analysis of pSTAT3 and total
STAT3 of THP-1 macrophages treated with RPMI, Hs578T, or MDA-MB-231
CM with or without Rux for 30 min and 24 h. (D) Schematic of tumor cells
treated with TAM CM (Rux or DMSO) to assess the IC50 of the inhibitor. (E)
IC50 concentration (μM) of ruxolitinib required for MDA-MB-231 (Left),
Hs578T (Right), and MCF7 (F) cells following exposure to the indicated CM.
*P < 0.05, **P < 0.01, ns, not significant.
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pathways induced by MDA-MB-231 CM, including the IL-6/
STAT3 and IL-2/STAT5 pathways demonstrating efficacy of
ruxolitinib as expected (Fig. 5D and SI Appendix, Fig. S5C). In-
terestingly, ruxolitinib treatment also induced expression of a
subset of genes (Fig. 5C and SI Appendix, Fig. S6B). Gene on-
tology analysis revealed that the genes induced by ruxolitinib are
enriched in cancer-associated pathways (Fig. 5E). Using the
MTCI Breast Cancer Analysis Survival Tool (53), we determined
whether the genes induced by ruxolitinib are associated with
reduced disease-free survival specifically in breast cancer pa-
tients with PAM50-defined basal breast cancer. We recognize
that the gene lists used in these analyses are from breast cancer
samples that contain both parenchyma and stroma, rather than
tumor-associated macrophages specifically, but we reasoned that
if high levels of a gene are associated with poor outcome, this
would be consistent with potential tumor-promoting function. Of
the genes found to be significantly induced by ruxolitinib [false-
discovery rate (FDR) < 0.05, log2 fold-change (FC) ≥ 0.5], genes
were found to be significantly associated with reduced survival
included THBS1, EREG, JAG1, PID1, and GPR157 (SI Appendix,

Fig. S6B). These findings demonstrate that treatment of tumor
cell-conditioned macrophages with ruxolitinib results in increased
expression of a subset of genes with potential tumor-promoting
function.

Reduced JAK/STAT Activity Correlates with Increased PTGS2
Expression. To identify potentially targetable pathways, we fur-
ther analyzed the dataset for genes associated with pathways for
which clinically relevant inhibitors are available. Analysis of our
gene list revealed increased expression of PTGER2, the receptor
for prostaglandin E2 (PGE2), in response to ruxolitinib. Further
analysis of the data also demonstrated increased expression of
PTGS2, which encodes for COX-2, the key driver of PGE2
production (SI Appendix, Fig. S6 B and C). This was confirmed
by qRT-PCR analysis in an independent validation experiment
(Fig. 5F). Analysis of PTGS2 expression demonstrated reduced
disease-free survival in patients with basal breast cancer (Fig.
5G), demonstrating its potential as a tumor-promoting factor in
this breast cancer subtype. Consistent with the increase in PTGS2
expression, increased PGE2 levels were found in the CM obtained
from PBMC-derived macrophages treated with tumor cell CM
and ruxolitinib compared with macrophages treated with tumor
cell CM and solvent (P = 0.0019, P = 0.0439, respectively) (Fig. 6A).
Based on these results, we hypothesized that genetic deletion

of STAT3 would also lead to increased Ptgs2 expression. Analysis
of data generated by RNA-seq (45) confirmed increased Ptgs2
expression in STAT3cKO BMDMs compared with STAT3fl/fl

BMDMs (Fig. 6B). Furthermore, there was a significant increase
in PGE2 production by STAT3cKO BMDMs compared with
STAT3fl/fl BMDMs (Fig. 6C). Based on these findings, we sought
to determine whether targeting COX-2 using the COX-2
selective inhibitor celecoxib reduces tumor growth in the
STAT3cKO mice. Analysis of 4T1 tumors from celecoxib-treated
STAT3cKO mice revealed a significant decrease in proliferation
and tumor growth compared with solvent control (Fig. 6 D and
E). Notably, celecoxib does not impact 4T1 tumor growth in
wild-type mice (Fig. 7E). These findings demonstrate that COX-
2 activity is increased in macrophages with either pharmacologic
or genetic loss of STAT3 signaling and that COX-2 activity
contributes to proliferation and tumor growth observed in the
STAT3cKO mice.

Celecoxib in Combination with Ruxolitinib Leads to Enhanced
Therapeutic Efficacy. Because COX-2 is associated with tumor
promotion and therapeutic resistance (54, 55), we hypothesized
that targeting COX-2 activity would inhibit the ability of
ruxolitinib-treated macrophages to promote resistance of TNBC
cells to ruxolitinib. Celecoxib effectively reduced the PGE2
production by ruxolitinib-treated human primary macrophages
(Fig. 7A). Further studies using the in vitro model described in
Fig. 4 demonstrated that treatment of human primary macro-
phages celecoxib restored responsiveness of tumor cells to rux-
olitinib (Fig. 7B). These findings demonstrate that treatment of
tumor cell-conditioned macrophages with ruxolitinib leads to
increased COX-2 activity, which contributes to therapeutic re-
sistance of tumor cells.
Based on the observation that the receptor for PGE2,

PTGER2, is increased in ruxolitinib-treated macrophages (SI
Appendix, Fig. S5B), additional studies were performed to de-
termine whether celecoxib acts in an autocrine manner to
modulate the expression levels of ruxolitinib-induced protu-
morigenic genes in macrophages identified by RNA-seq analysis.
While celecoxib treatment did not impact ruxolitinib-induced
expression of CSF2 or EREG, there was a significant reduction
in expression of THBS1 and JAG1 (Fig. 7C). These data also
provide additional validation of key target genes identified by
RNA-seq analysis and also demonstrate that induction of these
genes by ruxolitinib only occurs in the context of tumor cell-derived
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Fig. 5. Ruxolitinib enhances the expression of a subset of protumorigenic
factors in macrophages. (A and B) Heatmap of differentially regulated genes
and significant GSEA pathways comparing human primary macrophages
treated with RPMI or MDA-MB-231 CM. FDR < 0.05, log2FC > 3.5. (C and D)
Heatmap of differentially regulated genes (FDR < 0.05, log2FC ≥ 0.5) and
significant GSEA pathways in macrophages treated with MDA-MB-231 CM in
the presence of either Rux or DMSO. (E) Gene ontology analysis showing
pathways altered based on genes that are induced in 231CM+Rux samples.
(F) qRT-PCR analysis for PTGS2 expression in macrophages treated with
control or tumor CM in the presence of absence of ruxolitinib. *P < 0.05,
**P < 0.01, ***P < 0.001. (G) Kaplan–Meier curve of basal subtype patient
samples stratified by high or low expression of PTGS2 as determined by the
MTCI Breast Cancer Survival Analysis Tool.
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factors. Taken together, these results suggest that macrophage-
derived PGE2 can potentially act through autocrine or paracrine
mechanisms to promote therapeutic resistance following treatment
with ruxolitinib.
Further studies were performed to evaluate the effect of

ruxolitinib and celecoxib combination therapy on tumor growth.
The 4T1 tumor-bearing mice were treated with ruxolitinib and
celecoxib either alone or in combination. Survival in mice from
solvent control, ruxolitinib-only, and celecoxib-only treatment
groups were not statistically significant from each other (Fig.
7D). However, overall survival in the combination group (Rux/
CXB) was statistically significantly longer than the control
groups (Fig. 7D) and tumor growth rates were slower (Fig. 7E).
These data suggest that inhibition of JAK/STAT signaling in
myeloid cells increases their expression of protumor factors, such
as COX-2 and its enzymatic product, PGE2. Targeting these
factors can suppress macrophage-driven tumor cell therapeutic
resistance and improve overall survival and outcome (Fig. 7F).

Discussion
The JAK/STAT pathway is activated within tumor cells and ex-
hibits oncogenic activity in breast and other cancers. Given that
this pathway is often activated by soluble factors within the tu-
mor microenvironment, we hypothesized that this pathway is also
activated in tumor-infiltrating myeloid cells. Therefore, we in-
vestigated the ability of mammary tumor cells to activate STAT
signaling in macrophages. Our results demonstrate that tumor
cell-derived soluble factors, including IL-6 family cytokines, in-
duce robust activation of STAT3. Analysis of human breast cancer

samples demonstrated the presence of CD68+pSTAT3+ cells in
both HER2+ and TNBC populations. While these studies focused
on TNBC based on in vitro findings, it would be interesting to
further assess STAT3 activation in macrophages using additional
HER2+ models to determine whether this activation is due to
tumor cell-derived factors or other mechanisms. For example, fi-
broblasts produce cytokines such as IL-6 (56), which may also
contribute to STAT3 activation in vivo. While the identification
of CD68+pSTAT3+ cells is confirmatory of the findings in the
mouse models, it is important to note that while CD68 is primarily
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Fig. 6. Reduced JAK/STAT activity correlates with increased PTGS2 expres-
sion. (A) PGE2 ELISA of DMSO or Rux TAM CM from human primary mac-
rophages treated with Hs578T CM (Left) or MDA-MB-231 CM (Right). (B)
Basal Ptgs2 gene expression transcripts in STAT3fl/fl and STAT3cKO BMDMs.
(C) Basal PGE2 ELISA levels in STAT3fl/fl and STAT3cKO BMDMs. (D) Percentage
of BrdU+ cells of total DAPI stained nuclei from 4T1-transplanted STAT3fl/fl

and STAT3cKO mice treated with DMSO or Celecoxib. Cells were counted
across at least five images in three to four mice per treatment group. (E)
Tumor volume (mm3) of 4T1 tumor-bearing STAT3cKO mice given treatments
of DMSO (n = 4) or Celecoxib (n = 7) via daily oral gavage. *P < 0.05, **P <
0.01, ***P < 0.001.
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Fig. 7. Celecoxib in combination with ruxolitinib leads to a decrease in
tumor growth rate and an increase in overall survival. (A) PGE2 ELISA in
DMSO, celecoxib (CXB), Rux, and ruxolitinib plus celecoxib (Rux/CXB) TAM
CM (TAMs from human primary macrophages originally treated with Hs578T
CM). (B) Ruxolitinib concentration required for 50% cell death of Hs578T cells
in the presence of DMSO TAM CM, CXB TAM CM, Rux TAM CM, or Rux/CXB
TAM CM. (C) qRT-PCR analysis for EREG, CSF2, THBS1, and JAG1 in human
primary macrophages in either control or tumor CM with DMSO, Rux, CXB, or
Rux/CXB. (D) Kaplan–Meier curves of 4T1-transplanted wild-type BALB/c mice
treated with DMSO, CXB, Rux, or Rux/CXB (n = 5–10 mice per group). (E) Tu-
mor volume (log-transformed) and linear regression trendlines of 4T1 tumor-
bearing mice. (F) Graphical abstract illustrating the key concepts that tumor
cell-derived factors, including IL-6 family cytokines, contribute to activation of
STAT3 signaling in macrophages (Left). Inhibition of STAT3, either genetically
or pharmacologically, leads to increased production of PGE2, which potentially
acts via autocrine and/or paracrine mechanisms on tumor cells and macro-
phages to promote therapeutic resistance (Center). Targeting PGE2 production
with celecoxib enhances responsiveness of tumor cells to ruxolitinib (Right).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ****P < 0.0001.
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considered a macrophage marker, it has been found on other cell
types in breast cancers (57).
The JAK/STAT pathway regulates gene-expression changes in

both tumor cells and immune cells. STAT3 activation in tumor
cells contributes to tumor cell growth and inhibition of STAT3 in
mammary tumor models leads to reduced tumor cell proliferation
and a decrease in tumor burden (30, 58). Activated STAT3 has
been observed in up to 30% of myeloid cells in human breast
cancers and has been implicated in regulating myeloid cell func-
tion in tumors (14). Our results, in which STAT3 deletion is driven
in myeloid lineages using the c-fms-iCre model, demonstrate that
STAT3 deletion in immune populations leads to enhanced tumor
onset and growth. Due to limitations with specificity of condi-
tional myeloid deletion models (59), we are unable to distin-
guish between the effects of STAT3 deletion in macrophages and
granulocytes in vivo. However, the identification of increased
COX-2 activity in STAT3 knockout macrophages supports the
conclusion that STAT3-mediated alterations in macrophages
contribute to the COX-2–dependent increase in tumor growth in
this model. Further studies are required to define potential
contributions of STAT3 regulation of granulocytes in the tumor
microenvironment. Overall, the results from these studies suggest
that STAT3 deletion in the cell types that are affected by c-fms–
mediated Cre expression results in a protumorigenic environment.
STAT3 has been implicated in suppressing M1/proinflammatory

and enhancing M2/antiinflammatory polarization of macrophages
(60). This suggests that loss of STAT3 in the myeloid cell pop-
ulation would induce an M1/proinflammatory environment that
promotes antitumor immune responses. Indeed, inducible Mx1-
cre–mediated STAT3 deletion enhances antigen presentation by
dendritic cells and promotes antitumor T cell activity, resulting in
reduced tumor growth in mouse models of melanoma and
urothelial carcinoma (15). STAT3 in hematopoietic cells has also
been found to enhance accumulation of myeloid-derived sup-
pressor cells, promote angiogenesis, and suppress T cell activation
(16, 17). Additional studies of LysM-Cre–mediated deletion of
STAT3 have also demonstrated reduced tumor growth by modu-
lating mechanisms associated with tumor cell invasion in pancre-
atic neuroendocrine tumors (19) and promoting T cell-mediated
antitumor immune responses in models of lung and colorectal
tumors (18, 20). Together, these studies have led to the general
consensus in the literature that STAT3 in myeloid cells enhances
immunosuppression and other protumor functions (61). In con-
trast, other studies of conditional STAT3 deletion have suggested
that STAT3 regulation of myeloid cells may be more complex than
expected. LysM-Cre–mediated deletion of STAT3 was not found
to impact tumor growth in a medulloblastoma model (61). Fur-
thermore, Deng et al. (21) reported the development of sponta-
neous colon tumors in the Csf1r-iCre model, suggesting that
STAT3 deletion in myeloid cells enhances tumorigenesis, which is
consistent with our findings in the mammary tumor models. Ad-
ditionally, LysM-Cre–mediated deletion of SOCS3, a negative
regulator of STAT3 activity, led to increased STAT3 activation in
macrophages, reduced tumor growth, and increased survival in a
mouse model of glioma (62). Finally, studies of myeloid STAT3 in
the context of viral infection have demonstrated impaired activa-
tion of T cells and NK cells (63), suggesting that STAT3 regulation
of myeloid cells is highly context-dependent. Loss of STAT3 in
macrophages has been linked to increased production of proin-
flammatory cytokines, including IL-1β, IL-6, and TNF-α (64).
Thus, it is possible that STAT3 deletion in myeloid cells enhances
the formation of tumors that are sensitive to the tumor-promoting
effects of inflammatory cytokines (21, 65) and in less immunogenic
models that not as susceptible to T cell-mediated antitumor re-
sponses. Taken together, these findings suggest that STAT3 reg-
ulation of myeloid cells is complex and conflicting results in
experimental models may be a result of factors such as cell-type

specificity and timing of deletion, tumor type, stage of tumor
development, background strain, and immunogenicity.
The JAK/STAT pathway has emerged as an attractive thera-

peutic target due to its high levels of activity in breast cancer cells
(66). As a result, several clinical trials have started testing
STAT3-specific, as well as broader JAK-targeting, inhibitors in
cancer patients (67–69). However, given the importance of JAK/
STAT signaling in regulating immune function, it is important to
consider the potential effects of JAK/STAT inhibitors on im-
mune populations. JAK/STAT inhibition in mammary tumor-
bearing mice has been shown to inhibit NK cell proliferation,
activation, and degranulation (42), which was associated with
increased metastasis. Inhibition of the JAK/STAT pathway has
also been shown to promote expression of VEGF from NK cells
and enhance angiogenesis in hematopoietic tumors (70). How-
ever, the impact of JAK inhibition on myeloid cell populations
within the mammary tumor microenvironment has not been
previously investigated. Our findings demonstrate that macro-
phages not only contribute to therapeutic resistance of tumor
cells to JAK inhibition, but that treatment of macrophages with
ruxolitinib leads to increased expression of factors with known
protumorigenic properties that contribute to resistance. In-
terestingly, genetic deletion of STAT3 in myeloid cells led to
increased tumor growth, while pharmacological inhibition of
JAK/STAT signaling led to no change in tumor growth or sur-
vival. Because pharmacological inhibition targets both tumor and
stromal cells, these findings are consistent with the conclusion
that the presence of macrophages in the tumor microenviron-
ment blunts the ability of ruxolitinib to effectively kill tumor cells,
resulting in no net change in tumor growth in ruxolitinib-treated
mice. Taken together, these studies highlight the importance of
understanding the impact of targeted therapies on distinct non-
tumor cell types within the tumor microenvironment, which pro-
vides important insights into mechanisms of therapeutic resistance.
Ruxolitinib is currently being evaluated in clinical trials for

efficacy in multiple solid tumor types. Eight of these trials have
already been terminated due to lack of effect and evidence of
disease progression in patients receiving the inhibitor either as a
single agent or in combination with chemotherapeutic agents
(ClinicalTrials.gov). Two of these trials were using the inhibitor
to treat patients with advanced, metastatic HER2− and TNBCs.
One of these studies recruited patient cohorts based on
pSTAT3 expression within triple-negative tumors and found no
objective responses throughout the trial when using ruxolitinib as
a single agent, despite evidence of drug efficacy within the tumor
(69). Our data, in combination with other studies (42, 70), pro-
vide insights into potential mechanisms that contribute to low
levels of patient response in the clinical trials and provide op-
portunities for combinatorial approaches to effectively enhance
the efficacy of JAK-targeted therapies. Of the many factors
produced from JAK-inhibited TAMs that may contribute to
therapeutic resistance, we chose to further explore PGE2 as el-
evated levels of the COX-2/PGE2 pathway indicate poor prog-
nosis in breast cancer patients, especially in those with TNBC
(71). Furthermore, there are multiple clinically relevant and
approved pharmacological inhibitors of COX-2 available in ad-
dition to celecoxib. We demonstrate in vitro that targeting COX-
2 activity with celecoxib decreased PGE2 production in TAMs
and that this also resulted in increased tumor cell susceptibility
to ruxolitinib treatment. The mechanisms by which PGE2 can
have an impact on increasing tumor cell therapeutic resistance,
such as chemoresistance, have been recently studied (72).
PGE2 has been shown to lead to activation of AKT via the PI3K
pathway, which is associated with tumor cell survival and pro-
liferation (73, 74). The in vivo studies described here reveal that
combination therapy with celecoxib and ruxolitinib significantly
extended survival compared with either drug alone, suggesting that
combining these drugs may represent a therapeutically relevant
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approach for alleviating the protumorigenic impact of JAK in-
hibition on macrophages.
While JAK/STAT inhibitors are entering clinical trials and

being evaluated for clinical benefit, there are knowledge gaps
regarding the functional properties of STATs in nontumor cells
that may impact therapeutic efficacy. Ruxolitinib treatment
alone did not impact tumor growth in either wild-type or
STAT3cKO mice (Fig. 7E and SI Appendix, Fig. S7), suggesting
that the presence of pSTAT3+ macrophages in the tumor mi-
croenvironment may not effectively predict whether patients will
respond to ruxolitinib. Instead, the extent of macrophage in-
filtration may be a critical determinant of responsiveness to JAK/
STAT inhibitors. Determining whether lack of pSTAT3+ mac-
rophages correlates with higher levels of COX-2 in human breast
cancer samples would provide rationale for combining ruxolitinib
and celecoxib in patients with high levels of macrophage in-
filtration regardless of the presence of pSTAT3+ macrophages.
Previous studies (42, 70), together with our current findings,
suggest that targeting JAK/STAT activation alone can lead to
unanticipated effects on the tumor microenvironment. Careful
analysis of the effects of these inhibitors on nontumor cells
within the tumor microenvironment will provide rationale for
combination therapy that reverse the negative impacts of JAK/
STAT inhibition on immune cell function.

Materials and Methods
Mice. FVB c-fms-iCre Tg (Csf1r-icre)1Jwp/J mice and B6.129S1-STAT3flox/flox

(STAT3tm1Xyfu) mice were purchased from The Jackson Laboratory and
backcrossed to the BALB/c background via the speed congenic technology
provided by IDEXX RADIL. STAT3fl/fl and c-fms-iCre mice were crossed to
generate conditional knockout mice (STAT3cKO). Controls include STAT3fl/fl

littermates and c-fms-iCre mice. All experiments were performed with 6- to
8-wk-old female mice in specific pathogen-free environment facilities. All
animal care and procedures were approved by the Institutional Animal Care
and Use Committee of the University of Minnesota and were in accordance
with the procedures detailed in the Guide for the Care and Use of Labora-
tory Animals (75).

Human Breast Cancer Samples. Specimens and associated clinical data were
obtained after approval from the University ofMinnisota Institutional Review
Board, as described in ref. 30. All materials were de-identified before use in
this study. Sample analysis if described in the SI Appendix.

Cell Culture. HC-11/R1 cells were obtained from Jeffrey Rosen, Baylor College
of Medicine, Houston, TX, and maintained as described previously (33).
BMDMs were obtained as described previously (31). The 4T1 cells were
obtained from Thomas Griffith, University of Minnesota, Minneapolis, MN.
MDA-MB-231, Hs578T, MDA-MB-468, BT-474, MCF7, ZR-75-1, T47D, SKBR3,
BT-549, MCF-10A, and THP-1 cells were obtained from ATCC. Human primary
macrophages were derived from PBMCs, as described in SI Appendix, along
with all other cell culture conditions and stimulations.

Immunoblot Analysis. Cells were lysed in RIPA buffer containing protease
inhibitors and protein lysates were subjected to SDS/PAGE and immunoblot
analysis as previously described (30). Antibodies are listed in SI Appendix.

In Vivo Studies. For BALB/c mice tumor induction, 1 × 106 HC-11/R1 cells (30)
or 1 × 104 4T1 cells in 50% Matrigel (BD Biosciences) were injected into the
inguinal mammary fat pads of 6-wk-old mice. All mice receiving HC-11/R1
tumors received 1 mg/kg B/B Homodimerizer, intraperitoneally, twice
weekly. All mice were examined for tumor development by palpation and
considered tumor-bearing once tumor size reached ∼100 mm3. Once wild-
type mouse tumors reached 200 mm3 (HC-11/R1) or 500 mm3 (4T1), mice
were randomly assigned into one of four treatment groups: DMSO/Control

liposome, Rux/Control liposomes, DMSO/Clodronate liposomes, Rux/Clodronate
liposomes. For combination therapy experiments, when tumors reached
200 mm3 mice were randomized into treatment groups: DMSO (control for
both inhibitors), CXB (celecoxib and DMSO), Rux (ruxolitinib and DMSO), and
Rux/CXB (combination therapy). Treatments are described in SI Appendix. Tu-
mor volume was calculated using the following equation: V = (L × W2)/2. Mice
were killed when tumors reached 1,000 mm3 and survival was recorded as
number of days treated until tumor size endpoint.

Quantitative RT-PCR. RNA was extracted from cells using TriPure (Roche) and
cDNA was prepared using the qScript cDNA synthesis kit (Quanta Biosciences)
according to the manufacturers’ protocols. qRT-PCR was performed using
PerfeCTa SYBR Green (Quanta Biosciences) and the Bio-Rad iQ5 system. The
2−ΔΔCt method was used to determine relative quantification of gene ex-
pression and normalized to cyclophilin B (CYBP). Primer sequences are in
SI Appendix.

RNA-Seq Analysis. Total RNAwas collected using TriPure reagent (Roche) from
primary human PBMC-derived macrophages treated with MDA-MB-231 CM
in the presence of DMSO or 0.5 μM ruxolitinib, as described above or from
STAT3fl/fl and STAT3cKO BMDMs. Samples were submitted in biological trip-
licate to the University of Minnesota Genomics Center for quality control,
library creation, and next-generation sequencing. Details regarding quality
control of raw data, identification of differentially expressed genes, survival
analysis, and methods for GSEA are provided in SI Appendix.

Tissue Analysis. For analysis of frozen sections, tumors were snap-frozen in
OCT; 5-μm-thick sections were cut and fixed in acetone for 5 min at room
temperature. Tissues sections were stained for F4/80, BrdU, and TUNEL, as
described in SI Appendix. For staining of human samples, sections from a
previously described tissue microarray (30) were stained for CD68 and
pSTAT3, as described in the SI Appendix.

Statistical Analysis. Experiments were performed at least three times. Box-
and-whisker plots shows median (long cross) and mean (short cross) with
minimum (25%) and maximum quartile (75%). Continuous outcomes were
compared by treatment group using two-sided two-sample Student’s t tests,
Mann–Whitney tests, or ANOVA, as appropriate. Patterns of tumor growth,
on the log scale, were compared by treatment group using linear regression
models; P values represent comparisons of slopes. Means ± SEs are presented
unless otherwise stated. Overall survival data were summarized using
Kaplan–Meier curves and compared by treatment groups using log-rank
tests (GraphPad PRISM v6). P values < 0.05 were considered statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.001.

Online Supplemental Material. Supplemental figures associated with this study
include: cytokine measurement of various TNBC CM (SI Appendix, Fig. S1),
immune cell markers in nontumor bearing mice (SI Appendix, Fig. S2), BrdU
analysis of tumor bearing mice (SI Appendix, Fig. S3), additional immunoblot
analysis of primary PBMC-derived macrophages and pSTAT5 (SI Appendix,
Fig. S4), PCA and GSEA analysis of tumor CM (SI Appendix, Fig. S5), M1/
M2 target genes in PBMC macrophages (SI Appendix, Fig. S6), and effects of
ruxolitinib on tumors in STAT3cKO mice (SI Appendix, Fig. S7).
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