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Abstract 

Background:  In breast cancer, complex interactions between tumor cells and cells within the surrounding stroma, 
such as macrophages, are critical for tumor growth, progression, and therapeutic response. Recent studies have high-
lighted the complex nature and heterogeneous populations of macrophages associated with both tumor-promoting 
and tumor-inhibiting phenotypes. Defining the pathways that drive macrophage function is important for under-
standing their complex phenotypes within the tumor microenvironment. Signal transducer and activator of transcrip-
tion (STAT) transcription factors, such as STAT5, are key regulators of immune cell function. The studies described here 
investigate the functional contributions of STAT5 to tumor-associated macrophage function in breast cancer.

Methods:  Initial studies were performed using a panel of human breast cancer and mouse mammary tumor cell 
lines to determine the ability of tumor cell-derived factors to induce STAT5 activation in macrophages. Further studies 
used these models to identify soluble factors that activate STAT5 in macrophages. To delineate STAT5-specific contri-
butions to macrophage function, a conditional model of myeloid STAT5 deletion was used for in vitro, RNA-sequenc-
ing, and in vivo studies. The effects of STAT5 deletion in macrophages on tumor cell migration and metastasis were 
evaluated using in vitro co-culture migration assays and an in vivo tumor cell-macrophage co-injection model.

Results:  We demonstrate here that STAT5 is robustly activated in macrophages by tumor cell-derived factors and 
that GM-CSF is a key cytokine stimulating this pathway. The analysis of RNA-seq studies reveals that STAT5 promotes 
expression of immune stimulatory genes in macrophages and that loss of STAT5 in macrophages results in increased 
expression of tissue remodeling factors. Finally, we demonstrate that loss of STAT5 in macrophages promotes tumor 
cell migration in vitro and mammary tumor metastasis in vivo.

Conclusions:  Breast cancer cells produce soluble factors, such as GM-CSF, that activate the STAT5 pathway in mac-
rophages and drive expression of inflammatory factors. STAT5 deletion in myeloid cells enhances metastasis, sug-
gesting that STAT5 activation in tumor-associated macrophages protects against tumor progression. Understanding 
mechanisms that drive macrophage function in the tumor microenvironment will ultimately lead to new approaches 
that suppress tumor-promoting functions while enhancing their anti-tumor functions.
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Introduction
Macrophages are a well-established component of the 
breast tumor microenvironment, and their roles in tumor 
growth and development are complex and multifaceted. 
In breast cancer, increased levels of infiltrating mac-
rophages correlate with poor patient prognosis [1] as 
macrophages recruited to primary tumor and metastatic 
sites promote tumor cell survival, proliferation, therapeu-
tic resistance, and evasion of the immune system [2–4]. 
However, macrophages also contribute to tumor elimina-
tion through enhancing adaptive immune responses by 
co-stimulation and antigen presentation [5, 6]. Tumor-
associated macrophages (TAMs) produce soluble factors 
that interact with not only tumor cells, but also extracel-
lular matrix (ECM) factors, vasculature components, and 
lymphocytes [3, 7] and contribute to the overall balance 
of a tumor-promoting or tumor-controlling microenvi-
ronment [8]. Studies characterizing TAM phenotypes 
in the tumor microenvironment have indicated TAM 
populations vary greatly based on tumor cell type, stage, 
localization, and stimuli [9, 10]. To effectively manipu-
late the balance between pro- and anti-tumor activity, 
it is important to understand the upstream mediators 
that regulate macrophage function in the breast cancer 
microenvironment.

The Janus Kinase (JAK)/Signal Transducer and Activa-
tor of Transcription (STAT) pathway is a critical regulator 
of macrophage function and we have previously shown 
that breast cancer-derived soluble factors are capable of 
activating both STAT3 and STAT5 in macrophages [11]. 
While STAT3 regulation of macrophages in the tumor 
microenvironment has been studied previously [11–14], 
there is significantly less known regarding the impact 
of STAT5 activation on TAMs. STAT5 is a well-known 
promoter of cell survival and its activation in mammary 
tumor cells has been linked to stimulation of oncogenic 
signaling pathways [15–20]. Some studies have demon-
strated elevated pSTAT5 levels in early stages of tumor 
development, which is lost in more advanced stages 
of disease [16]. Other analyses have indicated STAT5 
levels correlate with better outcomes in breast cancer 
patients [21, 22]. Together, these findings suggest that 
STAT5 is activated in epithelium early during the onco-
genic process, and that loss of STAT5 activity is associ-
ated with late stages of tumor progression [16]. However, 
the effects of STAT5 activity in cells within the TME, 
such as in macrophages, have not yet been thoroughly 
addressed. Relevant to other immune cell types, STAT5 
has a well-characterized role in T cell activation, survival, 

and lineage commitment [23–25] and STAT5 deletion in 
dendritic cells (DCs) results in impaired DC-stimulated 
TH2 responses [26]. Collectively, these findings indicate 
STAT5 regulates each arm of and intersections between 
innate and adaptive immunity. However, little is known 
about the contributions of STAT5 signaling to the func-
tion of TAMs, which can interact with both innate and 
adaptive immune cells. We have previously demonstrated 
loss of STAT5 in myeloid cells increases epithelial prolif-
eration and hyperplasia formation in a mouse model of 
early stage tumorigenesis [27]. Together, these findings 
provided rationale to further evaluate STAT5-specific 
contributions to TAM function during breast cancer 
progression.

In these studies, we show that soluble factors, such as 
GM-CSF from triple-negative breast cancer (TNBC) 
cells, induce STAT5 activation in macrophages. Using 
genetic approaches, we demonstrate that STAT5 dele-
tion via a Csf1r-driven Cre expression model enhances 
tumor cell metastasis to the lungs. Analysis of RNA-seq 
data reveals that loss of STAT5 in macrophages reduces 
expression of genes involved in immune stimulatory 
processes while increasing genes associated with tis-
sue remodeling. Furthermore, we provide evidence that 
STAT5 deletion in macrophages can promote tumor cell 
migration in vitro and metastasis in vivo. Together, these 
studies suggest that the GM-CSF/STAT5 signaling axis 
restricts tumor-promoting functions of macrophages, 
and that loss of STAT5 activity in these cells results in 
a tumor-promoting microenvironment. Understand-
ing the signaling mechanisms driving tumor-associ-
ated macrophage function is important for developing 
macrophage-focused therapeutic strategies for effective 
tumor control.

Materials and methods
Mice
Csf1r-iCre mice (Jackson Laboratories) and Stat5fl/fl mice 
[generated by Dr. Lothar Hennighausen [28], obtained 
from Dr. Michael Farrar, University of Minnesota] were 
backcrossed to the BALB/c background, which was veri-
fied using congenic analysis (IDEXX-RADIL, Columbia, 
MO). STAT5fl/fl and Csf1r-iCre mice were crossed to 
generate conditional knockout mice (STAT5cKO). Wild-
type (WT) BALB/c mice were purchased from Envigo. 
All experiments were performed with 6- to 8-week-old 
female mice and all animal care and procedures were 
approved by the Institutional Animal Care and Use Com-
mittee of the University of Minnesota and in accordance 
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with the procedures detailed in the Guide for the Care 
and Use of Laboratory Animals [29].

Cell culture and stimulation
HC11 [30] and HC11/R1 cells were obtained from Jef-
frey Rosen, Baylor College of Medicine, Houston, TX, 
and maintained as described previously [31]. To gen-
erate a cell line with enhanced take rate and metastatic 
propensity, HC11/R1 cells were injected into the mam-
mary fat pad and primary tumors were harvested. Tumor 
cells were enriched for in culture by incubating in HC11 
medium containing 2  mg/mL puromycin. Resulting 
cell lines were then injected into mammary fat pads of 
naïve mice and assessed for primary tumor formation 
and metastasis. The HC11/R1-LM cell line was identi-
fied based on its ability to metastasize to the lung fol-
lowing in  vivo passage [32]. 4T1 cells were obtained 
from Thomas Griffith, University of Minnesota, Minne-
apolis, MN and grown in media containing RPMI, 10% 
FBS, 1% penicillin/streptomycin (Life Technologies), 1% 
L-glutamine (Life Technologies), 10  mM HEPES (Life 
Technologies), 1  mM sodium pyruvate (Life Technolo-
gies) 200  µg/mL G418. Human breast cancer and epi-
thelial cell lines and THP-1 cells were obtained from 
and maintained in accordance with ATCC recommen-
dations. Mouse BMDMs were maintained according to 
published protocols [33]. Human primary macrophages 
were derived from PBMCs isolated from Trima Cones 
obtained through the Memorial Blood Center, Minne-
apolis, MN. PBMCs were subjected to CD14 + enrich-
ment via CD14 + microbeads (Miltenyi Biotec) through 
MACS LS columns (Miltenyi Biotec) and differentiated 
into macrophages with recombinant M-CSF (BioLeg-
end) in RPMI supplemented with 10% FBS and 1% peni-
cillin/streptomycin on days 1 and 5 (Day 5 treatment 
with 2X M-CSF) following CD14 + enrichment. All cells 
were grown at 37 °C and 5% CO2 and regularly checked 
for mycoplasma contamination. Serum-starved HC11, 
HC11/R1, and HC11/R1-LM cells were treated with 
30 nM B/B (Clontech) or vehicle (ethanol) for 24 h, and 
conditioned media was collected, filtered, and used to 
stimulate BMDMs. 4T1 cells were serum-starved for con-
ditioned media which was used to treat BMDMs. THP-1 
cells were differentiated into macrophages with 5 ng/mL 
phorbol 12-myristate 13-acetate (PMA) overnight. Con-
ditioned medium (CM) collected from serum-starved 
breast cancer cell lines was spun down to eliminate cel-
lular debris and used to stimulate differentiated THP-1 or 
primary human macrophages that were serum-depleted 
in 1% FBS in DMEM for 4  h prior to CM exposure. In 
experiments neutralizing GM-CSF, rat anti-mouse GM-
CSF (BioTechne) was incubated with tumor cell CM at 
a concentration of 2.5  µg/mL for 1  h at 37  °C prior to 

treatment of BMDMs. Normal mouse IgG (Santa Cruz) 
and no treatment were controls incubated with tumor 
cell CM prior to BMDM stimulation. BMDMs were 
stimulated with 4T1 CM for 24  h, media was replaced 
with fresh serum-free media for an additional 24  h to 
collect soluble factors from the STAT5fl/fl and STAT5cKO 
TAMs and referred to as STAT5fl/fl DCM (double con-
ditioned-media) and STAT5cKO DCM, respectively. For 
non-contact co-culture experiments, 4T1 tumor cells 
were cultured in the bottom of a six-well plate along with 
STAT5fl/fl or STAT5cKO BMDMs plated in a 0.4 µm hang-
ing insert to allow for soluble factor exchange.

Migration assay
BMDMs were seeded at 2500 cells per 24-well 0.8  µm 
hanging insert in DMEM10 media and incubated over-
night while 4T1 cells were starved in serum-free media. 
BMDMs in inserts were starved for 4 h prior to the addi-
tion of 1 × 104 4T1 cells. As controls, 4T1 cells were 
seeded alone. Six hundred microliters of RPMI-1640 
medium containing 1% FBS was added to the lower 
chamber of the 24-well plate. After 20 h, cells on the api-
cal side of the top chamber were removed with a cotton 
swab, inserts washed in PBS, then fixed with methanol 
for 10 min at − 20 °C. Cells which migrated to the lower 
side of the membrane were adhered to slide, coverslipped 
with DAPI and counted under a fluorescence microscope.

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 
[34]. Antibodies used include pSTAT5 (Cell Signal-
ing #9314, 1:1000), total STAT5 (Cell Signaling #9363, 
1:1000), β-tubulin (Cell Signaling # 2146S, 1:1000), pFAK 
Y397 (Cell Signaling, # 3283S, 1:1000), and total FAK 
(Cell Signaling #3285S, 1:1000).

Quantitative RT‑PCR
RNA for qRT-PCR was extracted from cells using TriPure 
trizol (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 expression and 
normalized to cyclophilin B (CYBP). Primer sequences: 
Human GMCSF: Fwd- CGT​CTC​CTG​AAC​CTG​AGT​
AGA, Rev- TGC​TGC​TTG​TAG​TGG​CTG​ G. Mouse 
GMCSF: Fwd- GGC​CTT​GGA​AGC​ATG​TAG​AGG, Rev- 
GGA​GAA​CTC​GTT​AGA​GAC​GACTT; Col1a1: Fwd– 
GAC​GCC​ATC​AAG​GTC​TAC​TG, Rev- ACG GGA ATC 
CAT CGG TCA; Col5a2: Fwd- CAG​AAG​CCCAG ACG​
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TAT​CG, Rev- GGT​GGT​CAG​GCA​CTT​CAG​AT; Vegfa: 
Fwd- ACG​TCA​GAG​AGC​AAC​ATC​ACC, Rev- CTT​
TGT​ TCT GTC TTT CTT TGG TCT G; Gpx1: Fwd- 
ATG​TCG​CGT​CTC​TCT​GAG​G, Rev- CCG​AAC​TGA​
TTG​CAC​GGG​AA; Bcl6: Fwd- CCG​GCT​CAA​TAA​TCT​
CGT​GAA, Rev- GGT​GCA​TGT AGA​GTG​GTG​AGT​GA.

ELISA
Breast cancer cell CM samples were collected and used 
to perform a human GM-CSF DuoSet ELISA (R&D 
Systems). Murine tumor cell CM was used to perform 
mouse GM-CSF ELISA (R&D Systems). STAT5fl/fl DCM 
and STAT5cKO DCM was subjected to mouse Type I Col-
lagen ELISA (Novus Biologicals). All ELISAs were per-
formed according to the manufacturer’s instructions. 

RNA‑seq analysis
Total RNA was collected using TriPure reagent (Roche) 
from primary human STAT5fl/fl and STAT5cKO BMDMs 
treated with DMEM, 20 ng/mL rmGM-CSF (Fisher Sci-
entific), or 4T1 CM. Samples were submitted in biologi-
cal triplicate to the University of Minnesota Genomics 
Center for quality control, library creation, and next-
generation sequencing. Due to quality control, one bio-
logical replicate was removed from the STAT5fl/fl BMDM 
submissions. Sequencing data have been deposited in the 
gene expression omnibus (GEO) GSE171428.

RNA‑seq data processing
Bulk RNAseq samples were processed and aligned using 
the CHURP version 0.2.2 command line interface frame-
work. A full description of the CHURP pipeline can be 
found in Baller et  al. [35]. Briefly, trimmomatic version 
0.33 was used to clean reads for adapter contamina-
tion and low-quality sequence, and FastQC was used to 
generate sequence quality reports for raw and trimmed 
reads [36]. HISAT2 version 2.1.0 was used to align sam-
ples to the genome reference consortium mouse build 
38 reference genome [37]. featureCounts v1.6.2 was used 
to count mapped reads to genes [38]. M. musculus GRC 
build 38.99 gft file was used.

Gene expression and pathway analysis
All differential gene expression and pathway analyses 
were done in R v 3.6.3 (R Core Team, 2020). Differential 
gene expression analysis was done in EdgeR v 3.28.1 [39]. 
Differentially expressed genes were identified between 
wild-type and Stat5 knockout samples for each treatment 
(DMEM, 4T1-CM and GM-CSF). Counts were normal-
ized using the relative log expression normalization 
method and only genes with counts per million greater 
than one in two or more samples were kept. A general 
linear model approach was used to test for differentially 

expressed genes between wild-type and knockout sam-
ples for each treatment. A gene was categorized as differ-
entially expressed if the p value was less than 0.01 after p 
value adjustment. P values were adjusted using the Benja-
mini & Hochberg method and there was no minimum log 
fold change required. GO term enrichment analysis and 
gene set enrichment analysis (GSEA) were done using 
the ClusterProfiler R package [40]. The hallmark gene set 
from the Molecular Signatures Database v 7.1 (https://​
www.​gsea-​msigdb.​org/​gsea/​msigdb/​index.​jsp) was used 
for the GSEA analysis. Human gene orthologs of mouse 
genes were obtained from the Mouse Genome Informat-
ics website (http://​www.​infor​matics.​jax.​org/​downl​oads/​
repor​ts/​HMD_​Human​Pheno​type.​rpt). 

ELISA sample collection
Breast cancer cells were serum-starved for 24 h and con-
ditioned medium samples were collected and spun at 
1000 xg for 15 min at 4 °C. BSA in PBS was then added 
to each sample for a final concentration of 0.5%. Each 
sample was then transferred to a clean eppendorf tube 
and spun at 10,000 × g for 10  min at 4  °C, after which 
the supernatants were used for ELISA. Murine tumor 
cells were serum-starved for 24 h and conditioned media 
samples were collected and spun to eliminate cellular 
debris. BMDMs were stimulated with 4T1 CM for 24 h, 
media was replaced with fresh serum-free media for an 
additional 24 h to collect STAT5fl/fl DCM and STAT5cKO 
DCM.

Microscope image acquisition
All images were taken on a Leica DM400B microscope 
at either 20 × or 40 × objectives. Images were acquired 
using a Leica DFC310 FX camera and LAS V3.8 software 
and processed in ImageJ. 3 images per lung were ana-
lyzed for metastasis.

Tissue analysis
For immunofluorescence analysis, frozen OCT tumors 
were sectioned 5-μm-thick prior to staining. For paraf-
fin embedded sections, tumors were fixed in 4% PFA and 
paraffin embedded. Lungs were inflated with 500µL of 2% 
PFA and fixed before paraffin embedding. Five-microm-
eter-thick sections were stained with hematoxylin and 
eosin (H&E).

In vivo studies
For BALB/c mice tumor induction, 1 × 104 HC11/R1-LM 
cells or 4T1 cells in 50% Matrigel (BD Biosciences) were 
injected into the inguinal mammary fat pads of 6-week-
old mice. All mice receiving HC11/R1-LM tumors 
received 1 mg/kg B/B Homodimerizer (Clontech), intra-
peritoneally, twice weekly. For co-injections studies, 

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
http://www.informatics.jax.org/downloads/reports/HMD_HumanPhenotype.rpt
http://www.informatics.jax.org/downloads/reports/HMD_HumanPhenotype.rpt
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BMDMs were treated with 4T1 CM for 24 h. CM-treated 
BMDMs were then harvested and injected at a ratio of 
1:4 with 4T1 tumor cells. All mice were examined for 
tumor development by palpation and considered tumor-
bearing once tumor size reached ∼100 mm3. Researchers 
were blinded to mouse genotype and co-injection group 
during data collection and analysis. Tumor volume was 
calculated using the following equation: V = (L × W2)/2. 
Mice were euthanized when tumors reached 1 cm3 and 
survival was recorded as number of days from surgery 
(Day 0) until tumor size endpoint.

Tissue processing, macrophage isolation, and flow 
cytometry
At endpoint, lungs or tumors were harvested, minced, 
and digested in 1  mg/mL Collagenase D (Roche) con-
taining 15 μg/mL DNaseI (Sigma-Aldrich) at 37  °C with 
shaking for 45–60  min. Following digestion, tissues 
were further homogenized through a 70 μm cell strainer 
and pelleted by centrifugation at 500  g. Red blood cells 
were lysed in ACK Buffer (150  mM ammonium chlo-
ride, 10 mM potassium chloride, 0.1 mM sodium EDTA, 
pH 7.4) and cells were resuspended in FACS Buffer (2% 
FBS and 1  mM EDTA in PBS). Macrophages were iso-
lated using the Miltenyi F4/80 positive selection MACS 
beads (130-110-443) and lysed in RIPA buffer prior to 
immunoblot analysis. For flow cytometry analysis, cells 
were stained in an antibody master mix including fixable 
viability dye (eBioscience) and anti-CD16/CD32 (eBio-
science, clone 93) at room temperature protected from 
light. Following surface antibody staining, samples were 
fixed in 2% paraformaldehyde (PFA) for 1 hour at room 
temperature. Cells were washed and permeabilized in 
1 × Flow Cytometry Permeabilization Buffer (Tonbo) for 
5 min, followed by incubation with intracellular antibod-
ies in this buffer for 30 min at room temperature. Follow-
ing a wash and centrifugation, cells were incubated with 
streptavidin-APC (eBioscience) for an additional 15 min 
at room temperature. Antibodies used include: CD45 
(BD Biosciences, clone 30-F11), Ly6G (BioLegend, clone 
1A8), CD64 (BioLegend, clone X54-5/7.1), MerTK (R&D 
Systems, polyclonal #BAF591, biotinylated). CountBright 
Absolute Counting Beads (Life Technologies) were used 
for cell number calculations. Samples were collected 
using a LSR Fortessa X-20 cytometer (BD Biosciences) 
and analyzed using FlowJo Software.

Statistical analysis
Statistical analysis was performed using Student’s 
unpaired, two-tailed t test. Comparisons between at least 
three groups was performed using one-way ANOVA 
with Tukey’s multiple comparison test. Overall sur-
vival data were summarized using Kaplan–Meier curves 

and compared by treatment groups using log-rank tests 
(GraphPad PRISM v9). Error bars represent standard 
error of the mean (SEM). P values < 0.05 were considered 
statistically significant.

Results
Tumor cell‑derived factors activate STAT5 in macrophages
JAK/STAT signaling is an important oncogenic pathway 
in both tumor and stromal cells [16, 17, 41–46]. While 
STAT1, STAT3, and STAT6 have been previously linked 
to TAM function [11, 12, 47], little is known regarding 
the function of STAT5 in TAMs. To determine whether 
tumor cells produce soluble factors that activate STAT5 
in  vitro, conditioned medium (CM) samples were col-
lected from estrogen receptor positive (ER +) (T47D, 
MCF7, BT-474, ZR751), human epidermal growth fac-
tor receptor 2 (HER2 +) (BT-474, SKBR3), and TNBC 
(Hs578T, MDA-MB-231, MDA-MB-468, BT-549) cells. 
Soluble factors from serum-starved TNBC, but not 
ER + or HER2 + , cell lines induced STAT5 phosphoryla-
tion (pSTAT5) in THP-1 macrophages and peripheral 
blood mononuclear cell (PBMC)-derived macrophages 
(Fig. 1A, B). We also assessed the ability of murine mam-
mary tumor cell lines to activate STAT5 in macrophages. 
4T1 cells represent a well-characterized BALB/c-derived 
model of TNBC that efficiently metastasize to the lung 
following orthotopic injection [48]. To confirm these 
findings using an additional model, further studies were 
performed using a panel of cell lines derived from the 
immortalized, non-transformed HC11 mammary epithe-
lial cell line [30]. We previously generated the HC11/R1 
cell line, which is driven by an inducible FGFR1 oncogene 
when stimulated with a B/B homodimerizer and capa-
ble of tumor growth in vivo [34]. We have also recently 
generated a metastatic variant of these cells using in vivo 
passaging techniques, termed HC11/R1-LM [32]. Simi-
lar to the findings with human cell lines, soluble factors 
from serum-starved 4T1, B/B-stimulated HC11/R1, and 
B/B-stimulated HC11/R1-LM cells induced activation 
of STAT5 in mouse bone marrow derived macrophages 
(BMDMs) (Fig.  1C). Parental HC11 and solvent-stimu-
lated HC11/R1 and HC11/R1-LM cells failed to activate 
STAT5, demonstrating that FGFR1 activation in epi-
thelial cells leads to the production of soluble media-
tors that activate the STAT5 pathway in macrophages. 
To determine whether activation of STAT5 in mac-
rophages occurs in mammary tumors in  vivo, 4T1 cells 
were injected into the inguinal mammary fat pads of 
BALB/c mice and tumor sections were co-stained for 
pSTAT5 and the macrophage marker F4/80. Quantifi-
cation determined that ~ 31% of F4/80 + cells are also 
pSTAT5 + (Fig.  1D). These results demonstrate solu-
ble factors produced by human and murine tumor cells 
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activate STAT5 in a subset of macrophages in the tumor 
microenvironment.

Tumor cell‑derived GM‑CSF activates STAT5 
in macrophages
There are multiple avenues through which cell signal-
ing leads to STAT5 activation. GM-CSF is a well-studied 
canonical activator of STAT5 signaling and is a cytokine 
that we and others have found to be produced by 
breast cancer cells [11, 49–51]. Therefore, we evaluated 

GM-CSF expression in a subset of the breast cancer cell 
lines used in Fig. 1. We found high GM-CSF expression 
in serum-starved Hs578T and MDA-MB-231 TNBC 
cells compared to MCF7 (ER +), BT-474 (HER2 +), and 
non-transformed epithelial MCF-10A cells. (Fig.  2A). 
Assessment of GM-CSF by ELISA revealed elevated 
concentrations in Hs578T and MDA-MB-231 CM, both 
of which induced pSTAT5 in macrophages (Fig.  2B). 
Analysis of GM-CSF production by the HC11, HC11/R1, 
and HC11/R1-LM cells demonstrated that B/B-treated 

Fig. 1  Tumor cell-derived soluble factors activate STAT5 signaling in macrophages. A Immunoblot for pSTAT5 and total STAT5 (STAT5) protein in 
THP-1 cells treated with the CM from the indicated human breast cancer cells for indicated times in minutes. B Immunoblot for pSTAT5, STAT5, and 
β-tubulin (loading control) protein in PBMC-derived macrophages treated with the CM from the indicated human breast cancer cells. C CM from 
B/B-stimulated HC11, HC11/R1, HC11/R1-LM and 4T1 cells was used to stimulate BMDMs. Immunoblot analysis for pSTAT5, STAT5, and β-tubulin. 
D 4T1 tumor sections were stained for F4/80 (red) and pSTAT5 (green). White arrows indicate co-stained cells. Scale bar: 50 μm. Quantification of 
percent of F4/80 + cells that were also pSTAT5 + from 5 representative tumors
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HC11/R1 and HC11/R1-LM cells induced GM-CSF 
production (Fig. 2C). We and others have demonstrated 
that 4T1 cells produce soluble GM-CSF (Fig.  2C) [11, 
52]. Further studies were performed to assess the func-
tional contributions of GM-CSF to STAT5 activation in 
macrophages. Pre-treatment of 4T1-derived and HC11/
R1-derived CM with a GM-CSF neutralizing antibody 
prior to BMDM stimulation led to a significant reduc-
tion in pSTAT5 in macrophages (Fig. 2D). These results 
suggest that tumor cell-derived GM-CSF contributes to 
STAT5 activation in macrophages.

Myeloid deletion of STAT5 promotes metastasis
The immunocompetent 4T1 and HC11/R1 mammary 
tumor models were selected for further studies to 
assess the functional consequences of STAT5 activation 
in TAMs. STAT5-floxed mice were crossed with Csfr1-
iCre mice to produce STAT5fl/fl and STAT5cKO BALB/c 
mice [27] and 1 × 104 4T1 tumor cells were injected 
into the inguinal mammary glands of the female mice. 
Isolation of macrophages from mammary tumors 
demonstrated a reduction in total STAT5 expression 
in macrophages from STAT5cKO mice compared with 
STAT5fl/fl mice (Fig.  3A). Further characterization of 

Fig. 2  Tumor cell-derived GM-CSF activates STAT5 in macrophages. A qRT-PCR analysis for GM-CSF in TNBC (Hs578T and MDA-MB-231), 
ER + (MCF7) and HER2 + (BT-474) human breast cancer cells relative to expression in MCF-10A cells. B ELISA analysis for GM-CSF in CM collected 
from MCF-10A, MDA-MB-231, Hs578T, MCF7, and BT-474 cells. C ELISA analysis for GM-CSF in CM collected from 4T1 cells and B/B-stimulated HC11, 
HC11/R1, and HC11/R1-LM cells relative to EtOH controls. D Immunoblot analysis for pSTAT5, TSTAT5, and β-tubulin in BMDMs treated with No CM, 
tumor CM (4T1 or HC11/R1 BB), or tumor CM incubated for 1 h at 37 °C with 2.5 µg/mL neutralizing GM-CSF antibody (⍺GM-CSF Ab)
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these mice demonstrated no significant differences in 
the frequency of macrophages within the CD45 + pop-
ulation, although there was a reduction in the total 
number of macrophages observed in tumors harvested 
from STAT5cKO mice compared with STAT5fl/fl mice 

(Fig.  3B). Further studies were performed to deter-
mine whether myeloid STAT5 deletion led to changes 
in mammary tumor growth and metastasis. While 
there were no significant differences observed in pri-
mary tumor growth between the two groups of mice 

Fig. 3  Deletion of STAT5 in myeloid cells enhances lung metastasis. A Immunoblot for total STAT5 in macrophages isolated from 4T1 tumors in fl/
fl or cKO mice. Densitometry analysis relative to loading control. B Flow cytometric analysis of the relative frequency (among CD45 + cells) and total 
number of macrophages isolated from 4T1 tumors at endpoint. C Kaplan–Meier curves of 4T1 cells or E HC11/R1-LM cells transplanted into STAT5fl/

fl (n = 5–13) or STAT5cKO (n = 8–11) mice. % Survival on Y-axes indicates proportion of mice reaching tumor size endpoint of 1cm3. D Lung sections 
from 4T1 and F HC11/R1-LM tumor-bearing mice stained for H&E and quantified percent metastatic area per tissue section. Lungs quantified from 
at least 4 mice per group. Unpaired t-test was used for statistical analysis. *P < 0.05, **P < 0.01. Scale bar: 50 μm
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(Fig. 3C), we observed a statistically significant increase 
in lung metastasis in the STAT5cKO mice compared to 
the STAT5fl/fl mice (Fig. 3D). These findings were con-
firmed using the HC11/R1-LM cells described above. 
1 × 104 tumor cells were injected into the mammary 
glands of STAT5fl/fl and STAT5cKO BALB/c mice. Simi-
lar to the 4T1 model, there were no significant differ-
ences in primary tumor onset, growth rate, or weight 
at endpoint between STAT5fl/fl and STAT5cKO tumor-
bearing mice (Fig.  3E, Additional file  1: Fig. S1, S2). 
However, quantification of metastatic lesions in H&E-
stained lungs demonstrated significantly increased 
metastasis in the STAT5cKO mice (Fig.  3F). These data 
indicate that Csfr1-mediated deletion of STAT5 in the 
myeloid compartment results in enhanced lung metas-
tasis, which suggests STAT5 activation in macrophages 
may be protective against metastatic progression.

STAT5 in macrophages differentially regulates expression 
of adaptive immunity‑related and tumor‑promoting genes
To further explore the enhanced metastasis phenotype 
observed in STAT5cKO mice, we sought to determine 
how STAT5 regulates gene expression in macrophages. 
STAT5fl/fl and STAT5cKO BMDMs were stimulated for 2 h 
with serum-free medium, recombinant mouse GM-CSF 
(rmGM-CSF), or 4T1 CM for RNA-seq analysis. Hierar-
chical clustering of the most variable genes revealed gene 
expression profiles vary between rmGM-CSF treatment 
and 4T1 CM. Secondary clustering occurs according to 
mouse genotype, suggesting differences in transcriptional 
behavior in stimulated BMDMs from the STAT5cKO and 
STAT5fl/fl mice (Fig.  4A). Gene ontology (GO) analysis 
determined that genes significantly reduced in rmGM-
CSF STAT5cKO macrophages were associated with 
recruitment, activation, and response of the adaptive 
immune system (Fig.  4B). To further investigate mac-
rophage gene expression in the context of the tumor 
microenvironment, we focused on genes differentially 
expressed in STAT5cKO BMDMS when stimulated with 
4T1 CM. Similar to the rmGM-CSF treatment, down-
regulated genes in STAT5cKO CM-treated macrophages 
resulted in adaptive immunity-related GO terms such 
as T cell activation, neutrophil, granulocyte and mac-
rophage migration, and cellular response to IFNɣ 
(Fig. 4C). Interestingly, we also found upregulated genes 

in STAT5cKO BMDMs associated with biological pro-
cesses such as positive regulation of cell adhesion, nega-
tive regulation of immune system processes, regulation 
of the p38MAPK signaling cascade, and angiogenesis 
(Fig. 4D). Positive regulation of cell adhesion and angio-
genesis processes are typically associated with tumor 
promotion and tissue remodeling, which can influence 
cell migration and extravasation events within the meta-
static cascade [53]. Using gene set enrichment analysis 
(GSEA) to more globally identify patterns that otherwise 
may not be apparent, we found negative enrichment of 
the IL-2/STAT5 pathway in 4T1 CM-treated STAT5cKO 
macrophages which confirms STAT5 activity is effec-
tively diminished (Fig.  4E). GSEA revealed a positive 
enrichment of multiple cancer-associated pathways such 
as angiogenesis, hypoxia, glycolysis, and KRAS signaling 
in STAT5cKO BMDMs (Fig. 4E). Notably, the epithelial to 
mesenchymal transition (EMT) gene set was also posi-
tively enriched in STAT5cKO macrophages (Fig. 4F). EMT 
is critical during the early steps of the metastatic cascade 
and genes expressed in macrophages associated with this 
pathway include many ECM factors and genes known to 
contribute to tissue remodeling, such as Col1a1, Col5a2, 
Lox, Mmp14, Vcan, Lamc1, and Bgn [54]. In contrast, 
the IFNɣ response gene set was negatively enriched in 
STAT5cKO BMDMs (Fig. 4F) and includes genes involved 
in co-stimulation (Cd86), leukocyte recruitment (Ccl2, 
Ccl7, Cxcl10), antigen presentation (Cd74, Psme1, Ciita), 
and cell growth control (Pim1) [55, 56]. These findings 
suggest that STAT5 is important for regulating genes 
associated with adaptive immune responses and that loss 
of STAT5 leads to increased expression of tumor-pro-
moting genes.

Further studies were performed to validate key genes 
of interest that are associated with a tumor-promoting 
phenotype. Collagens are important components of the 
ECM and are found in abundance in invasive breast can-
cers [57, 58]. Studies have linked high levels of collagen 
crosslinking with stromal stiffness and found these tis-
sues harbored the highest number of TAMs and found 
collagen-expressing TAMs in recurrent tumors [59–61]. 
Additional studies have found stromal-produced collagen 
augments the adhesion capacity of triple-negative MDA-
MB-231 cells [62, 63]. Collagen genes were enriched in 
the EMT gene set from our GSEA analysis, therefore we 

(See figure on next page.)
Fig. 4  STAT5 in macrophages differentially regulates expression of adaptive immunity-related and tumor-promoting genes. A Heatmap of 
differentially regulated genes comparing STAT5fl/fl or STAT5cKO macrophages treated with No CM, recombinant GM-CSF (rmGM-CSF), or 4T1 CM. B 
Gene ontology analysis showing pathways altered based on genes that are downregulated in STAT5cKO macrophages stimulated with rmGM-CSF 
(left panel) and 4T1 CM (right panel). C, D Gene ontology analysis showing biological processes downregulated and upregulated in 4T1 CM-treated 
STAT5cKO BMDMs, respectively. E Positively enriched (red) and negatively enriched (blue) GSEA pathways in 4T1 CM-treated STAT5cKO BMDMs. F The 
changes in expression of Epithelial to Mesenchymal Transition (top) and Interferon Gamma Response (bottom) genes in 4T1 CM-treated STAT5cKO 
BMDMs analyzed by GSEA
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Fig. 4  (See legend on previous page.)
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validated gene expression in rmGM-CSF and 4T1 CM-
treated BMDMs from STAT5fl/fl and STAT5cKO mice. We 
found Col1a1 and Col5a2 were significantly upregulated 
in STAT5cKO macrophages (Fig.  5A). We also evaluated 
collagen production by macrophages at the protein level. 
STAT5cKO and STAT5fl/fl BMDMs were stimulated with 
4T1 CM for 24  h, then CM was removed and replaced 

with serum-free media to collect the macrophage-pro-
duced soluble factors in what we refer to as double con-
ditioned media (DCM). Using DCM, we performed an 
ELISA and found that STAT5cKO BMDMs produced 
significantly higher concentrations of type I collagen 
than STAT5fl/fl macrophages (Fig.  5B). Furthermore, 
we analyzed STAT5cKO macrophages for expression 

Fig. 5  STAT5 deletion in macrophages enhances tumor-promoting phenotype and impacts tumor cell migration and metastasis. A qRT-PCR 
analysis of genes of interest from RNA-seq associated with tumor-promoting pathways in rmGM-CSF or 4T1 CM-treated STAT5fl/fl (blue) 
and STAT5cKO (red) BMDMs. Unpaired t-test was used for statistical analysis. B Mouse Type 1 Collagen ELISA in STAT5fl/fl unstimulated or 4T1 
CM-stimulated STAT5fl/fl and STAT5cKO macrophage double CM (DCM). Data were analyzed using one-way ANOVA and Tukey’s multiple comparison 
test. C Representative immunoblot of pFAK, total FAK (FAK), and β-tubulin in 4T1 cells cultured alone or co-cultured with STAT5fl/fl or STAT5cKO 
BMDMs for 4 h. Densitometry analysis relative to loading control. D Migration analysis of 4T1 cells cultured alone or co-cultured with STAT5fl/

fl or STAT5cKO BMDMs after 20 h. Cell counts relative to 4T1 alone in triplicate. E Kaplan–Meier curves of 4T1 cells co-injected with either STAT5fl/fl 
(n = 8) or STAT5cKO (n = 7) BMDMs in WT BALB/c mice. % Survival on Y-axes indicates proportion of mice reaching tumor size endpoint of 1cm3. F 
Quantified metastasis in H&E-stained lung sections. Lungs were sectioned at 3 different depths per mouse and analyzed for percent metastatic area 
per tissue section. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar: 50 μm
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of additional tumor-promoting genes including Vegfa, 
Gpx1, and Bcl6. Vegfa expression stimulates blood vessel 
formation, which can aid in supplying growth factors and 
nutrients to support tumor growth and metastasis [50, 
64]. Gpx1 (glutathione peroxidase 1) encodes for a cyto-
solic antioxidant enzyme important for modulating reac-
tive oxygen species in the tumor microenvironment that 
is elevated in M2-polarized TAMs in breast cancer [65, 
66]. Finally, Bcl6 is a gene involved in cell adhesion, nega-
tive regulation of the immune response, and inflamma-
tion [67, 68] and myeloid-specific deficiency of Bcl6 has 
been shown to decrease tumor growth and metastasis 
[69]. These genes were all found to be significantly upreg-
ulated in STAT5cKO BMDMs (Fig. 5A). These results indi-
cate STAT5cKO macrophages express and produce higher 
levels of ECM factors and other factors associated with 
TAM function than STAT5fl/fl macrophages.

STAT5 deletion in macrophages enhances tumor cell 
migration and metastasis
Our data indicate that loss of STAT5 in macrophages 
results in increased expression of tumor-promoting fac-
tors. Macrophage-mediated changes in ECM composi-
tion or tissue remodeling factors can drive tumor cell 
migration, therefore, we hypothesized that STAT5cKO 
macrophages directly promote tumor cell metastatic 
properties such as migration. Focal adhesion kinase 
(FAK) is a well-known contributor to tumor cell adhesion 
and invasiveness, and as it is overexpressed in many met-
astatic tumors [70], it is an attractive anticancer target 
[66, 71]. The RNA-seq analysis indicates that deletion of 
STAT5 in macrophages results in increased expression of 
factors known to activate FAK signaling, such as growth 
factors (Egf, Vegfa, Ccn2), collagens, and glycoproteins 
(Tnc) [70, 72]. To discern effects on FAK in tumor cells, 
we cultured BMDMs in transwells with tumor cells in 
the lower chamber. This non-contact co-culture sys-
tem allows for the assessment of changes in tumor cells 
as a result of soluble factor exchange with STAT5fl/

fl or STAT5cKO macrophages. 4T1 cells co-cultured 
with STAT5cKO BMDMs displayed increased levels of 
pFAK when compared to 4T1 cells alone or co-cultured 
with STAT5fl/fl BMDMs via immunoblotting (Fig.  5C). 
Because FAK activation is associated with tumor cell 
migration, further studies were performed to determine 
whether STAT5cKO macrophages promote migration. In 
a transwell migration assay, we observed significantly 
enhanced tumor cell migration when 4T1 cells were 
co-cultured with STAT5cKO macrophages compared to 
STAT5fl/fl co-culture (Fig. 5D). These results suggest loss 
of STAT5 leads to a tumor-promoting expression profile 
and generates macrophages capable of influencing tumor 
cell migration.

As an alternative approach to the Csfr1-iCre mice, in 
which Cre-mediated gene deletion is not limited specifi-
cally to TAMs [73], we determined whether co-injection 
of tumor cells with pre-conditioned macrophages lack-
ing STAT5 would be sufficient to enhance tumor cell 
aggressiveness and metastatic potential. In this experi-
ment, BMDMs isolated from STAT5fl/fl and STAT5cKO 
mice were pre-treated with 4T1 CM and then co-injected 
with 1 × 104 tumor cells at a ratio of 1:4. Primary tumor 
growth and lung metastasis were assessed as described 
above. 4T1 cells co-injected with STAT5cKO macrophages 
reached tumor size endpoint faster, demonstrating 
enhanced primary tumor growth compared with 4T1 
cells co-injected with STAT5fl/fl macrophages (Fig.  5E). 
Consistent with our hypothesis, we also found signifi-
cantly enhanced lung metastasis in mice co-injected 
with 4T1 tumor cells and STAT5cKO TAMs (Fig.  5F). 
Taken together, these studies indicate that loss of STAT5 
expression in TAMs leads to enhanced tumor metastasis.

Discussion
Macrophages are highly infiltrative within breast tumors 
and are known to influence disease outcomes [1]. Con-
ventionally, macrophages are characterized as M1 (clas-
sically activated) or M2 (alternatively activated). M1- and 
M2-polarized macrophages are commonly identified by 
expression of specific markers based on the stimulus in 
the microenvironment. M1 macrophages are proinflam-
matory and considered antitumor and M2 macrophages 
are associated with antagonizing inflammation and pro-
moting wound healing [74]. TAMs are often catego-
rized as M2 but recent studies have suggested TAMs can 
express markers associated with both polarization states 
depending on tumor type and stage, suggesting a spectra 
of macrophage phenotypes found in the tumor micro-
environment [9, 10]. As these cells have the capacity to 
behave in either a tumor-promoting or tumor-antagoniz-
ing manner, it is important to determine the upstream 
events that dictate their function. STAT5 has been linked 
to both M1 and M2 macrophage polarization in differ-
ent models [75–80], suggesting that STAT5 function in 
macrophages may be context dependent. We demon-
strate here that loss of STAT5 signaling in macrophages 
enhances metastasis by promoting tumor cell migration 
and contributing to the formation of a more permissive 
environment to disease progression in mammary tumors. 
These studies further indicate that the GM-CSF/STAT5 
signaling axis may tip the balance of macrophage activity 
towards an anti-tumor immune response and contribute 
to tumor control.

We demonstrate here that TNBC cell-derived GM-CSF 
activates STAT5 in macrophages. It is important to note 
that the conditioned media for these experiments were 
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collected under serum free conditions in order to reduce 
potential non-specific effects of serum on signaling path-
ways in macrophages. The increased levels of GM-CSF 
production by TNBC cell lines compared with other cell 
line subtypes suggest higher constitutive levels of inflam-
matory signaling pathways in TNBC cells in the absence 
of exogenous stimulation, which has been observed pre-
viously [81]. However, these findings do not address the 
possibility that ER+ and HER2+ cells can be induced to 
secrete GM-CSF with exogenous factors. For example, 
GM-CSF can also be produced by MCF7 cells induced 
to undergo EMT following TGFβ stimulation [81]. Thus, 
while published data support a higher level of GM-CSF 
expression in basal breast cancer samples [50], further 
studies are needed to identify the specific signaling path-
ways regulating GM-CSF expression in TNBC cells, and 
to determine whether exogenous factors such as serum, 
hormones, or growth factors induce or enhance produc-
tion of GM-CSF in all subtypes of breast cancer cells.

The role of GM-CSF in breast cancer is unclear as evi-
dence suggests GM-CSF can support tumor growth but 
also exhibits inhibitory effects [82, 83]. The function 
of GM-CSF in various immune cell populations in the 
tumor microenvironment has been extensively studied, 
as this cytokine is vital for survival and differentiation of 
DCs and monocytes/macrophages [49, 82]. Studies have 
implicated cancer cell-derived GM-CSF in promoting 
disease progression and immune suppression (i.e. sup-
porting myeloid-derived suppressor cells or MDSCs) 
[51, 84–86]. Other studies have determined GM-CSF 
stimulates antitumor immunity through activation and 
antigen presentation of DCs, as well as priming of T cells 
[87, 88]. Recent studies have begun to further investigate 
the effects of tumor-derived GM-CSF on TAMs in breast 
cancer as they have not been previously extensively char-
acterized [52, 81, 89]. For example, 4T1-derived GM-CSF 
has been shown to promote an M1 phenotype in mac-
rophages and exhibit anti-metastatic function [52]. While 
GM-CSF can initiate signaling through multiple path-
ways including STAT5, MAPK, and PI3K/Akt [90], the 
distinct pathways leading to changes in macrophage phe-
notype have not been specifically investigated. Our data 
suggest GM-CSF/STAT5 signaling in macrophages has a 
critical function in regulating tumor/stroma interactions 
in breast cancer.

While STAT5 activity is known to promote survival and 
oncogenic signaling in mammary epithelial and breast 
cancer cells [15, 16, 21, 22], less is known regarding how 
STAT5 regulates macrophage function. We previously 
demonstrated that pSTAT5 is activated in approximately 
30% of macrophages in proximity to developing terminal 
end buds [27]. However, these studies did not include 
assessment of STAT5 phosphorylation in macrophage 

populations within the adipose stroma, which, as we 
have recently described, represents a large proportion of 
resident macrophages in the mammary gland [91]. We 
demonstrate here that STAT5 is activated in approxi-
mately 31% of tumor-associated macrophages. Further 
studies using approaches that allow for spatial resolution 
of expression levels of STAT5 activating cytokines, such 
as GM-CSF, would provide additional insight into the 
mechanisms driving the heterogeneity of STAT5 activa-
tion in the macrophage population in both the normal 
mammary gland and in tumors. Considering the robust 
STAT5 activation in macrophages by tumor-derived fac-
tors, we sought to determine whether STAT5 deletion 
impacted mammary tumor progression. To this end, we 
generated a mouse model in which STAT5 deletion is 
driven in myeloid lineages by Csf1r-iCre. In previously 
published studies using this model, we demonstrated 
that myeloid STAT5 deletion leads to altered mammary 
gland development [27]. Specifically, we found a reduc-
tion in ductal elongation along with increased branching 
and epithelial proliferation in the mammary gland. Fur-
ther analysis of the mammary glands from these mice 
demonstrated no detectable defects in the recruitment 
of macrophages to the epithelial ducts. In contrast, here 
we identified a reduction in the number of macrophages 
recruited to mammary tumors in the STAT5cKO mice, 
suggesting potential implications for STAT5 in regulating 
tumor-associated macrophage differentiation, survival, 
proliferation, or recruitment of bone marrow derived 
and/or resident macrophages. Given that STAT5 is a 
potent survival factor in mammary epithelial cells [15–
17], it would be of interest to assess whether it contrib-
utes similarly to the survival of TAMs in this model.

We demonstrate here that STAT5 deletion using the 
Csf1r-iCre model led to enhanced tumor cell metastasis 
to the lung. STAT5 activation has been associated with 
M1 macrophage polarization [92] which suggests this 
transcription factor may have the capacity to promote 
anti-tumor immune responses in macrophages. RNA-
seq analysis of STAT5fl/fl and STAT5cKO macrophages 
revealed genes significantly reduced in STAT5cKO 
BMDMs were associated with anti-tumor and adap-
tive immune responses such as T cell activation and 
recruitment, as well as antigen presentation and phago-
cytosis. Conversely, genes significantly increased with 
STAT5 deletion were associated with pro-tumor, tis-
sue remodeling/repair biological processes. Consist-
ent with the results from the Csf1r-iCre model in  vivo, 
enhanced metastasis in the STAT5cKO mice may be 
attributed to macrophage-mediated suppression of the 
adaptive immune response and coinciding tumor micro-
environment alterations promoting migration and inva-
sion. Further exploration of STAT5-mediated changes 



Page 14 of 17Jesser et al. Breast Cancer Res          (2021) 23:104 

in macrophages revealed positive enrichment of gene 
sets associated with TNF signaling via NFκB, angiogen-
esis, and EMT, among others. Additionally, these studies 
focused primarily on GM-CSF as an activator of STAT5 
in macrophages; whether other STAT5-activating stimuli 
induce similar patterns of transcriptional regulation in 
macrophages remains to be examined.

In STAT5cKO macrophages, we validated increased 
expression of a subset of genes related to EMT and angio-
genesis and also demonstrated the ability of these cells to 
produce increased levels of collagen in vitro. Fibroblasts 
are major contributors to the synthesis of ECM compo-
nents such as collagen [62] and TAMs are key drivers 
of tissue remodeling, partially due to their expression 
of matrix-metalloproteinases and other factors respon-
sible for ECM degradation [93]. Macrophages have also 
been previously studied for their ability to instruct fibro-
blast production of collagens [63] but here, we show 
macrophage-mediated collagen secretion in 4T1 CM-
treated STAT5cKO BMDMs. Notably, these cells increased 
expression of multiple types of collagen genes known to 
promote tumor growth and metastasis (Type I, II, IV, 
and V collagens) [2, 59, 63]. Tumor cells are responsive 
to changes in ECM molecules through integrin mediated 
FAK activation. FAK activation is known to control cell 
migration and invasion [70] and as a result, FAK inhibi-
tors are currently being evaluated for their therapeu-
tic efficacy in reducing tumor growth and metastasis in 
breast cancer [71]. Using non-contact co-culture meth-
ods, we demonstrated that the STAT5cKO macrophages 
produce soluble factors that induce FAK activation and 
promote tumor cell migration. Soluble growth factors, 
glycoproteins, and collagens are capable of activating 
FAK [70] and further studies are required to define the 
specific factors produced by the STAT5cKO macrophages 
that activate FAK in the tumor cells. It would be interest-
ing to also assess FAK activity in a direct cell-to-cell con-
tact system as this would also be relevant in modeling the 
TME. In addition to tumor/stroma interactions, it would 
also be useful to evaluate how STAT5 in macrophages 
influences endothelial cells and T cells since STAT5cKO 
BMDMs highly expressed angiogenesis- and adaptive 
immune response-related genes.

Cre expression in the Csf1r-iCre model is found in 
myeloid cells and a subset of splenic lymphocytes [73]. 
Additionally, myeloid deletion of STAT5 also impacts 
cells within both the primary tumor and the pre-met-
astatic niche [94]. Therefore, we used an additional 
in  vivo approach in order to more specifically deter-
mine how STAT5-deficient macrophages in the pri-
mary tumor influence tumor growth and metastasis. In 
WT BALB/c mice, we co-injected 4T1 tumor cells with 
either CM-stimulated STAT5fl/fl or STAT5cKO BMDMs. 

Interestingly, we observed a significant difference in 
primary tumor growth with the STAT5cKO co-injected 
group reaching tumor size end point sooner. This 
result may be due to the pre-conditioning of the mac-
rophages prior to injection with tumor cells, allowing 
for a more rapid disease progression than tumor cells 
alone. Consistent with our hypothesis, we observed 
significantly enhanced lung metastasis in STAT5cKO co-
injected mice, suggesting that STAT5cKO macrophages 
can function within the primary tumor to enhance 
tumor growth rate and the ability of the tumor cells to 
metastasize.

Due to its oncogenic potential, the JAK/STAT path-
way is an attractive therapeutic target especially for 
TNBC patients who otherwise have very limited treat-
ment options. However, this pathway is also important 
to non-tumor cells, such as TAMs. While previous stud-
ies have assessed STAT5 levels and phosphorylation in 
human breast cancers, STAT5 activation has not been 
specifically assessed in tumor-associated macrophages 
in human samples. Active STAT5 in tumor cells is gen-
erally associated with a more favorable prognosis in 
human breast cancer patients and loss of STAT5 is asso-
ciated with the acquisition of a malignant phenotype 
[16, 21, 22]. While these studies did not directly address 
STAT5 levels in macrophages, it would be interesting to 
determine whether this is associated with a concomi-
tant decrease in STAT5 activation in macrophages and 
a reduction in tumor restraining properties of these 
macrophages. The inclusion of techniques that allow for 
transcriptomic and proteomic spatial resolution to assess 
changes in STAT5-activating cytokines in these regions 
would also contribute to our understanding of STAT5 
activation in tumor cells and the microenvironment. It 
is necessary to understand the functional contributions 
of STATs in TAMs, as these cells may impact therapeu-
tic efficacy. To this end, we have demonstrated STAT5 
in macrophages protects against metastatic progression 
and disruption of this signaling in macrophages enhances 
the malignant potential of tumor cells. We also identi-
fied GM-CSF as an important upstream contributor to 
macrophage STAT5 activation, which provides rationale 
to further explore methods of selectively targeting this 
signaling to enhance macrophage immuno-stimulatory 
potential without inducing tumor-promoting effects in 
other cell types. One such method could be the applica-
tion of cell-specific GM-CSF cytokine delivery to mac-
rophages in the tumor microenvironment [95]. Obtaining 
a better understanding of the mechanisms through which 
macrophages impact tumor progression will ultimately 
lead to the development of approaches that exploit their 
potential anti-tumorigenic properties for therapeutic 
purposes.
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Conclusions
In summary, we demonstrate that mammary tumor-
derived GM-CSF is an important cytokine involved 
in the activation of STAT5 signaling in macrophages. 
Further investigation by RNA-sequencing analysis 
revealed STAT5 regulates genes associated with the 
anti-tumor immune response in macrophages. We also 
found that loss of STAT5 in macrophages increased 
their expression of tumor-promoting factors and 
enhanced tumor cell migration and metastasis in vitro 
and in vivo, respectively. These studies provide ration-
ale for further exploration of the GM-CSF/STAT5 sign-
aling axis in harnessing the anti-tumor potential of 
tumor-associated macrophages in the mammary tumor 
microenvironment.
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