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ORIGINAL RESEARCH

IL-6 augments IL-4-induced polarization of primary human macrophages through
synergy of STAT3, STAT6 and BATF transcription factors
Sahil Guptaa, Arpit Jain b, Shahzad Nawaz Syed a, Ryan G. Snodgrassa, Beatrice Pflüger-Müllerc,d,
Matthias S. Leisegangc,d, Andreas Weigerta, Ralf P. Brandesc,d, Ingo Ebersberger b,e, Bernhard Brünea,f,
and Dmitry Namgaladzea

aFaculty of Medicine, Institute of Biochemistry I, Goethe-University Frankfurt, Frankfurt, Germany; bDepartment for Applied Bioinformatics, Institute
for Cell Biology and Neuroscience, Goethe-University Frankfurt, Frankfurt, Germany; cFaculty of Medicine, Institute for Cardiovascular Physiology,
Goethe-University Frankfurt, Frankfurt, Germany; dGerman Center of Cardiovascular Research (DZHK), Partner Site Rhein-Main, Frankfurt, Germany;
eSenckenberg Biodiversity and Climate Research Centre Frankfurt (BIK-F), Frankfurt, Germany; fGerman Cancer Research Consortium (DKTK), Partner
Site, Frankfurt, Germany

ABSTRACT
Macrophages in the tumor microenvironment respond to complex cytokine signals. How these
responses shape the phenotype of tumor-associated macrophages (TAMs) is incompletely understood.
Here we explored how cytokines of the tumor milieu, interleukin (IL)-6 and IL-4, interact to influence
target gene expression in primary human monocyte-derived macrophages (hMDMs). We show that dual
stimulation with IL-4 and IL-6 synergistically modified gene expression. Among the synergistically
induced genes are several targets with known pro-tumorigenic properties, such as CC-chemokine ligand
18 (CCL18), transforming growth factor alpha (TGFA) or CD274 (programmed cell death 1 ligand 1 (PD-
L1)). We found that transcription factors of the signal transducer and activator of transcription (STAT)
family, STAT3 and STAT6 bind regulatory regions of synergistically induced genes in close vicinity. STAT3
and STAT6 co-binding further induces the basic leucine zipper ATF-like transcription factor (BATF), which
participates in synergistic induction of target gene expression. Functional analyses revealed increased
MCF-7 and MDA-MB 231 tumor cell motility in response to conditioned media from co-treated hMDMs
compared to cells incubated with media from single cytokine-treated hMDMs. Flow cytometric analysis
of T cell populations upon co-culture with hMDMs polarized by different cytokines indicated that dual
stimulation promoted immunosuppressive properties of hMDMs in a PD-L1-dependent manner. Analysis
of clinical data revealed increased expression of BATF together with TAM markers in tumor stroma of
breast cancer patients as compared to normal breast tissue stroma. Collectively, our findings suggest
that IL-4 and IL-6 cooperate to alter the human macrophage transcriptome, endowing hMDMs with pro-
tumorigenic properties.
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Introduction

Crosstalk of tumor and immune cells is critical to promote
tumor progression and metastasis.1-3 A major outcome of this
interaction helps in reshaping of gene expression landscapes and
functional properties of tumor-resident and infiltrating myeloid
cells, such as myeloid derived suppressor cells (MDSCs) or
tumor-associated macrophages (TAMs).4,5 As a result, tumor
myeloid cells promote tumor growth and invasiveness, support
angiogenesis, and help tumor cells evade immune surveillance
mechanisms.6 Among immunosuppressive actions exerted by
tumor myeloid cells, surface expression of a T-cell inhibitory
receptor, programmed cell death 1 ligand 1 (PD-L1, synonym
CD274) is prominent in TAMs, MDSCs as well as in tumor cells.
PD-L1 expression is induced by IFNγ or under hypoxic
conditions.7-9 Induction of PD-L1 induces T cell anergy or
inhibits cytotoxic T lymphocyte activation,10-13 thereby facilitat-
ing tumor progression. TAMs may also promote malignant
cell evasion from the antibody-dependent cell-mediated

phagocytosis by activating inhibitory Fc receptors (FCGR2B/
CD32b) or inhibiting activation receptors (FCGR1A/CD16,
FCGR3A/CD64).14 Furthermore, TAMs release numerous cyto-
kines and chemokines, some of them, such as CC-chemokine
ligand 18 (CCL18), with distinct pro-tumorigenic properties.15,16

Pro-tumorigenic phenotype remodeling of tumor-infiltrat-
ing myeloid cells is greatly influenced by soluble factors
secreted by tumor and stromal cells such as chemokines,
cytokines and metabolites. For instance, breast tumor cells
release high amounts of lactate and GM-CSF, switching
TAMs towards a pro-metastatic phenotype characterized by
high levels of CCL18 secretion.15,17 Another prominent cyto-
kine of the tumor microenvironment is interleukin-6 (IL-6)18

that acts either pro- or anti-inflammatory in a context-depen-
dent manner. IL-6 binds to the IL-6 receptor α chain and
transduces downstream signaling via gp130 receptor that
recruits Jak2 tyrosine kinases and signal transducer and acti-
vator of transcription 3 (STAT3) transcription factors.
Activated STAT3 induces IL-6 target genes, such as
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suppressor of cytokine signaling 3 in macrophages. IL-6 is
released in the tumor microenvironment by tumor as well as
stromal cells, including fibroblasts, endothelial cells and
macrophages.19-22 The mode of IL-6 action is influenced by
its cooperation with other cytokines. For example, coopera-
tion of IL-6 with IL-1β and TNFα potentiates pro-inflamma-
tory outcomes whereas complementing IL-6 with IL-4/IL-13
is anti-inflammatory.18,23,24 Similarly, the cytokines IL-4 and
IL-13 released by adipose tissue, Th2 T cells and tumor cells
in breast, pancreatic, and glioblastoma cancers25,26 can polar-
ize TAMs towards an anti-inflammatory phenotype to sup-
port tumor progression and metastasis.27–29

How combinations of cytokines and other soluble factors
of the tumor microenvironment shape the TAM phenotype is
poorly understood. Investigating different cytokine polariza-
tion patterns gives insights into designing effective therapies
to reprogram TAMs towards anti-tumor phenotypes.30

Recently, a study investigating the synergistic effects of IL-4
and IL-6 to promote TAMs pro-invasive properties was
reported in murine bone marrow-derived macrophages
(BMDMs).31 Another example of cytokine interactions
depicted an antagonism of IFNγ-stimulated transcriptional
response by IL-4.32 However, the mechanism how IL-6 main-
tains its dichotomous role in shaping the phenotype of human
macrophages is unclear. In this study, we address the mechan-
istic and functional aspects of how IL-6 interacts with IL-4 to

polarize primary human monocyte derived macrophages
(hMDMs) and explore co-regulated target genes.

Results

Analysis of human macrophage transcriptome changes in
response to IL-4 and IL-6

To explore how the human macrophage transcriptome changes
in response to single and combined IL-4/IL-6-treatments, we
performed RNA sequencing of hMDMs stimulated for 24h with
IL-4 or IL-6 alone, and in combination (Suppl. Table S1).
Principal component analysis (PCA) revealed a diverse response
between biological replicates, as reported earlier33 (Suppl.
Figure 1A). However, we could show while comparing the
response to two different stimuli between biological replicates,
the fold-changes agree by and large (Suppl Figure 1B). We next
curated differentially expressed genes between control, single
and combined cytokine treatment conditions with a
(│log2FoldChange│≥ 1, p ≤ 0.05) relative to untreated control
(Suppl. Table S2). Figure 1A shows the overlap between upre-
gulated genes (log2FoldChange≥ 1, p ≤ 0.05) upon treatments
with IL-4, IL-6 and IL-4/IL-6 in Venn diagram (Suppl. Table S3).
We noted that of the 722 genes upregulated genes in co-treated
(IL-4/IL-6) hMDMs, 60% were also upregulated upon IL-4 sti-
mulation (438), but only 3%were upregulated by IL-6 alone (21).

Figure 1. Transcriptome changes in macrophages upon IL-4 and IL-6 stimulation.
(A) Venn diagram displaying numbers of upregulated genes in hMDMs following IL-4, IL-6, and IL-4/IL-6 treatments relative to control. (B) Visualization of numbers of
synergistically and antagonistically regulated genes. (C) List of top 10 significantly enriched GO biological processes for synergistically induced IL-4/IL-6 target genes.
(D) Heat map of 109 differentially regulated genes between IL-4/IL-6 and IL-4 treatments.
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Considerably fewer genes are uniquely upregulated upon either
IL-6 (21) or IL-4 (65) treatment. Interestingly, we found 252
genes uniquely upregulated when hMDMs were co-treated with
both IL-4 and IL-6. These genes are neither individual IL-4 or
IL-6 targets, but their expression is induced at least by a factor of
2-fold relative to the control upon dual stimulation. We find
amongst these genes membrane receptors, cytokines and
immune activation receptors (Suppl. Table S3). A Gene
Ontology (GO) analysis34,35 of these 252 genes using online
Panther tool’s GO biological process annotation revealed enrich-
ment of IFNγ-signaling pathways as well as extracellular cell
matrix and adhesion pathways (Suppl. Figure 1C).

In addition, we identified genes that are controlled by
IL-4 and IL-6 in an antagonistic or in a synergistic fashion
upon dual stimulation (Figure 1B, Suppl. Table S4) accord-
ing to previously described criteria (see material and meth-
ods for detailed description).36 Our results indicate that
IL-6 has almost no opposing effects on the IL-4-induced
genes, however IL-4 co-treatment does antagonize 25%
(14 out of 55) of IL-6 target genes. Remarkably, 262 out
of 722 upregulated genes upon dual stimulation
(log2FoldChange≥ 1, p < 0.05) were synergistically induced.
GO analysis of synergistically induced genes revealed sig-
nificantly enriched pathways associated with immune cells
(Figure 1C). Importantly, lymphocyte and monocyte che-
motaxis as well as lymphocyte co-stimulation and the
response to IFNγ were among top 10 significantly enriched
biological processes.

Whereas IL-6 on its own induces relatively few genes, it has a
considerable impact on the IL-4-induced gene expression.
Therefore, we analyzed IL-6mediated changes in dual stimulation
by performing a differential gene expression analysis between IL-
4/IL-6 and IL-4-treated conditions (│log2FoldChange│≥ 1,
p≤ 0.05).We observed that 109 genes were differentially regulated
between IL-4/IL-6 and IL-4 stimulations (Figure 1D, Suppl.
Table S5). Amongst these 109 genes, 23 IL-4 target genes (e.g.
CCL18, CCL8, CCL17, CCL23, TGFA, BATF) were upregulated
and 2 were downregulated (BCL11B, INPP4B) upon dual stimu-
lation. In addition, 11 IL-6 target genes (e.g. FAM20A, AQP3,
SOCS3) were upregulated and 4 were downregulated (FPR, FPR2,
GPR85, KCNK15). 61 of the 109 differentially regulated targets
were unique to dual stimulation and 8 genes were not only
differentially expressed under IL-4/IL-6 relative to IL-4-treatment
conditions, but were also differentially expressed in IL-4 vs control
and IL-6 vs control (e.g. TGFB1, ENPP2, EHF, GGT5).

We validated transcriptome changes revealed by RNA
sequencing for selected synergistically induced genes with
known functions in macrophages by Q-PCR and protein
expression analyses. Particularly, dual stimulation enhances
the expression of several chemokines targeted by IL-4
(CCL17, CCL18, CCL23 and CCL8). We observed induction
of TGFA gene encoding an EGF receptor ligand as well as
upregulation of CD274, coding for an immunosuppressive
PD-L1 cell surface receptor at mRNA (Figure 2A) and protein
levels (Figure 2B, C). We also validated genes uniquely induced
by dual stimulation (Suppl. Figure 2A), including membrane

Figure 2. In vitro validation of synergistically induced IL-4/IL-6 target genes..
(A) mRNA expression analysis for indicated genes in macrophages treated for 24h with IL-4 and IL-6 alone or in combination. (n ≥ 4–5) (B) Protein secretion of CCL18
and TGFα determined by ELISA (n = 3) and (C) MFI for surface expression of CD274 in macrophages treated for 48h with IL-4 and IL-6 alone or in combination (left)
and representative FACS histogram (right) (n = 4). Data are presented as mean± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.005. mRNA expression is normalized to
housekeeping gene β2-microglobulin (βMG).
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receptors (CFI, CLEC7A) and chemokines (CCL2, CXCL13).
In addition, we confirmed that IL-4 stimulation antagonized
some IL-6 target genes (e.g. CD163 and FCGR1A) (Suppl.
Figure 2B, 2C). Since the inhibitory immunoglobulin receptor
FCGR2B was synergistically upregulated after IL-4/IL-6 co-
treatment (Suppl. Table S4), we measured the expression levels
of IgG Fc receptors and found upregulation of the inhibitory
receptor FCGR2B at mRNA and protein level, whereas the
activation receptors, FCGR1A and FCGR3A were downregu-
lated in IL-4- and IL-4/IL-6-treated cells (Suppl. Figure 2 C-E).
Analysis of typical markers associated with anti-inflammatory
macrophage polarization revealed that CD206 mRNA expres-
sion was enhanced in dual stimulation as compared to control
and single cytokine stimulations, but there were no alterations
of IL-10 and TGFB1 mRNA expression relative to control or
individual treatments (Suppl. Figure 2F).

Recent analysis of IL-4/IL-6 co-treated murine
macrophages31 showed a critical role of inositol requiring
enzyme-1α (IRE-1α) branch of unfolded protein response in
mediating the synergy of IL-4 and IL-6 to alter gene expres-
sion. Comparing the corresponding data to that generated
during our analysis revealed considerable differences (Suppl.
Table S6). We found neither differences in IRE-1α-dependent
or -independent ER stress responses (Suppl. Figure 3A), nor
mRNA or protein changes for the majority of cathepsin genes
upregulated in the murine system (Suppl. Figure 3B, C).

Since it was shown that IL-13 employs similar signaling as IL-4,
whereas signaling by IL-6 may be partly mimicked by IL-10, we
asked whether IL-13 and IL-10 can substitute for IL-4 and IL-6 to
induce IL-4/IL-6 co-regulated genes. Both IL-4/IL-10 and IL-13/
IL-6 had similar effects on the induction of CCL18, TGFA and
CD274 as compared to IL-4/IL-6 treatment (Suppl. Figure 4A).

Il-6-induced upregulation of IL-4 target genes is stat3-
dependent

Signals by IL-4 and IL-6 are majorly transduced by STAT6
and STAT3, respectively. Upon receptor activation, STAT6
and STAT3 undergo tyrosine phosphorylation and nuclear
translocation. Analyzing tyrosine phosphorylation of STAT3
and STAT6 in whole cell lysates (Suppl. Figure 5A) or
nuclear extracts (Suppl. Figure 5B) upon IL-6 and IL-4
stimulation, we observed expected increases of STAT3 phos-
phorylation in IL-6-treated cells and STAT6 phosphorylation
in IL-4-treated cells. However, neither changes in STAT6,
nor STAT3 phosphorylation were detected after dual stimu-
lation as compared to single cytokine treatments. To assess
the role of STAT3 in upregulating IL-4 target genes upon
dual stimulation, we silenced STAT3 expression using
siRNA, followed by single and dual cytokine treatments. A
STAT3 knockdown reduced target gene expression in co-
treated cells to levels observed in cells treated with IL-4 alone
(Figure 3. Suppl Figure 5 C, D), indicating that STAT3 is
critical for the stimulatory effect of IL-6.

From the synergistically induced target genes, we focused
on three candidates: CD274 as a target involved in T cell
immunosuppression, CCL18, a chemokine promoting tumor
cell invasion and metastasis, and TGFA, a growth factor
promoting tumor cell proliferation. We next investigated
STAT3 and STAT6 binding to cognate sites in target gene
regulatory regions (GRRs) upon single and combined cyto-
kine treatments. We explored the STAT3/STAT6 binding sites
using transcription factor binding site prediction software
JASPAR37 as well as existing ChIP-seq data across different
cell lines.38-40 We validated multiple sites (Suppl. Table S7) for

Figure 3. IL-6 synergy with IL-4 requires STAT3..
mRNA expression of indicated genes in macrophages transfected with control or STAT3 siRNAs for 72h prior to 24h-treatments with IL-4 and IL-6 alone or in
combination (n = 4). Data are presented as mean± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.005. mRNA expression is normalized to housekeeping gene
β2-microglobulin (βMG). siC, control siRNA.
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Figure 4. STAT3 and STAT6 bind the GRRs of co-induced target genes..
(A-C) Macrophages were treated for 1h with IL-4 and IL-6 alone or in combination for (A) STAT3 ChIP, (B) STAT6 ChIP and 6h for (C) H3K9ac ChIP for indicated genes
(n ≥ 4–6). mRNA expression of (D) CCL18 after inhibition of STAT6- (upper panel) and STAT3- (lower palnel) binding sites in CCL18 GRR (n = 9) and (E) CD274 and
TGFA expression after blocking two STAT3/STAT6 and three STAT3/STAT6 co-binding sites (n ≥ 5–6) using CRISPRi-KRAB for 24h followed by stimulation with IL-4 and
IL-6 for 24h. Data are presented as mean± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.005. mRNA expression is normalized to housekeeping gene β2-microglobulin (βMG).
sg-RNA-MS2, sg-RNA-S3 or sg-RNA-S6 denote empty non-targeting control, sgRNA targeting STAT3 or STAT6 binding sites in CCL18 GRR. sgRNA S3S6-1 + 2 or
S3S6-1 + 2 + 3 denote individual sgRNAs used to target different STAT3 or STAT6 co-binding (2-10bp apart) sites in the CD274 or TGFA GRRs. dCas9 denotes dead-
Cas9 fused to KRAB repressor domain vector.
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co-binding of STAT3 (Figure 4A) and STAT6 (Figure 4B) in
GRRs of CCL18, TGFA and CD274. STAT3 bound 8.1Kb
upstream and STAT6 7.6Kb upstream of the transcription
start site (TSS) in the CCL18 GRR, whereas STAT3 and
STAT6 bound in close proximity (2–10bp apart) for CD274
(9Kb downstream of the TSS) and TGFA (37.6Kb

downstream of the TSS). In total we found 2, 3 and 4
STAT6 binding sites and 1, 3 and 6 STAT3 binding sites for
CCL18, CD274 and TGFA (Suppl. Table S7). Whereas IL-4
induced binding of STAT6 and IL-6 increased binding of
STAT3 for some of the investigated targets, significantly
increased co-binding of STAT3 and STAT6 to target GRRs

Figure 5. BATF cooperates with STAT3 and STAT6 to regulate the expression of co-induced genes..
(A) Time course of BATF mRNA expression after treatments with IL-4 and IL-6 alone or in combination (n = 4). (B) BATF protein in nuclear extracts of human
macrophages treated with IL-4 and IL-6 for 1h (n = 11). P-value was calculated via two-tailed paired Student’s t-test, *p < 0.05. (C) STAT3 and STAT6 binding in the
GRRs of BATF 1h after cytokine treatments (n = 4). (D) BATF mRNA expression in macrophages transfected with STAT3 siRNA 72h prior to 24h cytokine treatments.
(n = 3) (E) mRNA expression of indicated genes in macrophages transfected with BATF siRNA 24h prior to 24h cytokine treatments (n = ≥ 6–7). (F, G) ChIP analysis of
BATF binding (n ≥ 3) (F) and histone H3 K9 acetylation (G) at GRRs of indicated genes in macrophages treated for 6h with IL-4 and IL-6 alone and in combination
(n ≥ 3–6) (H) CCL18 mRNA expression in macrophages transfected with CRISPRi against the BATF binding sites and treated for 24h with IL-4 and IL-6 alone and in
combination (n = 3). Data are presented as mean± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.005. mRNA expression is normalized to housekeeping gene
β2-microglobulin (βMG). sg-RNA-BATF represents sgRNA blocking BATF binding site in CCL18 GRR, dCas9 is dead-Cas9 fused to KRAB repressor domains.
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was detected only in the presence of both, IL-4 and IL-6.We
observed no significant increase in STAT6 or STAT3 binding
upon dual stimulation as compared to single cytokine
treatments.

Epigenetic landscape modulates transcription factor
binding,41,42 and previous studies32,36 highlighted the role of
histone acetylation in transcription factor recruitment to
chromatin in cytokine-treated hMDMs. Therefore, we inves-
tigated changes of histone acetylation in the regulatory
regions of co-induced genes after single and combined cyto-
kine treatments. Analyzing levels of Lys9-acetylated histone
H3 at STAT-binding sites of co-induced genes, we found
increased H3 Lys9 acetylation upon co-treatment as compared
to single treatments (Figure 4C).

To validate that the STAT3/6 binding sites indeed regulate
target gene expression, we used CRISPR interference
(CRISPRi).43,44 We prevented the binding of STAT3/STAT6
to their cognate sites at the CCL18 GRR by transfecting the
cells with dCas9-KRAB (catalytically inactive Cas9 fused with
KRAB repressor domain) and sgRNA plasmids targeting
STAT3 and STAT6 binding sites (lying 500bp apart) indivi-
dually. As seen in Figure 4D, in dCas9-KRAB and empty
sgRNA vector (sg-RNA-MS2)-transfected cells IL-4 and IL-6
synergistically induced CCL18 expression. This effect was

attenuated by blocking either the STAT6 or STAT3 binding
sites individually. We further tested our hypothesis for
STAT3/STAT6 binding sites in GRRs of CD274 and TGFA.
However, blocking STAT3 and STAT6 co-binding sites for
the respective genes individually did not result in reduction of
synergized target gene expression in dual stimulation (data
not shown). Therefore, we blocked the binding sites in com-
binations i.e. 2 STAT3/-6 binding sites for CD274 (9 and
0.1Kb downstream of TSS, Figure 4E left) and 3 STAT3/-6
binding sites for TGFA (29.3Kb, 37.5Kb and 74.5Kb down-
stream of TSS, Figure 4E right). Collectively, these data sug-
gest that binding of STAT3 and STAT6 in proximity to each
other is required to mediate the synergism of IL-4 and IL-6 in
inducing CCL18, CD274 and TGFA mRNA expression.

BATF cooperates with STAT3 and STAT6 to synergistically
induce a subset of IL-4 target genes

We questioned whether co-treatment with IL-4 and IL-6 also
induced transcription factors that may cooperate with STAT3/
STAT6 resulting in the increased expression of co-induced
genes. Inspection of IL-4/IL-6 dual stimulation transcriptome
revealed increased expression of basic leucine zipper ATF-like
transcription factor (BATF) upon IL-4/IL-6 co-treatment as

Figure 5. (Continued).
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compared to single treatments (Suppl. Table S5). To explore
the role of BATF in more detail, we time-dependently tracked
the changes of BATF mRNA (Figure 5A) expression. BATF
mRNA expression increased as early as 1h upon dual stimula-
tion. Accordingly, we observed increased levels of BATF pro-
tein in nuclear fractions of IL-4/IL-6 co-treated within 1h
(Figure 5B). We further investigated STAT3 and STAT6 bind-
ing to the BATF GRR using ChIP in cells stimulated with IL-
4/IL-6 for 1h (Figure 5C). STAT3 and STAT6 binding sites
were 1.2Kb downstream of the TSS and were only 5bp apart.
We found no significant increase in STAT6 binding between
IL-4 and IL-4/IL-6 stimulations. However, we found an
increased STAT3 binding upon dual stimulation as compared
to single cytokine treatments (Figure 5C). STAT3 silencing
abrogated the increase of BATF expression after dual stimula-
tion, indicating that STAT3 along with STAT6 regulates
BATF expression (Figure 5D). To further investigate the
impact of BATF on IL-4/IL-6-dependent gene expression we
performed BATF silencing. Indeed, the mRNA expression of
IL-4/IL-6 target genes (CCL18, CD274, TGFA, CCL8 and
CCL23) was inhibited upon BATF knockdown (Figure 5E,
Suppl. Figure 6A), indicating a possible role of BATF in
cooperating with STAT3 and STAT6 to regulate co-induced
target genes. Using BATF ChIP-seq data45,46 and JASPAR
software we identified putative BATF binding sites in
CCL18, TGFA and CD274 GRRs, 10, 29.5 and 37Kb down-
stream of respective TSS. Using ChIP, we further explored
whether BATF binds to these elements. Figure 5F shows that
BATF binding to target gene GRRs increased in IL-4/IL-6 co-
treated cells as compared to cells treated with IL-4. We further
analyzed the effects of histone acetylation at BATF binding
sites (Figure 5G) and observed an increase of H3K9 acetyla-
tion upon dual stimulation, indicating increased chromatin
accessibility at the BATF binding regions. We blocked BATF
binding sites in CCL18 GRR using CRISPRi and detected
decreased co-induction of CCL18 mRNA in cells transfected
with sgRNA-BATF compared to cells transfected with empty
sgRNA-vector, confirming that BATF binding functionally
regulates STAT3 and STAT6 synergism (Figure 5H).

Functional analysis of IL-4/IL-6 co-treated macrophages

We explored functional implications of IL-4/IL-6 synergism
for macrophage interactions with tumor and immune cells. As
CCL18 was ascribed an important role in stimulating breast
tumor cell migratory and pro-invasive phenotypes, we tested
whether the secretome of cytokine-treated hMDMs promoted
breast cancer cell migration. We tracked the migration of
MCF-7 (ER+, PR+ Her2−, luminal-like invasive ductal carci-
noma (IDC)) and aggressive MDA-MB 231 (ER−, PR− Her2−,
basal like metastatic triple negative breast carcinoma (TNBC))
cells stimulated by conditioned medium from hMDMs treated
with IL-4 and IL-6 alone or in combination in 3D chemotaxis
assays using Cell Observer technology. The motility and
migration of both MCF-7 (Figure 6A) and MDA-MB 231
cells (Figure 6B) increased upon stimulation with conditioned
media from IL-4/IL-6-stimulated hMDMs as compared to
cells incubated with conditioned media from single cyto-
kine-treated cells. The extent of migratory response was

highly similar in both MCF-7 and MDA-MB 231 cells treated
with supernatants of stimulated hMDMs. Breast cancer cells
treated with supernatants from dually stimulated hMDMs
migrated twice the distance with a 2-fold higher velocity
compared to cells exposed to supernatants of hMDMs stimu-
lated with IL-4 alone. We found no difference in breast cancer
cell proliferation for either MCF-7 or MDA-MB 231 cells after
72h of tracking (data not shown). We next investigated if
viable cell conditioned media (VCM) from different mam-
mary carcinoma cell lines (SKBR3, MCF-7 and MDA-MB
231) could induce a similar phenotype that we observe in
hMDMs upon IL-4/IL-6 stimulations. Therefore, we incu-
bated hMDMs for 24h with serum-free VCM generated
from breast cancer cell lines. Surprisingly, we found that
most of our target genes as well as CD206 and CD163 were
induced only by VCM generated from MDA-MB 231 cells
(Suppl. Figure 7A). Testing for levels of IL-4, IL-10, IL-13 or
IL-6 in VCM we could detect only IL-6 released by MDA-MB
231 cells (Suppl. Figure 7B), suggesting that other factors
released by the tumor cells may substitute for IL-4/IL-13.

Next, we validated the functionality of CD274 upregulation
by performing a T cell activation assay with CD3/CD2/CD28
bead-activated T cells co-cultured for 3d in the presence of an
isotype control (IgG) or an anti-CD274/PD-L1 antibody
(Atezolizumab) with autologous hMDMs polarized with IL-4
and IL-6 individually or in combination for 48h prior to co-
culture. A representative FACS panel (Figure 6C) shows the
gating scheme for analyzing T cell subsets distinguishing
following subtypes: total T cells (CD3+), CD3+CD4+ T helper
cells, CD3+CD8+ cytotoxic T cells, CD3+CD4+CD25+CD127−

regulatory T cells (Treg). We also quantified CD3+CD44+

CD25− memory T cells (Tmem),
47 CD3+CD25+CD44+ effector

T cells (Teff), CD25
+CD44− activated T cells (Tact.) for both

CD4+ and CD8+ T cell subtypes.
We found no major changes in relative cell abundance

between the different treatment groups. There was a minor
inhibition of percentages of CD8+ Tact cells upon co-culture
with IL-4/IL-6 stimulated hMDMs in the presence of isotype
control antibody (Figure 6D, upper panel). We also found
50% inhibition of total CD4 + T cells after co-culture with
dually stimulated hMDMs as compared with hMDMs exposed
to single IL-6 treatment (Figure 6D, lower panel). The
decreased percentages of CD8+ Tact cells and CD4+ T cells
were partially rescued in the presence of anti-PD-L1 antibody.
We observed a 1.5-fold yet non-significant increase in the
percentage of Treg after co-culture with dually stimulated vs.
unstimulated hMDMs. We detected no significant changes in
the percentages of CD4+ or CD8+ Teff or Tmem cells or surface
expression (Suppl. Fig. 8E-G). We also analyzed the expres-
sion of inhibitory T cell markers TIM3, LAG3, PD1 or CTLA4
either for CD4+ or CD8+ T cells, which showed no discernable
changes after co-culture (Suppl. Fig. 8A). However, TIM3,
CTLA-4 and PD-1 expression on CD4+T cells co-cultured
with IL-4 polarized hMDMs increased in the presence of
PD-L1 blocking antibody. This may occur as a compensatory
mechanism to maintain increased expression of inhibitory
receptors on CD4+T cell surface.

Although only minor changes in T cell surface marker
expression were noticed, we observed altered cytokine
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Figure 6. Activity assays investigating the downstream effects of IL-4/IL-6 dual stimulation..
Representative tracks from 3D cell chemotaxis assays with (A) MDA-MB 231 and (B) MCF-7 cells incubated for 16h with conditioned media from polarized
macrophages and quantified for accumulated distance travelled and velocity. (n ≥ 3, 90 cells) in total were tracked (C-E) hMDMs were stimulated with indicated
cytokines for 48h followed by co-culture with autologous CD3/2/28 bead-activated T cells for the next 72h in the presence of isotype control IgG or anti-PD-L1
antibody. (n ≥ 6–9) (C) FACS panel indicating different T cell markers profiled after co-culture along with respective fluorescent minus one (FMO) controls.
(D) Percentages of T cell subtypes after the co-culture. (E) IL-10 and IFNγ secretion measured by cytometric bead-based cytokine quantification for total CD3+T cells
upon co-culture. One-way ANOVA pair wise analysis with Bonferroni multiple corrections was performed to calculate significance levels. Data are presented as mean
± SD. *, p < 0.05, **, p < 0.01
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production by T cells in co-cultures. Increased IL-10 levels,
which may be produced by regulatory T cells, were detected
upon treating macrophages with any of the cytokine combi-
nations. However, this effect was PD-L1 independent
(Figure 6E, left panel). While levels of the TH2 cytokine IL-
4 and the TH17 cytokine IL-17 were unaltered (data not
shown), increased levels of IFNγ were observed after
co-culture with IL-4 polarized hMDMs, an effect that was
inhibited in dually stimulated hMDMs (Figure 6E, right
panel). This observation could be explained by decreased
numbers of CD8+ Tact cells or CD4

+ T cells, which might be
TH1 polarized, in co-cultures with dually stimulated macro-
phages. Importantly, we confirmed the role of increased
CD274 in immunosuppression by dually stimulated
hMDMs, since IFNγ levels in this group were markedly
increased upon anti-PD-L1 treatment. The observed and
unexpected increase in IFNγ expression after co-culture with
IL-4 polarized hMDMs could be explained by increased
expression of macrophage co-stimulatory receptors CD40,
CD80 and CD86 (Suppl. Table S2, Suppl. Fig. 8B-D)

Our experiments functionally validated that hMDMs co-
treated with IL-4 and IL-6 released factors enhanced breast
tumor cell motility. Furthermore, dual stimulated hMDMs
augmented immunosuppressive molecules (PD-L1) inhibiting
CD8+ T cell activation, as well as total CD4+ T cell percen-
tages and likely IFNγ production. Through these mechanisms,
hMDMs stimulated with IL-4 and IL-6 in combination poten-
tially act in a pro-tumorigenic manner.

BATF expression is elevated in primary breast tumor
stroma

We investigated the relevance of our findings for human breast
cancer by analyzing mRNA expression levels of BATF along

with macrophage marker CD16348 in breast tumor stroma
using GEO2R analysis. Exploring publicly available breast can-
cer datasets for tumor stroma BATF expression, we found
significantly increased BATF expression in tumor stroma com-
pared to normal tissue stroma in ductal carcinoma in situ/
invasive ductal carcinoma (DCIS/IDC),49(Figure 7A, triple
negative breast carcinoma (TNBC),50(Figure 7B, HER2+ breast
carcinoma,51(Figure 7C, and invasive breast carcinoma
(Figure 7D),52 The relative expression of TAM’s genes
(CD163) were also upregulated in tumor versus normal stroma.
BATF expression was induced along with other IL−4/IL−6
target genes (CCL18, CCL8, CCL23, CD274, FCGR2B) in
breast tumor versus normal tissue stroma (Figure 7E.
Analysis of sample-matched expression of BATF and CCL18
in tumor stroma revealed significant positive correlation
(Figure7E). These data indicate that cells in tumor stroma,
such as macrophages, express high levels of BATF that can
potentially contribute to tumor progression.

Discussion

TAMs are subjected to a variety of cytokines promoting their
tumor-supportive phenotype. Here we carried out mechanis-
tic and functional analyses to elucidate how two cytokines of
the tumor microenvironment, IL−4 and IL−6, cooperate in
altering the transcriptome of hMDMs. Comparing our data
with a previously published analysis of IL−4/IL−6 co-treated
transcriptome of murine macrophages31 revealed an explicit
non-redundancy in synergistic responses upon dual stimula-
tion in human versus mouse systems. Thus, whereas synergis-
tic effects of IL-6 and IL-4 on gene expression in murine
BMDMs were suggested to depend on the activation of the
unfolded protein response (UPR)-mediating enzyme IRE-
1α,31 we found no evidence involving UPR and its IRE-1α

Figure 6. (Continued).
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branch in the hMDM transcriptome response to IL-4/IL-6
dual stimulation. In contrast to mouse data, dual stimulation
elicited no change of mRNA or protein expression for the
majority of cathepsins in hMDMs. In fact, only 2 genes were
synergistically induced both in murine and human data sets.
However, similar classes of genes were induced, e.g. chemo-
kines or C-type lectins. These discrepancies are reminiscent of
previously acknowledged differences between human and
murine macrophages regarding IL-4 stimulation.53,54

We explored the mechanism of IL-6 mediated synergism
and found neither increased differences in STAT3 or STAT6
nuclear translocation nor IL-4 receptor expression as sug-
gested earlier.23 STAT3 silencing confirmed its central role
in the synergistic effects of dual stimulation. Speculating that
STAT6/STAT3 co-binding in the GRRs of target genes upon

dual stimulation drives increased gene expression,23 we found
and validated closely spaced (500bp for CCL18 and 2–10 bp
apart for CD274 and TGFA) STAT6/STAT3 binding sites in
GRRs of synergistically induced genes. Furthermore,
increased H3K9 acetylation in these GRRs was detected
upon dual stimulation, indicating enhanced chromatin acces-
sibility for transcription factor binding.55,56 Using CRISPRi,
we validated functionality of STAT3/STAT6 binding sites for
CCL18, CD274 and TGFA co-induction wherein the dCas9
fused KRAB repressor domain blocks the binding of TF in
20bp regions. Individual or combined blocking of STAT6
binding sites in CCL18 GRR alleviates synergistic induction
of CCL18 in IL-4/IL-6 polarized hMDMs. For CD274 and
TGFA, were the STAT3 and STAT6 binding sites were only
2-10 bp apart, we used a common sg-RNA for different

Figure 7. BATF expression in tumor stroma correlates with IL-4/IL-6 target genes..
Datasets from previously published studies by Ma et al. (A), Saleh et.al (B), Liu et.al (C), and Finak et al. (D-F) were analysed using GEO2R. (A-C) Box and whiskers plots
with 10–90% error bars for BATF, macrophage marker (CD163) expression in normal tissue (A, n = 14; B, n = 12; C, n = 14; D, n = 6) versus tumor stroma (A, n = 18; B,
n = 58; C, n = 39; D, n = 53) in breast carcinoma samples. (E) Gene expression for indicated genes in tumor versus normal stroma. Two tailed, 95% confidence, non-
parametric t-test was used for statistical analysis (A-E) (F) Pearson correlation analysis for BATF and CCL18 expression in tumor stroma shows a positive correlation
(R = .7294, p < .0001, n = 53). Data are presented as mean± 10–90% SEM. *, p < 0.05, **, p < 0.01. ***, p < 0.005.
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co-binding sites. Unlike CCL18, blocking STAT3/STAT6
binding sites in GRR of CD274 and TGFA individually did
not inhibit the synergistic gene induction, necessitating block-
ing 2 STAT3 and STAT6 co-binding sites for CD274 and 3
co-binding sites for TGFA in combination to observe reduced
synergistic induction. This could be explained by multiple
STAT3/STAT6 binding sites mediating induction of CD274/
TGFA and compensation by other STAT6/STAT3 sites upon
individual TF blocking.

We further investigated whether STAT6/STAT3 co-bind-
ing induced transcription factors cooperated in transmitting
synergistic effects of IL-4/IL-6 co-treatment and identified
BATF as one such factor. BATF is a pivotal transcription
factor shown to control IL-4 production by T follicular helper
cells,57 to function as an early CD8+ T cells differentiation
checkpoint58 or to regulate IL-23-driven colitis by acting on
Th17 cells.59 However, the function and roles of BATF are
largely unexplored in myeloid settings. Synergistic induction
of BATF was STAT3-dependent as confirmed by STAT3
knockdown and STAT3/STAT6 binding to the BATF GRR
as revealed by ChIP experiments. Silencing BATF repressed
synergistically induced IL-4/IL-6 target genes in correspon-
dence to STAT3 knockdown. Furthermore, these genes har-
bored BATF binding sites showing increased BATF
occupancy and H3K9 acetylation upon dual stimulation.
Using CRISPRi to block BATF binding in the CCL18 GRR
we found decreased CCL18 induction, further supporting
BATF involvement in target gene regulation. Therefore, we
suggest that STAT3 and STAT6 binding induces BATF, which
binds the GRR along with STAT3/STAT6 of IL-4/IL-6 co-
induced genes and thus cooperates in their synergistic
upregulation.

To functionally characterize the role of differentially regu-
lated genes, we performed a series of activity assays, observing
increased motility of MCF-7 and MDA-MB 231 cells incu-
bated with conditioned media from IL-4/IL-6-treated
hMDMs. This increase could be due to the enhanced chemo-
kine release by co-treated hMDMs. One such potential che-
mokine could be CCL18 as it was previously described to bind
the PITPNM3 receptor and induce motility in MDA-MB 231
cells.15

We further noticed that hMDMs upon dual stimulation
inhibit CD8+T cell activation as evidenced by reduced IFNγ
secretion and reduced percentages of CD8+ activated T cells
from autologous CD3/2/28 bead-activated T cell in co-culture
assays. We found this effect to be PD-L1 dependent as using
PD-L1 blocking antibody rescued the above phenotypes. Of
interest was increased IFNγ release upon co-culture of T cells
with IL-4 polarized hMDMs. We speculate that the increased
surface expression of immune co-stimulatory receptors
(CD40, CD80 and CD86) and modest induction of PD-L1 in
IL-4- polarized hMDMs shifts the macrophage phenotype
towards immune/T cell activation. This effect is reversed
after dual cytokine treatments through synergistic induction
of PD-L1, whose immunosuppressive effects override the co-
stimulatory hMDM cell surface phenotype, leading to reduced
IFNγ secretion by CD8+ Tact cells and TH1 cells. We also note
that although IL-4-treated hMDMs show increased mRNA
expression of CD40 and CD86 as compared to untreated

cells, direct comparison showed reduced mRNA levels of
these markers in IL-4 vs lipopolysaccharide plus IFNγ polar-
ized human macrophages (GSE5099).60

Analysis of GEO datasets revealed elevated expression of
BATF together with CD163 macrophage marker in breast
tumor versus normal stroma, which positively correlated
with CCL18 and several other IL-4/IL-6 target genes. While
this may suggest that BATF levels increase because of
enhanced macrophage infiltrates, other immune cells express
BATF as well, and as our study indicates BATF levels may
increase in macrophage upon activation. Nevertheless, these
data suggest that macrophages expressing BATF may be of
clinical relevance in the progression of breast cancer.

In summary, our study provides evidence for a pro-
tumorigenic polarization of hMDMs by IL-4/IL-6. Our data
support the central role of STAT3 as a transcription factor
driving IL-6-elicited alterations of the macrophage transcrip-
tome and reveal a novel role of BATF transcription factor in
shaping the transcriptional response of IL-4/IL-6 stimulated
macrophages, suggesting its potential importance as a target
to suppress pro-tumorigenic properties of TAMs.

Materials and methods

Cell culture and stimulations
Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats supplied by DRK-Blutspendedienst Baden-
Württemberg-Hessen (Frankfurt, Germany) using Ficoll
density centrifugation. PBMCs were cultured for 1-2h in
serum-free RPMI-1640 medium (Life technologies), differ-
entiated for 7-8d in RPMI-1640 medium containing 3%
heat-inactivated AB-positive human serum. Differentiated
macrophages were stimulated for 24h with 20ng/ml of IL-4
and/or IL-6 (Immunotools).

Studies conform to the principles outlined in the
Declaration of Helsinki and were approved by the ethics
committee of the faculty of medicine at Goethe-University
Frankfurt. The ethics committee waived the necessity of writ-
ten informed consent when using the buffy coats from anon-
ymized blood donors.

Real time PCR
Total RNA from macrophages was isolated using PeqGold
RNAPure kit (PeqLab) and reverse transcribed using cDNA
Synthesis kit (Fermentas). Quantitative real time PCR was per-
formed using CFX96 system from Bio-Rad and iQ SYBR green
Supermix (Bio-Rad). Primer sequences are available upon
request. Expression was normalized to β2-microglobulin.

Chromatin immunoprecipitation
Differentiated macrophages were fixed in 1% paraformalde-
hyde, quenched with 0.125M glycine and washed in PBS. Cells
were lysed in buffer I (20mM Tris-HCl pH 8.0, 85mM KCl,
0.5% NP-40) to release cytosolic proteins and debris and the
nuclear pellet was lysed in 200µl nuclei lysis buffer (50mM
Tris-HCl pH 8.0, 10mM EDTA, 1% SDS) and sonified with
Branson Sonifier. Soluble chromatin was diluted with dilution
buffer (0.01% SDS, 1.1% Triton X 100, 1.1mM EDTA, 20mM
Tris-HCl pH 8.0, 167mM NaCl). The lysate was pre-cleared
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with sepharose CL-4B beads for 1h and 1% of input was
stored at 4°C. The rest of soluble chromatin was pulled
down overnight at 4°C using following primary antibodies:
STAT6 (M-20, sc-981), STAT3 (C-20, sc-482) (both Santa-
Cruz), BATF (m14-108, CDI/Neobiotechnologies), IgG
(abcam, ab2410). Protein A/G beads were used to precipitate
antibody-protein complexes for 2h at 4°C. The beads were
washed once with low salt buffer (0.1% SDS, 1% Triton-X100,
2mM EDTA, 20mM Tris-HCl pH 7.4, 150mM NaCl), once
with high salt buffer (0.1% SDS, 1% Triton-X100, 2mM
EDTA, 20mM Tris-HCl pH 7.4, 500mM NaCl) and twice
with LiCl buffer (250mM LiCl, 10mM Tris-HCl, pH7.4, 1%
NP-40, 1% sodium deoxycholate, 1mM EDTA) at 4°C and
twice with TE-buffer at room temperature. The beads were
then eluted in 200µl of elution buffer (100mM NaHCO3, 1%
SDS) at 55°C. The eluate was reverse crosslinked with RNAse
and proteinase K at 65°C for 4h. The decrosslinked DNA was
then purified using Qiagen Ampure purification kit and
eluted in 80µl of elution buffer. The BATF ChIP was per-
formed according to the company’s protocol using BATF-
antibody coupled to Dynabeads and magnetic isolation (avail-
able upon request).

Western blot analysis
Protein lysates from macrophages were run on 7.5–15% poly-
acrylamide gels and blotted on nitrocellulose membranes
using Biorad Transblot Turbo transfer system. Following
incubations with primary antibodies (p-STAT6 (#9361),
STAT6 (#5397), p-STAT3 (#9131), STAT3 (#9139) (all Cell
Signaling Technology), Nucleolin (sc-13057, Santa-Cruz),
BATF (WW8, Santa-Cruz)), membranes were incubated
with IRDye 700/800-coupled secondary antibodies, scanned
and quantified using Odyssey imaging system (Licor).

Elisa
2x106 primary human macrophages were stimulated with
cytokines for 48h in 1ml serum free medium, which was
processed for TGFA or CCL18 ELISA using kits from
RayBiotech (ELH-TGFα-1 and ELH-PARC-1) according to
manufacturer’s instructions.

NGS library preparation and RNA sequencing analysis

RNA from differentiated and cytokine-treated macrophages
from three different donors was extracted using Macherey-
Nagel NucleoSpin RNA extraction kit (#740955.250), followed
by quantification with Qubit HS RNA Assay Kit (#Q32852).
4µg of RNA was used for library preparation and mRNA was
extracted using polyA pulldown and converted to cDNA
using TruSeq Stranded mRNA LT – SetB library preparation
kit (Illumina #RS-122–2102). cDNA library was quantified
with Qubit dsDNA HS Assay Kit (#Q32854) and prepared
for single paired sequencing on NextSeq 500/550 High Output
Kit v2 (75 cycles, Illumina # FC-404–2005).

Summary statistics of the individual RNA sequence data
sets were generated with FastQC61 analysis that showed a
Quality score of > 93%. Quality trimming of the sequence
reads was performed using the Trimmomatic module62

from Trinity63 with the following parameter settings:

ILLUMINACLIP:/~ Trimmomatic-0.32/adapters/TruSeq3-
SE.fa:2:30:10 LEADING:5 TRAILING:5 SLIDING
WINDOW:4:15. Quality trimmed reads were mapped to
the human genome hg19 with the STAR aligner64 using
the following parameters: – outFilterMultimapNmax 1 –
outSAMtype BAM SortedByCoordinate. More than 91>%
of reads were uniquely mapped using hg19 as a reference
genome. The mapping results were summarized with
FeatureCounts,65 and Principal Component Analysis
(PCA) of the feature counts was done with the prcomp
module in R. Differential Gene Expression (DGE) analysis
was performed in R using DESeq2 package.66 For down-
stream bioinformatics characterization, we selected differ-
entially expressed genes with an │log2 fold change
(log2FC) │ ≥ 1 and a p-value ≤ 0.05 for all four test
conditions in Figure 1B and plotted the heatmap from
log2-normalized read counts. Venn diagrams and heat
maps were generated in R using the venn.plot and ggplot2
modules, respectively. For every stimulation condition (IL-
4, IL-6 and Il-4/IL-6), we identified antagonistic and syner-
gistic genes according to the procedure described in.36

Precisely, we identified a gene as antagonistic if the ratios
of changes met the following conditions: (IL-4 or IL-6)/Ctr.
> 2 and (IL4-/-6)/Ctr. < 1.5, where Ctr. denotes untreated
control macrophages. Likewise, genes were identified as
synergistic, if [(IL-4+ IL-6)/Ctr.]/[(IL-4/Ctr.)+(IL-6/Ctr.)]
> 1.2. The individual cutoff values were modified from.36

To assess the impact of differential expression levels on
treatment with cytokines, we calculated the fold changes
between differentially expressed genes of two stated condi-
tions in biological replicates (i.e. matched observations from
each donor). Fold changes were either calculated in IL-4, IL-6
or IL-4/-6 versus the control (untreated) condition or between
individual (IL-4/-6 versus IL-4) stimulations for each biologi-
cal replicate (A, B, C). For instance, Gene X will have three
changed expression values (CE) in sample A (X_CEIL-4A),
sample B (X_CEIL-4B) and sample C (X_CEIL-4C) for IL-4
stimulation. Next, we calculated the standard deviation
between the fold changes in X_CEIL-4A, X_CEIL-4B and
X_CEIL-4C versus control (X_CEcontrolA, X_CEcontrolB,
X_CEcontrolC) or between two stimulation conditions for all
differentially expressed genes in these two conditions using
SD function in R. A density plot of all standard deviation
values was plotted using ggplot2 function in R.

Data analysis

Microarray data from Yan et.al 31 linear coefficient models for
mouse BMDMs for synergized genes were compared to syner-
gized genes in hMDMs (Suppl. Table S6). Data sets
GSE14548,49GSE90505,50 GSE8359151 and GSE901452 were
analysed using GEO2R web tool (NCBI) and GraphPad
Prism v5.03.

Transfection
hMDMs were transfected for RNA silencing experiments using
HiPerFect transfection reagent (Qiagen) and siGenome STAT3 or
BATF siRNA pools (Dharmacon) for 72h (STAT3) or 24h
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(BATF) before stimulation with indicated cytokines for
further 24h.

For CRISPRi, hMDMs were transfected using Viromer
Red transfection reagent (Lipocalyx). HMDMs were incu-
bated in serum-free medium overnight and transfected
with sgRNAs targeting STAT3/STAT6 or BATF binding
sites cloned into sgRNA-MS2 vector (Addgene #61424)42

and pHAGE EF1α dCas9-KRAB plasmid coding dead-Cas9
vector fused with KRAB suppressor domains (Addgene
#50919)43 for 24h followed by stimulation with cytokines
for further 24h.

Flow cytometry analysis
Cells were centrifuged for 5min at 500g at 4°C, and the super-
natant was discarded. Cells were re-suspended in 80µl PBS/
BSA (0.5%) with 2µl of Fc Block (BD Biosciences). Cells were
incubated on ice for 15-20min with 1-2µl of antibodies. Cells
were centrifuged and re-suspended in 300µl of FACS flow
buffer before analysis on a LSRII/Fortessa flow cytometer
(BD Biosciences). BV650 anti-human CD16 (#563692), PE
anti-human-CD32 (#303205), BV605 anti-human CD64
(#305033), and APC anti-human PD-L1 (#329707) were pur-
chased from BD Biosciences. For T cell FACS analysis after
co-culture with polarized hMDMs BD Biosciences BV605-
labelled mouse anti-human CD3 antibody (#563219),
BV650-labelled mouse anti-human CD4 antibody (#563737),
PerCP-Cy-5.5 labelled mouse anti-human CD127 (#560551),
APC-H7-labelled mouse anti-human CD8 antibody
(#641400), Biolegend’s Alexa Fluor® 700-labelled mouse anti-
human CD44 (#103025), Brilliant Violet 421™ labelled mouse
anti-human CD279 (PD-1, #329919), PE labelled mouse anti-
human CD152 (CTLA-4, #369603), APC labelled mouse anti-
human CD366 (Tim-3) (#345011), Alexa Fluor® 488 labelled
mouse anti-human CD223 (LAG-3, #369325) and PE-Cy7
labelled mouse anti-human CD25 (BD Pharmigen, #557741)
were used. Cytometric Bead Arrray (CBA) analysis was per-
formed to measure IL-10 (#558274), IFNγ (#560379), IL-4
(#558272), IL-6 (#558276) and IL-13 (#558450, all BD
Biosciences) levels in tumor cell supernatants or T cell super-
natants after co-culture.

T cell activation assay
T cells from human buffy coats were isolated using Pan CD3-Tcell
extraction kit (Miltenyi Biotec). CD3+ T cells were expanded using
5µl/106 T cells of ImmunoCult Human CD3/CD28/CD2 T cell
activator (STEMCELL Technologies), 100ng/ml human IL-2 and
50µM β-mercaptoethanol, and cultured in RPMI with 5% heat
inactivated FCS, 500mM sodium pyruvate, and 500mM non-
essential amino acids (T cell media). HMDMs from identical
buffy coats were differentiated with human plasma for 7d in a
24-well plate. On day 7, hMDMs were stimulated for 48h with IL-
4 or/and IL-6. On day 8 T cells were reactivated as described
earlier. On day 9 hMDMs were washed and T cells were cocul-
tured (1:5) for the next 3d in T cell media. On day 12, T cells were
extracted and centrifuged for FACS analysis. The supernatants
were used to analyze cytokine secretion for IL-10 and IFN-γ using
CBA and T cells were stained for different surface markers as
described above.

Tumor cell supernatant from breast cancer cell lines

Viable conditioned media was generated from 106 SKBR3,
MCF-7 or MDA-MB 231 cells after seeding in T-175 flasks
overnight. The media was changed to 20ml serum free media
followed by culture for next 24h. 25µl of media was used to
quantify IL-4, IL-6, IL-10 and IL-13 by CBA. 1ml of media was
incubated with hMDMs for 24h followed by mRNA analysis.

3D chemotaxis assay
We collected serum-free conditioned media from hMDMs 48h
post-treatment with different cytokines. 20000 MCF-7 or
MDA-MB 231 cells were seeded onto collagen-coated µ-slide
chemotaxis slides (ibidi, #80326). The cells were then incubated
and tracked via Cell Observer (Zeiss) at 37°C with 5% CO2 for
16h with images taken every 10min. A total of 90 cells were
tracked per condition (30 cells, n = 3) and quantified via
manual tracking protocol in Image J.

Primers and sgrnas
A complete list of primers and sgRNA sequence is summar-
ized in Suppl. Table S7.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
v5.03. One-way ANOVA analysis with Bonferroni post hoc
test were applied for multiple group comparisons with sig-
nificance levels indicated in figure graphs (*, p < 0.05, **,
p < 0.01, ***, p < 0.005). Results are presented as means± SD
for at least three independent biological replicates.
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