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Background: FOXP1, a transcriptional regulator of lymphocyte development, is abnormally expressed in some
human tumors. This study investigated FOXP1-mediated regulation of tumor infiltrating lymphocytes (TIL) in
untreated primary breast cancer (BC).
Methods: FOXP1 expression was analyzed in tissues from primary untreated breast tumors, BC cell lines
and the METABRIC gene expression BC dataset. Cytokine and chemokine expression and lymphocyte migra-
tion in response to primary tumor supernatants (SN) was compared between FOXP1hi and FOXP1lo primary
BC.
Finding: FOXP1 expression was higher in estrogen receptor positive compared to negative BC. FOXP1hi

tumors were significantly associated with lower TIL and fewer tertiary lymphoid structures (TLS) compared to
FOXP1lo BC. Silencing FOXP1 in BC cell lines positively impacted cytokine and chemokine expressionwith the in-
verse effect associated with overexpression. CXCL9, CXCL10, CXCL11, CXCL13, CX3CL, CCL20, IL2, IL21, GZMB and
IFNG expression decreasedwhile IL10 and TGFβ increased in FOXP1hi compared to FOXP1lo primary BC. Lympho-
cyte migration using primary BC supernatants detected decreased mobility toward FOXP1hi supernatants.
FOXP1lo BC expresses higher levels of chemokines driving TIL migration. The METABRIC gene expression dataset
analysis show FOXP1 expression is associated with unfavorable BC outcomes.
Interpretation: These data identify FOXP1 as an important negative regulator of immune responses in BC via its
regulation of cytokine and chemokine expression.
Fund: Belgian Fund for Scientific Research (FNRS 3.4513.12F) andOpération Télévie (7.4636.13F and 7.4609.15F),
Fonds J.C. Heuson and Fonds Lambeau-Marteaux.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Historically, breast cancer (BC) has not been viewed as an immuno-
genic tumor, primarily due to its intermediate mutational load [1] with
limited data available on tumor-specific neoantigens in thismalignancy.
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Recent clinical studies, however, reveal a strong link between patient
prognosis, response to treatment and immune activities, including
immune gene expression [2] and the extent of tumor infiltrating
lymphocytes (TIL) at the tumor site [3]. Our recent work determined
that TIL density in fresh BC tissues forms a continuum from TIL-
negative (TILneg) to TIL-high (TILhi) [4]. Using thresholds defined by
normal breast tissues, we identified 25% of tumors as TILneg while
the remaining TIL-positive (75%; TILpos) tumors were equally divided
into TIL-intermediate (TILint) and TILhi. We further identified a posi-
tive correlation between the extent of TIL and the level of immune
organization in ectopic lymph node-like tertiary lymphoid structures
(TLS). TLS, characterized by a B cell follicle surrounded by a T cell
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The published literature on FOXP1 has grown exponentially over
the past few years. Initial studies of FOXP1 implicated this tran-
scription factor in central nervous system disorders with recent
work showing it can function as a key repressor of immune signal-
ing and cytokine gene expression. Early on, FOXP1was character-
ized as a tumor suppressor because its decreased expression was
an unfavorable prognostic factor for several solid tumor types, in-
cluding breast cancer. Alternatively, in B cell lymphomas it was
perceived as an oncogene because FOXP1 overexpression was
associated with poor patient prognosis. Recent studies have de-
fined FOXP1 as a critical regulator or T cell and B cell differentia-
tion revealing that it controls many steps in lymphocyte
maturation. Currently, studies investigating the mechanisms
whereby FOXP1 influences the interplay between malignant
cells and immune cells in cancer are lacking.

Added value of the present study

The data presented in this study show that FOXP1 is an important
negative regulator of immune infiltration in breast cancer via its
control of chemokine expression. Specific chemokines, produced
by normal and/or malignant cells in the tumor microenvironment,
are needed to drive tumor infiltrating lymphocyte (TIL) migration
and their organization in tertiary lymphoid structures (TLS). The
anti-correlation we observed between FOXP1 expression and the
extent of TIL is directly linked with the production of
chemoattractants that recruit TIL. We show that breast tumors
with high FOXP1 expression have low cytokine and chemokine
production while the inverse was true for low FOXP1 tumors.
Our previous work linked the B cell chemoattractant CXCL13 to
extensive TIL infiltration and TLS organization in breast cancer.
In this study, we show that CXCL13 is regulated by FOXP1,
with incremental increases in FOXP1 gene expression associated
with a decline in survival. These data suggest that FOXP1 expres-
sion creates and/or maintains an immunosuppressive tumor mi-
croenvironment by controlling critical immune gene expression.
These data are, to our knowledge, the first to implicate FOXP1 in
immune gene regulation and TIL migration in breast cancer.

Implications based on all available evidence

Published data show that FOXP1 is an important negative regula-
tor of anti-tumor immune responses via its control of chemokine
expression. The findings presented in this manuscript add novel
insight into the regulation of immune migration and infiltration in
breast cancer. A key regulator of immune activity in tumors asso-
ciated with survival across multiple tumor types is the chemokine
CXCL13. The present data extend our work on CXCL13 in breast
cancer by demonstrating that CXCL13 expression is regulated by
FOXP1.
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zone, function to generate humoral and cell-mediated immune re-
sponses at sites of chronic inflammation [5]; although, the sequence
of events involved in their formation in tumors is currently unclear.
A recent study demonstrated that induction of TLS formation in an
experimental murine tumor model initiated an influx of T cells,
which when combined with immunotherapy led to effector and
memory cell generation [6].
Most cells, including epithelial cells, have the potential to modulate
immune responses via their production and secretion of distinct immu-
nomodulatory cytokines or chemokines. Cytokine/chemokine signaling
can in turn affect downstream transcription factor (TF) activities. For ex-
ample, interferon regulatory factors (IRF), NFκB and STAT, have all been
shown to regulate TIL trafficking and TLS formation in BC [7]. Further,
IRF5 was found to be a novel and direct regulator of CXCL13 expression
in mammary epithelial tumor cells, a chemokinewith important effects
on T and B cell trafficking to the tumor [7,8] and TLS formation [9,10].

The TF forkhead box protein 1 (FOXP1) has been shown to regulate
normal epithelial cell fate during lung development and regeneration
[11]. Studies of FOXP1's role in the immune response have expanded ex-
ponentially over the past decade following an initial paper establishing
its role as a critical regulator of early B cell development [12]. Subse-
quent work has shown that FOXP1 is also involved in T cell quiescence
[13], monocyte differentiation and macrophage function [14].

Abnormal FOXP1 expression has been documented in various
human cancers where it can either act as an oncoprotein or tumor sup-
pressor depending on the tumor type. In hematological malignancies,
FOXP1 was shown to function as an oncogene by suppressing immune
gene expression and promoting tumor cell survival in B cell lymphoma
[15] or a tumor suppressor due to the association of its overexpression
with improved survival in T cell lymphoma [16]. Studies have identified
oncogenic activities for FOXP1 in epithelial tumors, including ovarian
cancer where it promotes stem cell features [17] and an association
with reduced survival in oral squamous cell carcinoma [18], hepatocel-
lular carcinoma [19] and glioblastoma [20]. FOXP1 has also been shown
to act as a tumor suppressor in non-small cell lung, endometrial, colo-
rectal and prostate cancer [reviewed in [21]].

In BC, FOXP1 has been detected in tumor cells where its increased
expression was positively associated with the estrogen receptor (ER),
including both ERα in a primary cohort [22] and ERβ in an invasive co-
hort [23]. Several studies analyzed global FOXP1 expression, indepen-
dent from BC subtype, correlating its expression with an improved
prognosis, again suggesting it functions as a tumor suppressor
[22–25]. Shigekawa et al. further showed that stimulating FOXP1 ex-
pression in the BC cell line MCF7, increases proliferation and elevates
ER-mediated gene transcription [24]. They also correlated FOXP1 posi-
tivity with improved disease free survival in tamoxifen-treated BC pa-
tients. Recent experiments found FOXP1-depleted MCF7 cells had
reduced growth while its overexpression enhanced proliferation, both
supporting a pro-tumorigenic role in BC [26]. Finally, FOXP1 enhanced
migration by repressing NFAT1 in the BC cell line MDA-MB-231 [27].

Overall, these findings indicate that further investigation of FOXP1's
regulatory roles in BC may provide important insight on pro- and anti-
tumor immune responses. The present study explores FOXP1 function-
ality in breast tumor cells and examines its effects on immune cell activ-
ity. We show that FOXP1 suppresses the expression of numerous
cytokines/chemokines involved in T and B cell chemotaxis. We further
demonstrate that FOXP1 has a direct negative impact on T and B cell mi-
gration and this anti-correlation parallels adverse clinical outcomes in
early-stage BC.

2. Materials and methods

2.1. Human samples and cell lines

Formalin-fixed and paraffin-embedded (FFPE) tumor tissue from
104 untreated primary BC patients, diagnosed and treated in the early
stage setting between 2012 and 2015 at the Institut Jules Bordet (part
of theMIU prospective BC cohort [4]) were evaluated in this study with
their clinicopathological parameters detailed in Tables S1 and S2.
Peripheral blood mononuclear cells (PBMC) from healthy donors (HD)
were also used. All specimens and clinical datawere analyzed usingpro-
cedures approved by the Institut Jules Bordet's Medical Ethics Commit-
tee (1981 CE) and the GZA Ziekenhuizen Medical Ethics Committee
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(CE 130909ACADEM). All patients and HD signed their informed
consent.

MCF7 [Luminal or ER+/Progesterone Receptor (PR)+/ Human Epi-
dermal Growth Factor Receptor 2 (HER2-)], BT474 (ER+/HER2+) and
MDA-MB-231 [triple negative (TN; ER-/PR-/HER2-)] are human epithe-
lial cell lines derived from breast tumors that were purchased from the
American Type Culture Collection (ATCC; Manassas, VA, USA) and used
at low passage numbers from the original vial. All cell lines routinely
tested negative for Mycoplasma contamination.

2.2. Primary tumor supernatant and tumor cell line conditioned media

Primary tumor supernatants (SN)were prepared from fresh surgical
tissues mechanically dissociated (2x30s; GentleMACS Dissociator)
without enzymatic digestion in 3ml of X-VIVO™ 20 (Lonza) as detailed
in Garaud et al. [28]. Tumor cell line conditioned media (TCM) was col-
lected fromMCF7 cells (transfected or not) grown for 48 h before being
refedwith freshmedium containing 1% fetal bovine serum (FBS) to pro-
duce TCM collected after an additional 24 h. TCMwas filtered through a
0.45 μm syringe filter (Millipore) and either used immediately or stored
at−80 °C.

2.3. siRNA FOXP1 knock-down and FOXP1 overexpression

The FOXP1 gene was silenced in MCF7 cells using predesigned
siRNA-targeted sequences directed against FOXP1 isoforms (Qiagen;
SI00421120, SI03196655 and SI04954663). The FOXP1 gene was upreg-
ulated in MDA-MB-231 cells using a FOXP1 expression plasmid
(pcDNA4-TO/FOXP1) for overexpression [control plasmid was the
empty vector pcDNA4-TO; both kindly provided by Dr. M. Spaargaren
(University of Amsterdam, Amsterdam, The Netherlands)]. This FOXP1
expression vector produces isoform1, the full length 75 kDa FOXP1 pro-
tein, upon induction with tetracycline. Transfection of MCF7 and MDA-
MB-231 was done using lipofectamine 3000 (Invitrogen) following the
manufacturer's instructionswith cells harvested after 48 h for total RNA
extraction or 72h for protein extraction. The empty vector and a univer-
sal scrambled sequence containing a FITC fluorescence marker (Santa
Cruz Biotechnology)were used as transfection controls. Transfection ef-
ficiency was estimated by flow cytometry. RNA analysis was performed
using RT-qPCR and protein analysis by immunoblotting to confirm
FOXP1 repression or upregulation.

2.4. RNA extraction and analysis

Total RNA from cell lines was extracted using the TRIzol Reagent
(Invitrogen) following standard protocols. Total RNA extracted from
FFPE tissues (three 5 μm tissue sections per tumor) was isolated using
RNeasy (Qiagen) following themanufacturers protocol. Adequate tissue
for RNA extraction was available for 94/104 of the FFPE tissues. Isolated
RNA was reverse transcribed (RT) using the High Capacity RNA-to-
cDNA kit (Applied Biosystems) following standard procedures. cDNAs
derived from FFPE tissues were subjected to 10 cycles of amplification
in a cocktail of primers using a pre-amplification buffer (Life Technolo-
gies). Quantitative polymerase chain reactions (qPCR) were performed
on an ABI 7900HT Prism sequence detector (Applied Biosystems).

FOXP1 primers (Invitrogen) were designed to target the different
FOXP1 gene isoforms [13]. In this study, all analyses were performed
for the FOXP1 isoform 1 with FOXP1 gene expression data shown in a
log2 scale. The expression of cytokine and chemokine genes was per-
formed using FFPE breast tumors (n = 50) from the MIU prospective
BC cohort and sorted epithelial cells from fresh breast tissues (n = 8),
with the primer sequences listed in Table S3. RelativemRNA expression
levels were normalized using the mean expression for two reference
genes, MLN51 and EF1α with fold changes calculated using the 2−ΔCt

method. All RT-qPCR reactions were processed in duplicate. We used
the median value of FOXP1 gene expression in the 94 FFPE BC tissues
to divide our cohort into FOXP1 low (FOXP1lo) and FOXP1 high (FOXP1-
hi) tumors. FOXP1 expression in normal breast tissues (n=10)was also
analyzed.

2.5. Human cytokine/chemokine gene analysis in BC cell lines

Human cytokines and chemokines were analyzed using a human
cytokine Taqman® array assay (Life Technologies; 4391139) with a
7900HT Prism sequence detector (Applied Biosystems). Data reflect
themean of three independent biological experiments and fold changes
were calculated using the 2−ΔΔCt method.

2.6. METABRIC microarray and DNAseq data analysis

METABRIC dataset (available from the European Genome Archive;
Accession number EGAS00000000083; discovery plus validation set, n
= 1992) [2] were used to analyze global FOXP1 gene expression (log2
scale) and evaluate variation in mutations and copy number alterations
among the BC molecular subtypes. The prognostic value [(disease
specific survival (DSS) and overall survival (OS)] of global FOXP1 gene
expression was evaluated using the same dataset (detailed in Supple-
mentary Methods).

2.7. Flow cytometric analysis and epithelial cell sorting

Suspensions of PBMC or epithelial cells from fresh BC tissues or cell
lines were incubated with the manufacturers' suggested dilution of
fluorescently-labeled primary monoclonal antibodies (Table S4).
Nuclear labeling of FOXP1 was accomplished using fixed and perme-
abilized cells (pre-labeled for membrane markers) with the BD
Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit (BD
554714) following the manufacturer's protocol. Absolute cell count
beads (123count eBeads; eBioscience) were used to quantify cellular
subpopulations. Fluorescently-labeled cell acquired on a GALLIOS 10/3
cytometer and analyzed using Kaluza® 1.3 Flow Analysis Software
(Beckman Coulter). Epithelial cell suspensions were prepared from
fresh BC tissues by enzyme digestion using optimized conditions (de-
tailed in Supplementary Methods) of Liberase DH enzyme (Roche) and
sorted on aMoflo ASTRIOS EQ. 12/4 sorter with gating on EpCAM+ cells.

2.8. Immunohistochemical analysis and assessment

Consecutive FFPE tissue sections (n = 104) were
immunohistochemically (IHC)-stained using a BenchMark XT IHC/ISH
automated slide stainer (Ventana Mediated Systems using their re-
agents) for FOXP1 and dual IHC for CD3 (pan T cells; Dako) and CD20
(pan B cells; Dako) (Supplementary Table S4). Two experienced pathol-
ogists (RdW, GvE) scored the IHC-stained slides for: 1) the percentage
of FOXP1 positive (FOXP1+) tumor cells; 2) TIL as a percentage in the
tumor bed and/or peri-tumoral stroma areas; and 3) the number of
TLS (dense aggregates of B cells with an adjacent T cell zone). The TLS
score was normalized by calculating the number of TLS per tumor area
(mm2). The threshold for FOXP1 nuclear positivitywas set at ≥5% of pos-
itive cells in the tumor.

2.9. Immunoblot analysis

Protein extraction, immunoblotting and protein detection were
done as previously described [13] using the antibodies detailed in Sup-
plementary Table S4. Antibodies used are listed in Supplementary
Table S4. The endogenous control used was mouse anti-beta actin
(β-actin) antibody (Cell Signaling). Antibody labelling was identified
using enhanced chemiluminescence reagents (Amersham) and quanti-
fied with a ChemiDoc™ XRS reader (Bio-Rad).



229P. De Silva et al. / EBioMedicine 39 (2019) 226–238
2.10. Confocal microscopy

Immunofluorescence (IF) stainingwas performedmanually on FFPE
tumor tissues sections (4 μm) [detailed in [13]]. Tonsils and normal
breast tissues were used as controls. Antibodies used are listed in
Table S4. After the final washing, slides were mounted with ProLong
Gold antifade mounting medium with DAPI (Thermo Scientific) and
visualized on a Zeiss LSM 710 confocal microscope equipped with an
x20/0.8 and x63/0.8 Plan-Apochromat dry objective (Carl Zeiss,
Oberkochen, Germany).
2.11. Migration assays

The migratory properties of fresh PBMC, isolated from HD blood
using Lymphoprep™ density gradient centrifugation, were evaluated
using a transwell system (24-well, 3.0 μm; Millipore) following the
manufacturer's instructions. The bottom chambers contained either un-
treated or FOXP1-repressed MCF7 TCM or primary BC SN. 10% FBS was
used as a positive control because it is a strong chemoattractant.
Transwells were incubated at 37 °C in 5% CO2 for 24 h. The number of
cells migrating into the bottom chamber was determined by flow
cytometry.
2.12. Statistical analysis

The statistical significance for resulting data was calculated using an
unpaired Student's t-test or a one-way ANOVA and the GraphPad Prism
6.0 software unless otherwise specified. A p value of b0.05 was consid-
ered statistically significant.
3. Results

3.1. FOXP1 gene expression in BC

The full-length Foxp1 protein is encoded by isoform 1 (NCBI Gene
ID: 27086),which iswidely expressed in normal tissues but differential-
ly expressed in epithelial cell malignancies including BC [29]. FOXP1
gene expression levels were determined for three BC cell lines: MCF7
(ER+/PR+/HER2-), BT474 (ER+/HER2+) and MDA-MB-231 (ER-/
PR-/HER2-) with expression levels significantly lower in BT474 and
MDA-MB-231 compared to MCF7 (Fig. 1A). Foxp1 protein analysis con-
firmed this substantial reduction in BT474 and MDA-MB-231 (Fig. 1A).
Significant differences in the expression of smaller FOXP1 isoforms
(transcripts or protein) were not detected between the three cell lines
(Fig. S1A; some data not shown). All of the following functional exper-
iments in this study therefore analyzed the FOXP1 isoform 1 and/or
the full-length protein (~75 kDa; Fig. 1A).

Global FOXP1 mRNA expression in primary BC was analyzed using
public microarray data from theMETABRIC dataset (n=1992; samples
from untreated primary BC patients) and RNA extracted from tumors in
theMIUprospective BC cohort (n=94). Examination of the three BCmo-
lecular subtypes studied in METABRIC reveals that FOXP1 expression is
significantly lower in HER2+ (ER- and ER+) and TN (ER-PR-HER2-)
compared to Luminal A/B (ER + HER2-) (Fig. 1B and Fig. S1B). The
METABRIC dataset was also used to determine if FOXP1 gene repression
was associated with genetic alterations but no significant copy number
alterations or mutations were detected in this gene (Fig. S2C and D).
These data suggest that lower FOXP1 levels in HER2+ and TN are not
due to genomic alterations in the FOXP1 gene. RT-qPCR quantification
of FOXP1 mRNA in samples from the MIU prospective BC cohort reflect
these data with significant reductions detected in TN and HER2+ BC
(Fig. 1C). Some clinicopathological parameters from this cohort were
significantly correlated with FOXP1 expression, including ER and PR
positivity and low tumor grades (G1 & G2) (Table S2).
3.2. FOXP1 protein expression in BC

The localization of FOXP1 in the breast tumor microenvironment
(TME) was determined using IHC-stained full-face tissue sections from
patients in the MIU prospective BC cohort (n = 104) together with nor-
mal breast tissue controls. Prominent FOXP1 nuclear staining character-
izes normal breast epithelial cells, tumor cells in some BC and TIL; while
less intense staining typifies stromal cells and malignant cells in other
tumors (images for different staining patterns are shown in Fig. 2A).
Overall, fewer BC in our cohort contain FOXP1+ tumor cells (63%)
than FOXP1+ TIL and/or stromal cells (N90%; Fig. S2A—C). However,
within the FOXP1+ tumor cell group, the frequency of positive cells
was significantly higher than stromal cells or TIL (i.e. the % of positive
cells within a given subpopulation; Fig. 2B; left panel). Fewer FOXP1+

tumor cells were detected in HER2+ and TN compared with ER+/
HER2- tumors (Fig. 2B; right panel). Overall, FOXP1+ tumors are more
numerous in the ER+ BC subtype with the highest number of FOXP1+

cells found in the tumor cell subpopulation.

3.3. FOXP1 and TIL are anti-correlated in BC

We next asked whether the lower FOXP1 expression observed in as-
sociation with higher immune infiltration [the latter more frequent in
HER2+ and TNBC, reviewed in [30]] was related to the number of TIL.
Dual CD3/CD20 IHC-stained full-face tissue sections from the same 104
patients examined for FOXP1 expression (above) were scored for T and
B cell TIL. Sequential tissue sections were cut for RNA extraction with
FOXP1mRNAexpressionused todivide the cohort in FOXP1lo andFOXP1-
hi groups based on the median. A comparison of CD3, CD20 or CD3 plus
CD20 positivity for global, stromal and intra-tumoral TIL reveals signifi-
cant decreases in FOXP1hi relative to FOXP1lo tumors for total lympho-
cytes as well as the individual T and B cell subpopulations (Fig. 3).
Moreover, when we analyzed TIL and FOXP1 gene expression in all tu-
mors, the data revealed significant anti-correlations with global TIL and
TIL subpopulations (Fig. S3). Previous work in our laboratory identified
TLS as a location and organizational feature of TIL in extensively-
infiltrated BC [4,9,10,31]. The consistent anti-correlation detected
between FOXP1 and TIL led us to compare TLS frequencies, and as antic-
ipated, more TLS were detectable in TILhi FOXP1lo tumors (Fig. 3).

Protein and transcript levels are frequently not well correlated, lead-
ing us to, evaluate FOXP1 transcripts relative to protein expression in
theMIU cohort tumors. Interestingly, we found a significant correlation
between the two (Fig. S2B) and therefore also divided our tumors (n=
94) into FOXP1lo and FOXP1hi groups based on the median value of
Foxp1 protein expression. This analysis revealed a significant reduction
in total TIL as well as individual T and B cell subpopulations in the
FOXP1hi relative to FOXP1lo tumors, which was consistent with our
transcript data (Fig. 3SC). Intra-tumoral TIL levels were unchanged in
the two groups.

3.4. FOXP1 regulates cytokine and chemokine expression in BC cell lines

The observed inverse correlation between FOXP1 and TIL suggested
cytokines and/or chemokines might be regulated by this TF in BC. Cyto-
kine/chemokine gene expression was initially analyzed by using siRNA
to silence its expression in FOXP1hi MCF7 cells and an expression vector
for overexpression in FOXP1lo MDA-MB-231 BC cells. Validation of ef-
fective FOXP1 mRNA transcript and protein downregulation by siRNA
as well as increased expression in transfected cells are shown in
Fig. S4A and B.

The effect of FOXP1 repression on cytokine/chemokine expression
wasfirst analyzed using a 96-gene expression array. Twenty-eight cyto-
kines/chemokines were reproducibly upregulated (N1.5-fold) in siRNA-
silenced FOXP1hi MCF7 cells, including: the ligands CCL2, CCL3, CCL5,
CCL17, CCL19, CCL20, CXCL9, CXCL10, CXCL11, CXCL13, IL6, IL8 and
SLIT2; the adapter MYD88, the receptor TLR2 and the TF NFKB1 (p50



Fig. 1. FOXP1 expression in breast cancer cell lines and primary breast cancer. (a) FOXP1 gene and protein expression in breast epithelial tumor cell lines [(MCF7 (ER+/HER2-), BT474
(HER2+) and MDA-MB-231 (triple negative: TN)] by RT-qPCR and immunoblotting. All data were obtained as the mean of three independent experiments. Blots were probed with
anti-β actin as subcellular compartment control and isotype control for FOXP1 was also used. (b) Microarray data from METABRIC dataset were analyzed for FOXP1 gene expression
(log2) among the breast cancer molecular subtypes (n = 1992). (c) Evaluation of FOXP1 gene expression using RT-qPCR was performed in a cohort of primary breast tumors (n = 94)
from the tumor banks of Institut Jules Bordet. FOXP1 expression in normal breast also analyzed (n = 10). RT-qPCR data are relative to EIF1α and MLN51 expression (2-ΔCt) done in
duplicates shown in log2 scale. Significant P values (b0.05) are marked by *. Degrees of significance: P b 0.05 (*), P b 0.001 (***) and P b 0.0001 (****), as assessed with ANOVA using
Dunn's multiple comparisons test. Data represent mean ± SEM.
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subunit) (Fig. S4C, D and Table S5; underlined genes were deregulated
in both the repressed MCF7 and overexpressed MDA-MB-231). Four
genes were downregulated (b0.5) in FOXP1-repressed MCF7 cells in-
cluding the chemokine CXCL12 and its receptor CXCR4. Overexpressing
FOXP1 protein in FOXP1lo MDA-MB-231 cells detected significant de-
creases in 34 genes (b0.5), including: the ligands CCL2, CCL3, CCL5,
CCL17, CCL20, CCL25, CCL26, CXCL2, CXCL3, CXCL9, CXCL10, CXCL11,
CXCL13, CXCL14, CX3CL1 and SLIT2; the adapter MYD88, the receptor
TLR2 and the TF NFKB1. FOXP1 overexpression upregulated four genes
(N1.5-fold): the negative regulator SOCS5, the cytokines IL10 and CKLF
and the receptor CXCR4. The cytokine, chemokine, regulatory, receptor
and transcription factor genes tested in this array all have the potential
to direct a myriad of cellular activities in the TME. Stratification of this
gene expression data on cell type-specific effects reveals a majority of
the altered genes regulate immune cell functions and notably their mi-
gratory activities (Table S6).



Fig. 2. FOXP1 protein expression in primary breast cancer. a) Representative FOXP1 staining in normal breast tissue, ER+/HER2-, HER2+ and triple negative breast cancer are shown.
FOXP1 staining in stromal cells and TIL in a triple negative is shown in the bottom panel. All images are at magnifications of 200×. (b) The frequency of FOXP1 protein expression in
different cell subpopulations and frequency of FOXP1 tumor cells among breast cancer molecular subtypes using IHC. FOXP1 positivity in tumor cells, stromal and TIL have been
considered while FOXP1 expression in tumor cells in ER+/HER2-, HER2+ and triple negative were analyzed. FOXP1 positivity was defined as ≥5% of any positive cell among all cells (n
= 104). Significant P values (b0.05) are marked by *. Degrees of significance: P b 0.05 (*) and P b 0.01 (**), as assessed with ANOVA using Dunn's multiple comparisons test. Data
represent mean ± SD. IHC: Immunohistochemistry.
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3.5. FOXP1 and cytokine/chemokine gene expression in primary BC

The modifications of cytokine and chemokine gene expression de-
tected in the BC cell lineswere explored in theMIU prospective BC cohort
to determine howwell these data reflect primary, untreated human tu-
mors. FOXP1lo (n = 25) or FOXP1hi (n = 25) BC tissues together with
normal breast tissues (control; n = 10) were analyzed by RT-qPCR to
quantify selected cytokines and chemokines (known involvement in
immune cell function or migration and TLS neogenesis). These data
show that many chemokine (Fig. 4A) and cytokine (Fig. 4B and
C) genes are differentially expressed in BC compared to normal breast.
The expression of CXCL9, CXCL10,CXCL11, CXCL12, CXCL13, CX3CL1, IL2
and Granzyme B (GZMB) was significantly lower in normal breast com-
pared to FOXP1lo or FOXP1hi BC (Fig. 4A and B; underlined genes were
deregulated in in primary BC and one or both cell lines). A comparison
between FOXP1lo and FOXP1hi BC reveals significant differences (de-
creases in the latter) in CXCL9, CXCL10, CXCL11, CXCL13, CXCL20,
CXCL21, GZMB and IFNγ gene expression with CCL19, CX3CL1 and IL2
showing a trend for the same, although not statically significant.
Paralleling the FOXP1-repressed MCF7 cell line, the chemokine CXCL12
was significantly upregulated in FOXP1hi compared to FOXP1lo tumors
(Fig. 4A). The immune suppressive IL10 and TGFβ (particularly the
TGFβ3 isoform) genes were expressed at significantly higher levels in
FOXP1hi compared to FOXP1lo tumors (Fig. 4C). Interestingly, TGFβ1
and TGFβ3 were significantly lower in FOXP1lo BC relative to normal
breast tissues.

The tumors in our cohort were screened for cellularity and only
those containing N30% tumor cells were selected for analysis.



Fig. 3. Relationship between FOXP1 and TIL infiltration. Assessment of global TIL, stromal TIL, intra-tumoral TIL, T cell infiltration, B cell infiltration and TLS based on CD3/CD30 IHC in
FOXP1lo (n = 49) and FOXP1hi (n = 45) breast cancer. Tumors (n = 94) were divided according to the median value of FOXP1 gene expression. Significant P values (b 0.05) are
marked by *. Degrees of significance: P b 0.05 (*), P b 0.01 (**), and P b 0.001 (***), as assessed with MannWhitney test. Data represent mean ± SD.
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Nevertheless, because the tumor microenvironment also contains stro-
mal cells, endothelial cells and TIL, any or all of these subpopulations are
potential producers of various cytokines and chemokines. EpCAM+ cells
from a mixed group of BC were sorted (≥99% pure) and analyzed for
FOXP1, CXCL9, CXCL10, CXCL11 and CXCL13 gene transcripts (Fig. S5).
This analysis reveals that some tumors express high levels of the select-
ed chemokines whereas in others they are undetectable or expressed
only at low levels. Theheterogeneity of chemokine expression is not sig-
nificantly anti-correlated with FOXP1 expression for this small group of
tumors; however, the highest FOXP1 tumors where those with unde-
tectable chemokines suggesting a trend that needs further
investigation.

One of these chemokines analyzed, CXCL13, has been linked with
higher TIL, TLS and better clinical outcomes in several tumor types in-
cluding BC [9,10,32]. The sorted EpCAM+ cells showed significant het-
erogeneity in the expression of this important B cell chemoattractant.
Immunofluorescence analysis of CXCL13 expression in tissue sections
from FOXP1lo and FOXP1hi primary BC reveal that CXCL13 expression
is associated with tumor cell areas where it is produced by malignant
and non-malignant cells in FOXP1lo but not FOXP1hi BC, supporting
the RT-qPCR data (Fig. 5). The FOXP1lo tumors also contain significant
numbers of B cell TIL, again confirming this relationship. Overall, the
cell line and primary BC data argue that FOXP1 can regulates a number
of important cytokine and chemokine genes whose altered expression
could reflect important events governing immune cell recruitment to
the TME.
3.6. FOXP1 represses T and B cell migration

The cytokine/chemokine gene expression data suggest that FOXP1
has the ability to influence lymphocyte movement. We employed a
transwell culture system to determine whether conditioned medium
(TCM) from untreated or FOXP1-repressed MCF7 cells could affect T
and B cell migration. These experiments found significant increases
in PBMC migration (CD45+ cells from HD blood) in wells containing
FOXP1-repressed TCM compared to control MCF7 cell TMC or medi-
um alone (Fig. S6). Immune cell subpopulation analysis reveals this
is characterized by a significant increase in CD4+ and CD8+ T cell
and CD19+ B cell migration toward the FOXP1-repressed MCF7 cell
TCM.

The MIU prospective BC cohort has the advantage that we routinely
prepare and store primary tumor SN from the tissue homogenate on
the day of surgery [28]. The validity of the TCM experiments was there-
fore tested in themigration assayusingprimary BC SN fromfive FOXP1lo

and five FOXP1hi BC. Again, a significant decrease in total CD45+ lym-
phocyte migration was associated with FOXP1hi compared to FOXP1lo

BC SN (Fig. 6). Similarly, separate analysis of migrating CD4+ and
CD8+ T cells and CD19+ B cells detected significant decreases toward
the FOXP1hi BC SN. These data support a regulatory role for FOXP1
via cytokines and/or chemokines produced in the breast tumor
microenvironment.

3.7. The clinical significance of FOXP1 expression in BC

Recent studies of FOXP1 expression in BC suggest it can function as
an oncogene [26,33]; however, its prognostic value among the BC sub-
types is unclear with previous studies suggesting it may signal a better
prognosis [21–25]. This study used theMETABRIC dataset [2] to investi-
gate associations between global FOXP1 expression and survival in
ER+/HER-, HER2+ and TN. The METABRIC cohort includes ER+ pa-
tients that did not receive chemotherapy (nearly all) and ER- patients
that were treated with chemotherapy, including HER2+ patients in
the pre-trastuzumab era [2]. Univariate analysis found that a unit in-
crease in FOXP1 expression (log2 scale) is significantly associated
with: decreased DSS and OS in: 1) the ER+/HER2- subtype [(DSS: HR
1.37; 95% CI 1.03–1.82, P = .03) and (OS: HR 1.26; 95% CI 1.04–1.53, P
= .021)]; 2) in the TN subtype [(DSS: HR 2.06; 95% CI 1.08–3.92, P =
.029) and (OS: HR 2.12; 95% CI 1.23–3.66, P = .0072)]; and 3) in the
pooled dataset [(DSS: HR 1.31; 95% CI 1.04–1.65, P = .02) and (OS:
HR 1.26; 95% CI 1.07–1.49, P = .0061] (Fig. 7A and Fig. S7). Significant
differences were not detected in the HER2+ subtype. After adjusting
for clincopathological variables in the multivariate analysis only TNBC
exhibited a significant association between high FOXP1 and decreased
survival (DSS: HR 2.07; 95% CI 1.06–4.02, P = .039 and OS: HR 1.75;
95% CI 0.98–3.11, P = .064) (Fig. 7B). Overall, these data suggest that
global FOXP1 expression is associated with worse BC prognosis, partic-
ularly in TN.



Fig. 4. FOXP1 is associated with chemokine and cytokine gene expression in breast cancer. (a) Chemokines gene expression, (b) Immuno-modulatory molecules, and (c) immuno-
suppressive cytokine gene expression in normal breast tissues (n = 10), FOXP1lo (n = 25) and FOXP1hi (n = 25) breast cancer. RT-qPCR data were normalized using EIF1α and
MLN51 expression (2-ΔCt). Duplicate samples were analyzed. Significant P values (b0.05) are marked by * and ns: not significant. Degrees of significance: P b 0.05 (*), P b 0.01 (**) and
P b 0.001 (***). Data represent mean ± SD.
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4. Discussion

The data presented in this study show that FOXP1 plays an im-
portant role in the immune response to BC. We found that while
FOXP1 is expressed in all molecular subtypes, it is enriched in ER+
compared to ER- BC. We further detected an anti-correlation
between TIL and FOXP1 gene expression linked with tumor derived
cytokine/chemokine expression. These data are, to our knowledge,
the first to implicate FOXP1 in immune gene regulation and TIL mi-
gration in BC.



Fig. 5. CXCL13 protein expression in breast cancer. Representative images of CXCL13 protein expression in (a) FOXP1lo and (b) FOXP1hi primary breast cancer acquired by confocal
microscopy. Yellow scale bars: 50 μm and white scale bars: 100 μm. Contrast was enhanced by turning down DAPI (grey) intensity in merged images. CXCL13+ (blue), CD20+
(green) for B tumor infiltrating lymphocytes and cytokeratin 8/18 (red) for tumor epithelial cells were shown as single channel and merged images.
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FOXP1 expression levels and subcellular localization vary greatly de-
pending on the cancer tissue type and stage. Previous studies of epithe-
lial cell malignancies detected opposing roles for FOXP1, acting either as
a tumor suppressor or an oncogene depending upon the cell type.While
FOXP1 functions are not well understood in BC, previous studies have
promoted its role as a tumor suppressor based on the level and hetero-
geneity of its nuclear staining in various stages of tumor progression and
its correlation with clinicopathological parameters [22,23,25]. In the
present study, FOXP1 was shown to be significantly associated with
ER/PR positivity and low grade tumors (grade 1 and 2 vs 3), which is
consistent with previous findings [22–25]. Analysis of gene or protein
expression alone, however, is insufficient for understanding the func-
tional role of FOXP1 in BC progression. Recent data in BC cell lines and
mouse models suggest that FOXP1 can act as an oncogene [26,27]. Our
data could also be interpreted as support for oncogenic function based
on the significant negative association between FOXP1 gene expression
and survival in the METABRIC dataset, but this remains to be validated.

FOXP1 was previously shown to have a significant positive associa-
tionwith ERα [22] and a positive correlationwith nuclear ERβ in BC pa-
tients [23]. A possible explanation for these observations is that FOXP1
expression is regulated by estrogen. This idea is supported by upregula-
tion of FOXP1 mRNA in MCF7 cells treated with estrogen together with
the identification of ER binding sites in the FOXP1 gene using ChIP-on-
chip analysis [24]. Our data link increased FOXP1 gene expression with
ER+ BC and decreased with ER- BC; however, heterogeneity in the lat-
ter (METABRIC and our cohort) suggests that FOXP1 regulation can also
be ER independent. FOXP1 expression in prostate cancer is positively
correlated with the androgen receptor (AR), supporting the notion of
ER independent mechanisms. FOXP1 has been shown to directly regu-
late AR-mediated transcription via its repressive effect on AR-induced
transcriptional activity or histone modification in its enhancer regions
[34]. AR is the most commonly expressed hormone receptor in BC, in-
cluding a 25% to 75% prevalence in TN [35]. TN BC is increasingly recog-
nized as a heterogeneous disease with a subset associated with AR
signaling [35,36]. These data suggest that the level of FOXP1 expression
could be another distinguishing parameter for TN BC subsets.

Our initial experiments using BC cell lines revealed that FOXP1 can
directly modulate cytokines and chemokines, TF and receptors. FOXP1
is a repressor that functions by forming hetero- or homodimers with
other molecules to suppress their activities [37]. Interestingly, a study
where human FOXP1 was overexpressed in brain cells with a mutated
Huntington protein detected robust downregulation of glial cell-
associated immune genes that included a variety of cytokines and
chemokines [38]. These authors suggested that FOXP1 functions as a



Fig. 6. FOXP1 regulates Lymphocyte migration in breast tumors. Healthy donor PBMCmigration in FOXP1lo and FOXP1hi tumor supernatants (SN) from primary breast cancer cohort. Top
panel shows number of CD45+ cells migrated toward breast cancer SN and fold change. Bottom panel shows fold change of CD4+ T cells (CD3+CD4+); CD8+ T cells (CD3+CD8+) and B
cells (CD19+) migrated toward BC SN after 24 h of incubation in the transwell assay. Data demonstrated as the mean of biological replicates done in duplicates of FOXP1lo (n = 5) and
FOXP1hi (n = 5). Medium alone was used as a negative control and medium with 10% FBS was used a positive control. Significant P values (b0.05) are marked by * and ns: not
significant. Degrees of significance: P b 0.05 (*), P b 0.01 (**) and P b 0.001 (***), as assessed with ANOVA using Dunn's multiple comparisons test. Data represent mean ± SEM.
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transcriptional repressor of immune signaling in the central nervous
system supporting the data we presented here for BC. FOXP1 has also
been implicated in suppressing immune response signatures and MHC
class II genes in B-cell lymphoma, highlighting the concept that
FOXP1 repression could improve antigen presentation and immune sur-
veillance [15].

Our data detected SOCS5 upregulation (suppressor of cytokine
signaling-5) in MDA-MB-231 overexpressing FOXP1, similar to a previ-
ous study of human brain tissues [38]. SOCS5 is a known critical nega-
tive regulator of cytokine signaling under diverse conditions [39],
suggesting that its increased expression in FOXP1hi cells may directly
or indirectly modulate cytokine activities. FOXP1 upregulation also re-
presses MYD88 (myeloid differentiation primary response gene 88)
and SLIT2 (Slit homolog 2). MYD88 is a critical adapter protein in innate
immune signal transduction through its involvement in Toll-like recep-
tor and IL1 receptor signaling pathways, acting via IRAK1, IRAK2, IRF7
and TRAF6, which leads to NFƙB activation, cytokine secretion and in-
flammatory responses [40]. SLIT2 acts as a molecular guidance signal
for cell migration and has been identified as a novel tumor suppressor
gene via hyper-methylation of its promoter in tumor cells including
BC [41]. The repression of these immune regulatory genes in FOXP1-
overexpressing BC cell lines suggests that FOXP1hi BC is a non-
permissive environment for immune cell recruitment.

The majority of chemokine and cytokine genes we found regulated
by FOXP1 have documented activities in immune cell migration and im-
munity. They include CCL5, CXCL9, CXCL11 and CXCL13, all shown to
impact anti-tumor immune responses and associated with good clinical
outcomes in several tumor types [32,42–44]. A chemokine gene expres-
sion signature, including CCL17, CCL19, CCL21, CCL22 and CXCL13, has
been associatedwith the presence of T cells in lung cancer TLS [45] sug-
gesting that chemokine expression in the TME is a critical feature of TIL
recruitment and TLS formation. These data suggest that chemokine ex-
pression in the TME is a critical feature of TIL recruitment and TLS for-
mation. Our comparative analysis of cytokine and chemokine
expression between FOXP1lo and FOXP1hi BC, both significantly reduced
in the latter, indicate that FOXP1hi BCmaintains an immunosuppressive
TME. Patel et al. investigated gene expression related with resistance to
T cell-based immunotherapy in human melanoma [46]. Among the
genes identified, they found a reduction in apelin receptor (APLNR) ex-
pression associated with tumors from patient's refractory to immuno-
therapy. The present study found that APLNR is downregulated by
FOXP1 overexpression inMDA-MB-231 cells, further supporting the no-
tion that FOXP1 drives an immunosuppressive TME.We also found that
FOXP1hi BC expresses high levels of TGFβ and IL10, both immunosup-
pressive cytokines known to favor tissue invasion and metastasis via
their suppression of anti-tumor immune responses. Stephen et al. dem-
onstrated that tumor-derived TGFβ can induce FOXP1 in CD8+ T cells
leading to their unresponsiveness in mice [47]. We observed that
human BC with low TIL had significantly higher levels of FOXP1 and
TGFβ. We therefore reason that this tumor derived TGFβ, induced by
FOXP1, could increase FOXP1 expression in T cell TIL and thereby direct
their unresponsiveness. High FOXP1 was shown to reduce T cell prolif-
eration and functionality [47] and could thus similarly affect BC TIL to-
gether impairment of their migration by tumor cells expressing high
FOXP1.

The production and release of chemokines by normal andmalignant
cells in the TME can directly induce chemotaxis of specific TIL subpopu-
lations to the tumor [48,49]. A study profiling cytokines in tumor inter-
stitial fluid found that tumors containing high proportions of CD3+ TIL
exhibited significantly higher levels of CXCL10 and CCL5 than samples
from tumors with low CD3+ TIL [50].We have shown here that FOXP1lo

BC are more permissive to the expression of chemokines that drive TIL
migration to the TME. The FOXP1-regulated chemokine, CXCL13, a B-
cell chemoattractant, has been identified as one of themost robust pre-
dictors of improved survival in human cancer [51]. Our previous studies
comparing extensive to minimally infiltrated BC found that CXCL13-
producing CD4+ Tfh TIL, named TfhX13, distinguish TILhi tumors (ama-
jority of HER2+ and TN), where they are principally located in TLS and
linked with a good prognosis [9,10]. Based on the data presented here,
we propose that TILhi tumors containing TfhX13 cells would primarily
be FOXP1lo BC. This notion is supported by our data showing that
CXCL13 expression is highest in FOXP1lo BC with tumor and non-



Fig. 7. FOXP1 is associatedwithworst survival in breast cancer (a) Univariate analysis for prognostic effect of FOXP1 gene expression inMETABRIC dataset. Forest plots for disease specific
survival (DSS) and overall survival (OS) based on FOXP1 gene expression in ER+/HER2- (n=1394), HER2+ (n=244), triple negative (TN) BC (n=271) and all breast cancer (n=1992).
(b) Multivariable model analyzed in the same dataset with adjustments for treatment (yes vs no), age (≤ 50 vs N 50), tumor size (T0, 1, 2 vs T3, 4), nodal status (negative vs positive),
histologic grade (1, 2 vs 3), ER status (negative vs positive), and human epidermal growth factor receptor 2 (HER2) status (negative vs positive). P values b.05 are considered as
significant. Proportional hazard assumptions were tested for P-values using cox.zph function.
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tumor cells principally producing CXCL13 in the TME (Figs. 4 and 5). Our
previouswork associated TfhX13 TILwith a role in guiding B cell TILmi-
gration and promoting TLS formation suggesting that this could be a
powerful factor in the TIL rich TME that characterizes FOXP1lo BC.

This study identifies FOXP1 as an important negative regulator of
anti-tumor immune responses via its control of chemokine expression.
The majority of genes we found regulated by FOXP1 play a role in T and
B cell migratory activities with lower FOXP1 expression favoring TIL
trafficking in BC. Thus, higher FOXP1 expression in ER+ compared to
ER- BC offers a potential mechanism contributing to the lower immune
infiltration levels that generally characterize ER+ tumors. Specific
chemokines, produced by normal and/or malignant cells in the TME,
are necessary to drive TILmigration in BC. The anti-correlationwe dem-
onstrated between FOXP1 expression and the extent of TIL in tumors is
linked with production of the chemoattractants that guide TIL recruit-
ment. Further, the association of incremental increases in FOXP1 gene
expressionwith a decline in survival suggests this TF plays an important
role in helping to create and/or maintain an immunosuppressive TME
by controlling the expression of critical immune genes. The known asso-
ciation between higher TIL and survival in HER2+ and TN advocates for
the importance of understanding the factors that regulate TIL recruit-
ment in BC.
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