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FOXP3/HAT1 Axis Controls Treg
Infiltration in the Tumor
Microenvironment by Inducing CCR4
Expression in Breast Cancer

Tania Sarkar'®, Subhanki Dhar'", Dwaipayan Chakraborty’, Subhadip Pati’,
Sayantan Bose', Abir K. Panda, Udit Basak, Sourio Chakraborty !, Sumon Mukherjee’,
Aharna Guin’, Kuladip Jana’, Diptendra K. Sarkar? and Gaurisankar Sa’”

' Division of Molecular Mediicine, Bose Institute, Kolkata, India, 2 Department of Surgery, Institute of Post Graduate Medical
Education & Research-Seth Sukhlal Karnani Memorial Hospital (IPGMER-SSKM) Hospital, Kolkata, India

Infiltrating T-regulatory cells in the tumor microenvironment is a key impediment to
immunotherapy and is linked to a poor prognosis. We found that tumor-infiltrating
Tregs express a higher expression of the chemokine receptor CCR4 than peripheral
Tregs in breast cancer patients. CCL22 and CCL17 are released by tumor cells and
tumor-associated macrophages, attracting CCR4* Tregs to the tumor site. The Treg
lineage-specific transcription factor FOXP3 changes the CCR4 promoter epigenetically in
conjunction with HAT1 to provide a space for FOXP3 binding and activation of the CCR4
gene. To increase CCR4 expression in Tregs, the FOXP3/HAT1 axis is required for
permissive (K23 and K27) or repressive (K14 and K18) acetylation of histone-3. In murine
breast and melanoma tumor models, genetic ablation of FOXP3 reduced CCR4" Treg
infiltration and tumor size while also restoring anti-tumor immunity. Overexpression of
FOXP3, on the other hand, increased CCR4" Treg infiltration, resulting in a decreased
anti-tumor immune response and tumor progression. These findings point to FOXP3
playing a new role in the tumor microenvironment as a transcriptional activator of CCR4
and a regulator of Treg infiltration.

Keywords: Treg cells, FOXP3, CCR4, Treg infiltration, tumor microenvironment (TME)

INTRODUCTION

Tumor growth and development is a complex and dynamic process. Tumor microenvironment
(TME), which is made up of a growing tumor mass, extracellular matrix, immune and stromal cells,
and cell-secreted cytokines and chemokines, aids carcinogenesis (1). Growing tumor mass alters the
immune system, resulting in a tolerogenic environment in the TME (2, 3). The development of
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T-regulatory (Treg) cells is the most important and meaningful
change among them. Among the diverse immune cells, Treg cells
are critical components that play a major role in tumor
immunological escape (4). Treg cells promote peripheral
tolerance on the one hand, but their effects on tumor
immunosurveillance are damaging on the other.

Tregs can arise spontaneously or in pathological conditions
such as cancer from naive or activated T cells. Natural Tregs
(nTregs) develop in the thymus by stimulation of self-antigens
(5). Tregs can also develop from naive T cells during specific
stimulation in the peripheral circulation (6). These Tregs are
known as peripheral Tregs (pTregs) or induced Tregs (iTregs).
iTreg cells phenotypically resemble nTregs (7). Tregs suppress
the immune response in a variety of ways (8, 9). FOXP3 (fork-
head F-box protein), an X-chromosome-encoded lineage-
specific transcription factor, is necessary for Treg cells’
suppressive functions (10, 11). FOXP3 activates or represses
the transcription of its target genes to achieve its numerous
tasks (12, 13). TGFp is a key regulator of the signaling pathways
that lead to Treg development by initiating and maintaining
FOXP3 expression in CD4"CD25  precursors (14). During
tumor progression, Treg expansion decreases the function of
tumor-specific T-effector (Teff) cells (12, 15, 16). Tregs are
detected in high numbers in the peripheral blood and tumor
tissue of patients, and a high number of Tregs is connected to a
poor prognosis (13, 17).

Tregs, according to studies, infiltrate the tumor site from the
peripheral circulation, creating an environment conducive to
tumor progression; thus, they represent a key stumbling block in
cancer treatment (18). Tregs decrease Teff cell and NK cell
responses in cancer, interfering with both acquired and innate
immunity (19). Tregs have a multitude of chemokine receptors
that respond to chemokines released by the tumor mass as it
grows. The interaction of chemokines and chemokine receptors
on cell surfaces is required for its migration (20). As a result of
chemokines generated by tumor cells, a concentration gradient is
created, which Tregs follow to travel to the tumor site (21-23).
The importance of the chemokine network in cancer is becoming
increasingly clear. Treg compartmentalization and trafficking are
tissue- and organ-specific, according to studies, and unique
chemokine receptor expression leads to Treg selective retention
and trafficking at regulatory locations. Tregs express the
chemokine receptor CCR2 and interact with the ligand CCL2
as they move towards inflammatory tissue. CCR7-CCL19
interaction is also required for Treg trafficking to lymph nodes
(24). Tregs, on the other hand, express a specific chemokine
receptor, CCR4 (CD194), during metastasis (25). CCR4 is a
chemokine receptor that Th2 cells, Treg cells, and skin-homing
effector/memory T cells all express in different ways (26). CCR4,
which binds to macrophage-derived chemokine (MDC/CCL22)
and thymus- and activation-regulated chemokine (TARC/
CCL17), is predominantly expressed by tumor-associated Treg
cells (27, 28).

Both CCL22 and CCL17, which are produced by tumor cells,
tumor-associated macrophages, and dendritic cells, establish a
concentration gradient around the tumor mass and attract

CCR4" Tregs to maintain immunological homeostasis in the
tumor vicinity (29-31). When CCL22/CCL17 interacts with
CCR4, a signaling cascade occurs, causing changes in cell
shape and increased motility in Tregs, allowing them to
infiltrate the TME (32). These tumor Tregs are functionally
suppressive, capable of inhibiting tumor-specific immunity,
promoting tumor development, and predicting poor prognosis
(33). The importance of Treg tumor infiltration is well known, as
Tregs make the TME tolerogenic and also reduce the
effectiveness of anti-cancer therapy (34). The use of a
humanized anti-CCR4 antibody (mogamulizumab) for the
treatment of adult T cell leukemia and cutaneous T-cell
lymphoma has recently been licensed, highlighting the
importance of CCR4 in tumor growth (35, 36). However, little
is known regarding CCR4 transcriptional regulation in Treg cells
in breast cancer. Our current research focuses on CCR4
modulation in Tregs and its implications for breast cancer.

Our research identifies a FOXP3" Treg population in tumor-
infiltrating CD4" lymphocytes that are largely CCR4". The
FOXP3"CCR4" Tregs from breast cancer patients’ peripheral
circulation infiltrate tumor site in response to TME-secreted
CCL17 and CCL22. The lineage-specific transcription factor
FOXP3 controls its target genes in Treg cells (9), which led to
the hypothesis that FOXP3 might also operate as a
transcriptional regulator of CCR4. Genome-wide analysis of
FOXP3-binding sites revealed that FOXP3 can act both as a
transcriptional activator and as a repressor (37). Our predicted
docking module suggests that the CCR4 promoter has a FOXP3
responsive element. FOXP3 and HAT1 (Histone acetyl
transferase-1) were shown to modify the CCR4 promoter
epigenetically to create a space for FOXP3 binding to
transcriptionally activate the CCR4 gene. Interference with
FOXP3 binding to the CCR4 promoter reduces Treg
infiltration in the tumor site, reactivating the suppressed anti-
tumor immune response. Understanding CCR4’s transcriptional
regulation will lead to novel approaches to prevent Treg
infiltration in tumors. According to current research, it will
soon be discovered as a technique to improve the immune
system’s response to tumors.

MATERIALS AND METHODS

Patients

The participants in this study were 23 female breast cancer
patients (Stage I, n = 6; Stage II, n = 8; Stage III and IV, n = 9;
ages: 18-65 years) and 10 age-/sex-matched healthy people
(Table S1). The tumor stage was assessed using the TNM
classification of the International Union Against Cancer from
2002. Three patients with Stage II breast cancer who had
mastectomy were given ipsilateral normal breast tissues. The
ethics committees of the ESI Post-Graduate Institute of Medical
Science and Research, Kolkata (Approval No: ESI-PGIMSR/
MKT/IEC/13/2017 dated December 22, 2017), the Institute of
Post-Graduate Medical Education and Research Oversight
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Committee (Approval No. IPGME/IEC/13/2017 dated
December 22, 2017), and Human Ethics Committee, Bose
Institute (Approval No: BIHEC/2017-18/7, dated May 28,
2017) approved the collection of post-operative breast tumor
tissue samples and peripheral blood from breast cancer patients/
normal. All patients enrolled in the trial gave their
informed consent.

T Cell Isolation and Culture

To obtain PBMC, peripheral blood was centrifuged at 800xg for
45 min over the lymphocyte separation medium (Histopaque).
For T-cell polarization, magnetic-bead sorted naive
CD4"CD45RA" T cells from cord blood were activated with
anti-CD3 and anti-CD28 beads (Invitrogen) before being
allowed to develop into Tregs in the presence of recombinant
TGFB (5 ng/ml) and IL2 (50 U/ml) and anti-IFNy antibody
(PeproTech). Flow cytometry was used to determine the purity of
the enhanced cells, which was consistently >90%. During flow
cytometric analysis, LymphoGate was employed to detect
lymphocytes. Treg differentiation was confirmed by flow
cytometry and qPCR. Cells were cultured in a complete RPMI-
1640 medium supplemented with 10% FBS at 37°C in a
humidified 5% CO, incubator. All experiments were
performed with mycoplasma-free cells.

THP1 Culture

THP1 (CVCL 0006), a well-established monocyte cell line, was
grown in RPMI-1640 with 10% serum. Monocytes were treated
with PMA (5 ng/ml; Sigma) to generate the M-MO subtype.
THP1 can be polarized from M¢$-MO to Mo-M1 by adding LPS
(100 ng/ml; Peprotech) and IFNY (20 ng/ml; PeproTech) to it.
M¢-MO was also polarized to the M¢-M2 subtype by treating it
with IL4 (20 ng/ml; PeproTech) for 48 h. The cell line has been
authenticated using STR (or SNP) profiling within the last 3
years by the National Centre for Cell Science, Pune, India. All
experiments were performed on mycoplasma-free cells.

Ex Vivo Tumor Microenvironment

To generate ex vivo TME, tumor tissues were collected from
breast cancer patients undergoing surgical procedures, minced,
and stirred in cell dissociation reagent containing collagenase
Type IV in DMEM/F-12 for 2 h. The tumor cell suspension was
filtered through nylon mesh and centrifuged for 10 min at 250xg.
To make a single-cell suspension, the cell pellet was washed with
serum-free RPMI 1640 and resuspended in complete RPMI 1640
media. CD24 and ESA positivity or CD4-/CD8- and CD25
negativity were used to assess the purity of those cells flow
cytometrically. T cells from healthy volunteers were over-layered
on top of primary breast tumor cells (to mimic the TME in vitro)
and cultured for 72 h to generate Tregs ex vivo (Figure S1) (38).

Flow Cytometry and Cell Sorting

Fluorophore-conjugated CD4 (FITC/-PE), CD25 (PE/PE-CY7),
CD127 (AF-647), CTLA4 (PE), FOXP3 (AF-647), and CCR4
(BV-421/PE) antibodies (Biolegend/BD Bioscience) were used to
stain cells for phenotyping. The expression of Thl- and Th2-
specific transcription factors T-bet (Santa Cruz) and GATA3

(Santa Cruz) was used to determine the percentage of Thl and
Th2 cells, respectively. Cells were stimulated for 5 h at 37°C with
cell activation cocktail and brefeldin-A (Biolegend) before being
stained with anti-IL10 (BV-421) using the Cytofix/CytoPerm
Plus kit (BD Biosciences). The fluorescent-conjugated annexin-V
was used to assess cellular apoptosis (BD Bioscience). For the
purification of naive and Treg cells, CD4" cells, labeled for
CD45RA, CD25, and CTLA4, were subjected to high-speed cell
sorting (FACS-ARIA, BD Biosciences) to obtain CD25"CTLA4"
Treg and CD45RA™ naive T cells. Data were acquired and
analyzed by FACS using FACS-Suite and Flow]Jo software (BD
Biosciences). Quadrants were constructed based on signals
utilizing FMO and unstained controls to quantify stained cells
in contour plots. For t-SNE analysis, the lymphocyte population
was gated and the CD4" population was subsequently marked.
The lymphocyte population from blood acquired from a breast
cancer patient in the cohort was a down-sample with 5,000 cells,
and the dimensionality reduction was done with the population
to create t-SNE parameters.

Transduction

Ex vivo-generated Tregs (2 x 10° cells) were transduced with
FOXP3-/CCR4-shRNA (Thermo-Fisher Scientific), FOXP3-/
CCR4-cDNA (ADDGENE), or control vector by
electroporation (Invitrogen, USA) in a single-pulsed method
(voltage 260 V and capacitance 1050 UF). Transduced cells
were cultured for 48 h before being exposed to downstream
tests. We routinely achieved a transduction effectiveness of 85%—
90% under these conditions without compromising cell viability.

cDNA Preparation and Real-Time PCR

Treg cells (2 x 10° cells) were stimulated with PMA and
ionomycin for 4 h at 37°C before RNA was isolated using
TRIzol reagent (Thermo Fisher Scientific) and reverse
transcribed using Verso-cDNA synthesis kit (Thermo-Fisher
Scientific). FastStart Essential DNA Green Master (Roche) was
used for qPCR analysis, which was carried out using a GeneAmp
PCR-2720 (Applied Biosystems, CA, USA). Melting curves using
LC96 SW1.1 software were used to assess amplification products
using SYBR-green detection (Roche). A 274" approach was
used to analyze the data. The expression level of the house-
keeping gene, GAPDH, was used to normalize for variations in
the amount of RNA. The respective primers list is given in
Table S2.

ChIP and Re-ChIP

To cross-link the protein-DNA complexes, ex vivo-generated
Tregs (2 x 10° cells) were cross-linked in 1% p-formaldehyde for
15 min at 37°C. Soluble chromatin (7-20 LLg) was treated with 4—
5 g of antibody overnight at 4°C after being sonicated and pre-
cleared with protein-A agarose/salmon-sperm DNA. FOXP3,
RNA POL-II (Santa Cruz), HAT1, acetylated-H3 (K14, K18,
K23, and K27), anti-rabbit, and anti-mouse immunoglobulin-G
antibodies (Cell Signaling Technology) were used for ChIP and
Re-ChIP assays. In addition, a negative control IgG (Sigma-
Aldrich) was employed. Following immunoprecipitation and
washing, DNA from each immunoprecipitation was measured
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using distinct primer sets (Table S2) for the FOXP3 and RNA
POL-II binding sites on the CCR4 promoter by qPCR. After
eliminating background immunoprecipitation assessed with
nonspecific IgG or the input sample, the fold-change in
occupancy of each protein at the CCR4-promoter region of
Treg relative to the T naive cell was estimated. DNA-protein
complexes immunoprecipitated with anti-FOXP3 antibody in
primary ChIP were eluted with 25 ul of 10 mM dithiothreitol for
30 min at 37°C and diluted 20 times with Re-ChIP buffer for the
Re-ChlIP tests (1% Triton X-100, 2 mM EDTA, 150 mM NaCl,
and 20 mM Tris-HCL; pH 7.5). After that, the complexes were re-
immunoprecipitated with anti-HAT1 antibody before qPCR
examination of the precipitated chromatin DNA (39).

Confocal Microscopy

Breast tumor patient-derived Tregs and naive T cells were
washed in PBS with 1% BSA. Then 1 x 10* cells were allowed
to adhere to poly-L-lysine-coated slides. Cells were fixed with 4%
p-formaldehyde and permeabilized with 0.2% saponin. After
blocking with 3% BSA, cells were incubated with anti-FOXP3/-
CCR4 (rabbit/mouse mAb), followed by fluorescence-tagged
secondary antibodies (Invitrogen) and DAPI (BD Biosciences).
Cells were visualized in Leica confocal microscope, with DPX
mounting medium, at 60x magnification. Images were analyzed
by Image]J software (40).

Trans-Well Assay

Polycarbonate filters (pore size, 5 pm; Cell Culture Inserts,
Corning) were used for Trans-well assay that helps direct the
passage of the cells from the upper to the lower chamber. The
upper chamber was plated with RPMI-1640 medium containing
patient-derived Tregs and the lower chamber was plated with
tumor cell supernatant containing recombinant CCL22
(PeproTech). After 4 h at 37°C, cells migrated at the lower
chamber were collected, immunostained, and analyzed in a flow
cytometer. To check the role of FOXP3 in Tregs migration, ex
vivo-generated Tregs were first transfected with lentivirus
containing desired clones and the transfected cells were placed
in the upper chamber of trans-well plates.

Western Blot

Cells were homogenized in buffer (20 mM Hepes, pH 7.5, 10 mM
KCl, 1.5 mM MgCl,, 1 mM Na-EDTA, 1 mM EGTA, and 1 mM
DTT) supplemented with protease and phosphatase cocktail
inhibitor. A total of 60 pg of protein was resolved using 10%
SDS-PAGE, transferred to nitrocellulose membrane, and probed
with specific antibodies CCR4 (Santa Cruz) and FOXP3 (Santa
Cruz). Secondary antibodies used (1:10,000) were conjugated
with HRP (Sigma). After that, the immunoblots were developed
by chemiluminescence method using luminol and coumaric acid.
Equal protein loading was confirmed with anti-B-actin antibody
(mAb) (Santa Cruz).

Lentivirus Preparation

Packaging of lentiviruses was performed by transient
transfection of HEK cells. One day before transfection, HEK
cells were seeded in a T75 flask at 1 x 10> cells/cm* in DMEM

supplemented with 10% FCS, 1 mM pyruvate, and 40 mg/ml
gentamicin. The calcium phosphate precipitation method was
used to co-transfect cells using 7.5 ug of gag/pol packaging
plasmid psPAX2, 7.5 pug of pGIPZ-Foxp3-shRNA/Foxp3-
cDNA transfer vector, and 4 ug of envelope plasmid pMD2.G
using the Profection mammalian transfection kit (Promega,
USA). Transfections were carried out in 10 ml of DMEM
without antibiotics, and the cells were grown for 16 h. After
that, the medium was replaced with complete DMEM, and after
48 h, the supernatant was collected. Centrifugation at 1,500 rpm
for 5 min at 4°C was used to remove cell debris, which was then
passed through a 0.45-um pore PES filter. For concentration, 20
ml of supernatant was centrifuged at 4,000 rpm for 20 min at 4°C
in a 12% polyethylene glycol (PEG-8000) solution. In serum and
antibiotic-free DMEM, pelted viruses were re-suspended and the
aliquots were kept at —80°C for further use (41).

Animal Model

BALB/c and C57/BL6 mice weighing 20-25 g (in-house animal
facility) were kept in a temperature-controlled environment with
a light-dark cycle. All animal experiments were carried out
following the National Institutes of Health’s Principles of
Laboratory Animal Care (NIH publication No. 85-23, revised
in 1985) as well as Indian laws on “Animal Protection” under the
provision of the Bose Institute Animal Ethics Committee for the
control and supervision of animal experiments (Reg. No. 95/99/
CPCSEA; Approval No: IAEC/BI/47/2017). A total of 2 x 10°
isogenic mammary carcinoma 47T1 or B16/F10 melanoma cells
(ATCC) were injected in the breast fat pad of BALB/c mice or
subcutaneously in C57/BL6 mice, respectively. Mice were
separated into five groups, each with three mice: (i) control,
(ii) tumor alone (no transduction), (iii) control vector,
(iv) Foxp3-shRNA, and (v) Foxp3-cDNA. The experiments
were repeated twice. Lentivirus-bearing desired clones were
injected into the tail vein after 7 days of tumor inoculation.
Mice were tracked for the next 21 days. Every other day, the
tumor volume was measured. The tumor volume was calculated
using the formula V = (W2 x L)/2 (caliper measurements), where
V represents the tumor volume, W represents the tumor width,
and L represents the tumor length. After 21 days, the mice were
sacrificed, and Tregs from PBMC and the tumor site location
were examined using flow cytometry (42).

Bioinformatics and Statistical Analysis

The correlation study between FOXP3 and CCR4 was executed
using R2: Genomics Analysis and Visualization Platform. The
same dataset was used to construct t-SNE plots for FOXP3 and
CCR4. Matlnspector software was used to analyze the CCR4
promoter. Multiple sequence alignments of CCR4 promoter
between human and mouse was done by Clustal W. Unless
otherwise stated, values are shown as the standard error of the
mean (SEM). A 2-way ANOVA was used to compare different
experimental groups, followed by a post-hoc Bonferroni
modification of the multiple comparison f-test. A Student’s ¢-
test was used to examine the significance of the differences
between mean values when suitable. At p < 0.05, the results
were considered significant. Graph Pad software was used to
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create a heatmap for the fold-change values. Prism software was
used to analyze the data (Graph Pad software).

RESULTS

Tumor-Infiltrating Treg Cells

Showed Higher Expression of CCR4

Than the Peripheral Circulation

in Breast Cancer Patients

We obtained peripheral blood and post-operative breast tumor
tissue from a cohort of 8 breast cancer patients undergoing
surgery to establish the expression pattern of CCR4 in Tregs. We
used a mix of phenotypic markers to further characterize human
Tregs and their relationship to tumor progression characteristics.
FOXP3 was employed as an internal marker, while CD4, CD25,
and CD127 were used as surface markers (33). In comparison to
age-/sex-matched healthy donors, patients with advanced breast
cancer had higher proportions of CD4"CD25"CD127 FOXP3"

Tregs in the peripheral circulation and tumor tissue, as shown in
Figure 1A (Figure 1A; left panel). Based on the cell surface
marker expression pattern, we chose CD4"CD25'CDI127 as a
suitable set of surface markers to sort Tregs for further
characterization. The tumor site had a higher percentage of
CD4"CD25"CD127 FOXP3" Tregs than the peripheral
circulation of breast cancer patients and age-/sex-matched
healthy donors (Figure 1A; right panel).

CCR4 is a chemokine receptor that is selectively expressed by
Tregs in various pathophysiological situations and plays an
important role in lymphocyte organ-specific migration (35,
36). The distribution pattern of CCR4 in tumor-associated
CD4"CD25"'CD127  Treg populations in healthy donor and
tumor patients was determined using a comparative t-SNE
method based on multi-color flow cytometry data (Figure 1B).
The two populations of Tregs (CCR4" and CCR4") are present in
both healthy donors and tumor patients, according to CCR4
expression levels; however, the presence of the CCR4" Treg
population is higher than the CCR4™ Treg population in tumor
patients, which indicates that Treg increases the expression of

A B
Healthy donor Tumor patient Tumor-infiltrating . £<0.0001 X
PBMC PBMC lymphocytes Healthy donor PBMC Tumor patient PBMC
f } CCR4 Tregs p- CCR4" Tregs
@ 32% | 1] | £ 26.4% “0 ° 120 P @”) 1204 @/")
‘ 3 2 @/, CCR4* Tregs r CCR4* Tregs
B [ o 8 ° 904 /1= 904
0 2 S > ? >
g @” g e Lg, s g
3 ' 10 = 20 ° oo F - 807
0 o ES o 30 % 3 o 304
T — ¥, S— 1o _%e0 <
B S 8018 . 00® 0
0 Iy 30 60 90 120 0 30 60 90 120
Healthy donor Tumor patient Tumor-infiltrating SNE-X tSNE-X
R | PBMC PBMC lymphocytes
Subset Name | Count Subset Name | Count
¢
E | ( C B | core 207 [ | CCRe 920
g = o £<0.0001 W | core |9 TS
o] Iij - [] | cps 16000 ] | cos 16000
2.1% 2
A 3
FOXP3 iy A R
5 /\ N
o co4 co25
xX AN
° AV
cp127 CCR4
Healthy donor Tumor patient
D PBMC PBMC
CD4* T cell sorted
Healthy donor Tumor patient Tumor-infiltrating E
PBMC I h
PBMC lymphocytes p<0.0001 - p=<0.05 <0.01
v 4 50 § 407 —— =
- © e [ FOXP3* Tregs ]
. - D 4 "CCRA* °
= = =< 5 407 [ FOXPI'COR4"Tregs g
o o - o = = [] FOXP3'CCR4" Tregs 3
[r o [r ©
4 )’ 4 S 30 g
. “ [-% 20
TN et g [
CD25 CD25 CD25 = 20 ~
Y Y ] 5 10
. - - o I3
» 0.2% o, 100% o . 36.0% X 10 Q
g g g g o
E_) e 8 P E_) - 0 & ?rCR4' (‘;rCRA ngR4' (‘:rCRA
— Healthy donor Tumor patient Tumor-infiltrating regs Tregs regs Tregs
. . ‘ S ‘. . PBMC PBMC lymphocytes Tumor patient Tumor-infiltrating
CCR4 CCR4 CCR4 PBMC lymphocytes

FIGURE 1 | Tumor-infiltrating Treg cells showed higher expression of CCR4 than the peripheral circulation in breast cancer patients. (A) Representative flow
cytometry data of CD4*CD25"CD127 FOXP3* Tregs from the peripheral circulation of an age-/sex-matched healthy individual, breast cancer patient, and breast
tumor tissue (left panel). In a scatter plot (n = 8; right panel), percent Treg populations from different cohorts were represented. (B) Comparative t-SNE analysis of
CCR4* (shown in red/CD4*CD25"CD127°CCR4") and CCR4" (shown in green/CD4*CD25"CD127 CCR4") Tregs within the proportion of CD4™ T cells in the
peripheral circulation of an age-/sex-matched healthy individual and a breast cancer patient. (C) Graphical representation of percent CCR4" cells in Th1, Th2, and
Treg subpopulations in the peripheral circulation of age-/sex-matched healthy donors and breast cancer patients. (D) Flow cytometric representation of
CD4*CD25"FOXP3*CCR4* Tregs in the peripheral circulation of a healthy donor and a breast cancer patient, as well as tumor tissue (left panel). Percentage of
CD4*CD25"FOXP3*, CD4"CD25"FOXP3*CCR4*, and CD4*CD25"FOXP3*CCR4™ Tregs in the peripheral circulation of age-/sex-matched healthy donor and breast
cancer patients, as well as tumor tissue (right panel). (E) Graphical representation of Ki67-mRNA expression in CCR4™ and CCR4" Treg compartments separated
from peripheral blood and tumor tissue. As an internal control, GAPDH was used. The values are the mean + SD of three sets of independent experiments.
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CCR4 to infiltrate in the TME. We intended to evaluate the status
of CCR4 expression in other T-cell subsets (Thl and Th2)
because Tregs show a higher expression of CCR4 in tumor
settings. When compared to healthy donors, CCR4 expression
is significantly increased by Tregs during tumor condition;
however, CCR4 expression is not significantly increased by
other T-cell subsets (Figure 1C).

We evaluated the expression level of CCR4 in both the
peripheral circulation (source) and the tumor site (destination)
since it is the tumor-specific migratory marker of Tregs.
Figure 1D shows that the CCR4" Treg population was found
in higher frequency in Tregs obtained from the tumor site (30%)
than in Tregs obtained from the tumor patient’s peripheral blood
(10%), implying that when the Treg acquires CCR4 expression in
the peripheral circulation, it migrates to the tumor site. The
graphical representation (Figure 1D, right panel) also shows that
CCR4" Tregs account for the majority of Tregs in tumor tissue,
whereas the percentage in the peripheral circulation of both the
healthy donor and the tumor patient is relatively low, indicating
that only CCR4" Tregs can infiltrate the tumor site and CCR4
Tregs cannot (Figure 1D). In comparison to CCR4™ Tregs,
CCR4" Tregs from both the peripheral circulation and tumor
tissue had greater Ki67 expression. CCR4" Tregs from both the
peripheral blood and tumor tissue had greater Ki67 expression
than CCR4™ Tregs, indicating that CCR4" Tregs are more
proliferative (Figure 1E). The tumor immune escape is
facilitated by the eventual proliferation of these CCR4" Treg
cells in tumor tissue.

Cell Surface Receptor CCR4

Interacts With Chemokine CCL22

and CCL17 to Migrate Treg Cells

Into Tumor Microenvironment

CCR4 is a chemokine receptor that responds to CCL22 and CCL17
ligands (27, 28). The interaction between CCL22/CCL17 and
CCR4 triggers a signaling cascade in Tregs that results in
changes in cell shape and increased motility. In our experiments,
we discovered that only M2 macrophages (tumor-associated
macrophages) present in the TME express higher levels of
CCL22/CCL17 than other macrophage subsets (Figure 2A).
Figure S2 shows the validation of macrophage subtype
characterization. It was also clear that core breast tumor tissue
showed higher levels of CCL22/CCL17 transcripts than
neighboring non-tumor/normal tissue (Figure 2A). We used
correlation coefficient plots to show the relationship between
CCR4 and CCL22/CCL17 expression in core breast tumor
tissue, which revealed a strong positive connection between
CCR4 and CCL22/CCL17 in breast tumor tissue (Figure 2A,
lower panel). The ability of CCR4" Tregs to migrate towards the
CCL22 chemokine gradient was assessed using a trans-well
migration assay in which Tregs from breast cancer patient blood
were placed at the top of the chamber and a gradient of
recombinant CCL22 was adjusted in the lower chamber
containing cell culture media. It was observed that as the
concentration of CCL22 increased, the percentage of migrating
CCR4" Tregs increased (Figure 2B). In the lower panel, a

graphical representation of the same has been provided
(Figure 2B). CCL22 and CCL17 levels in breast cancer tissue are
associated with strong Treg infiltration and consequent
immunosuppression; hence, it could be used as a prognostic
marker. Several studies have also found that Treg cells dampen
the immune system by producing the immunosuppressive
cytokine IL10 (12). As shown in Figure 2C, the alteration of
CCR4 expression in Treg has no negative impact on its
immunosuppressive function since the level of intracellular IL10
is not affected. Furthermore, the Annexin-V positivity test revealed
that CCR4 expression does not confer a survival advantage to
Tregs. All of this suggests that the chemokine receptor CCR4 is
exclusively involved in the tumor-specific migration of Tregs
without affecting its survival or suppressive activities.

FOXP3 Binds at the CCR4 Promoter and
Regulates CCR4 Expression in Treg Cells
We decided to investigate FOXP3’s activity as a transcriptional
activator for CCR4 because it plays such an important role in Treg
development and function (37). Being a transcription factor,
FOXP3 binds to the promoter region of its target genes. Because
FOXP3 nuclear localization is critical for Treg function, we
decided to investigate its nuclear translocation. Our findings
show that nuclear localization of FOXP3 is more common in
tumor patients’ lymphocytes than in normal lymphocytes
(Figure 3A), implying that it plays a dynamic role as a
transcription factor. Our t-SNE study of TCGA data from
patients with breast invasive cancer reveals that high CCR4
expression in tumor tissue is linked to high FOXP3 expression
(Figures 3B, C). With this in mind, we aimed to confirm the
positive association between CCR4 and FOXP3 in other cohorts of
breast cancer patients. To demonstrate the association between
CCR4 and FOXP3 expression in core breast tumor tissue, we
created a correlation coefficient plot, which further indicates that
CCR4 expression is highly correlated with FOXP3 expression in
breast tissue taken from different cohorts (Figure 3D).

We ablated or overexpressed FOXP3 in Treg cells and grew
them on a breast tumor organoid bed to replicate the ex vivo
TME to better understand the role of FOXP3 in CCR4
transcriptional activation. Flow cytometry was used to confirm
Treg production ex vivo (Figure S1). CCR4-mRNA expression is
very low in FOXP3-ablated Tregs and very high in FOXP3-
overexpressed Tregs, as seen in Figure 3E. After FOXP3
depletion/overexpression, CCR4 expression at the protein level
as well as at the cell surface showed a consistent pattern with
mRNA levels (Figure 3F). As a transcription factor, FOXP3
binds to the regulatory area of its target gene’s promoter,
prompting us to investigate FOXP3’s binding site at the CCR4
promoter. For the same reason, we used in silico analysis to
examine the CCR4 promoter and observed two FOXP3-binding
sites at the —668 bp to —651 bp (distal site) and —124 bp to —108
bp (proximal site) regions of the promoter. Figure 3G shows the
FOXP3 (DNA-binding domain) consensus promoter binding
sequence (obtained from Jasper). This sequence is found in the
regulatory region of all FOXP3 target genes; the CCR4 promoter
contains the same DNA-binding region, prompting us to

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 740588


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sarkar et al.

FOXP3/HAT1 Induces CCR4 Expression in Tregs

A
p<0.05 < p<0.01
ERE - 210 E—
4 x Q
£ £ 8 )
§ 1.0 —000— S 6 °
o Q
2 ra S
o 0.5 o
2 z 2 oo,
2 s fer1055501000)
© 0.0 T T T v 0 -
4 MO M1 M2 o Adjacent  Core breast
Macrophages normal tissue tumor tissue
< 20 p<0.05 < p<0.01
" g1 °
Fos jt‘— £ 8
— ~
g 101 —eco- 5 °© $
o S 4
o 05 S 2 °
2 2 oD
& 0.0 ® 0 "
& MO M1 M2 ° Adjacent  Core breast
L4 normal tissue tumor tissue
Macrophages

r=0.93

r=087

CCL22
o 3
0
e
°
°
CCL17
S &

o8 5
0+—T——T +
0 2 4 6 10 0 2 4 6 8 10
CCR4 CCR4
(&7
No transfection Control-shRNA CCR4-shRNA
7.7% , 6.1% 8.7%
o o o
o o 3
CCR4 CCR4 CCR4

IL10

Media alone Media+CCL22 Media+CCL22
(50pg/ml) (100pg/ml)
o
o
&
3
of
o
o
X
S
w
o
10)
10,
©@s0.9%
1,
<
@ 10,
Q Ko |
8] é‘
10,
; o
CD4
o 6 __ p<0.0001
o
o
g 4
=
g
x 2
o
o
X0 -
0 50 100
CCL22 (ug/ml)
CCR4-cDNA Apoptosis of Tregs
“ ':8.7%' Control
+ vector
= .
B 1 7.2% CCRa4
g ! shRNA
2 . 8.8% CCR4
i ' cDNA
R T 13
Annexin-V

FIGURE 2 | Cell surface receptor CCR4 interacts with chemokine CCL22 and CCL17 to migrate Treg cells into tumor microenvironment. (A) Relative mRNA
expression of CCL22 (upper left panel) and CCL17 (middle left panel) in various macrophage subpopulations (MO, M1, and M2). CCL22 (upper right panel) and
CCL17 (middle right panel) relative mMRNA expression in neighboring non-tumor/normal tissue and core breast tumor tissue acquired from breast cancer patients at
various stages (n = 12). The correlation between CCR4-CCL22 (lower left panel) and CCR4-CCL17 (lower right panel) in core breast tumor tissue taken from various
stages of breast cancer patients (n = 12) is depicted in representative correlation coefficient plots. (B) Flow cytometry was used to examine the migration of
CD4*CD25"FOXP3*CCR4™ Tregs in response to recombinant CCL22 in a trans-well plate (representative plot) (upper panel). Graphical representation of the
percentage of CCR4Treg populations after trans-well migration (lower panel). (C) Control-shRNA, CCR4-shRNA, and CCR4-cDNA clones were transfected into ex
vivo-generated Treg cells, and intracellular IL10 was measured by flow cytometry (left panel). CCR4 expression was genetically altered in ex vivo-generated Tregs,
and percentage cell death was assessed flow cytometrically by Annexin V positivity after 48 h and depicted in a histo-plot (right panel). As an internal control,
GAPDH was used. The values are the mean + SD of three sets of independent experiments.

investigate FOXP3’s binding to the CCR4 promoter. The in silico
finding was validated by ChIP analysis. FOXP3 binding at the
distal site was stronger than at the proximal position
(Figure 3G), showing that the distal region is the most critical
FOXP3-binding site in the CCR4 promoter. We also examined
RNA POL-II binding on the CCR4 promoter to confirm that the
promoter region was open for FOXP3 binding, and the ChIP
signal for RNA POL-II was highest in this region (Figure 3G).

The FOXP3/HAT1 Axis Epigenetically
Alters CCR4 Promoter to Promote Treg
Infiltration in the Tumor Site

We altered FOXP3 in ex vivo-generated Tregs to better
understand the processes through which FOXP3 modulates
CCR4 transcription. We found that ablation of FOXP3

decreased the promoter binding, but overexpression of FOXP3
boosted it (Figure 4A). Because of the permissive and repressive
deacetylation state of histone-3 in naive T cells, the CCR4
promoter stays inaccessible. FOXP3 overexpression increased
HAT1 binding to the CCR4 promoter’s distal regions, modifying
the chromatin structure and making it accessible to FOXP3
(Figures 4B, C). Interestingly, both FOXP3 and HAT1 binding
is required for permissive (K23 and K27) or repressive (K14 and
K18) acetylation of histone-3 in Tregs to increase CCR4
expression. Figure 4D shows a schematic depiction of the
FOXP3-binding region on the CCR4 promoter at the distal
region coupled with HAT1. FOXP3 expression in Tregs was
ablated or overexpressed by genetic manipulation, and the ability
of the altered Tregs to migrate was monitored using a trans-well
migration assay in the presence of recombinant CCL22 to
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FIGURE 3 | FOXP3 binds at the CCR4 promoter and regulates CCR4 expression in Treg cells. (A) The confocal microscopy data showing the expression of CCR4
and FOXP3 in naive T cells and Treg cells of breast cancer patients. (B) the t-SNE plot of TCGA data from invasive breast carcinoma patients (n = 1,097), revealing
CCR4 and FOXP3 expression levels. (C) FOXP3 and CCR4 correlation plot were derived from TCGA data of invasive breast cancer patients (n = 1,097).

(D) Representative correlation coefficient plots depicting the relationship between CCR4 and FOXP3 in core breast tumor tissue taken from breast cancer patients at
various stages (n = 12). (E) CCR4 and FOXPS relative mRNA expression in FOXP3-ablated (left panel) and FOXP3-overexpressed (right panel) Tregs induced by
shRNA or cDNA. (F) CCR4 protein expression in FOXP3-deficient and FOXP3-overexpressed Tregs (flow cytometry; left panel, Western blot; right panel). (G) The
Fork-head DNA-binding site has been identified in a Clustal W depiction of multiple sequence alignment of the CCR4 promoter between human and mouse (upper
left panel). The consensus DNA-binding sequence for fork-heads has been discovered (obtained from Jasper) (lower left panel). On the CCR4 promoter, there are
two FOXP3-binding sites (Distal site: -668 bp to 651 bp and Proximal site: —124 bp to —108 bp) as well as an RNA POL-II binding region (TATA-Box) (upper right
panel). The relative binding of FOXP3 at the CCR4 promoter’s distal (—-668 bp to -651 bp) and proximal (-124 bp to —108 bp) sites are depicted graphically (lower
middle panel). The relative binding of RNA POL-II to the TATA-box of the CCR4 promoter has been graphically depicted (bottom right panel). GAPDH and B-actin
were used as internal controls. The values are the mean + SD of three sets of independent experiments.
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FIGURE 4 | The FOXP3/HAT1 axis epigenetically alters CCR4 promoter to promote Treg infiltration in tumor site. (A) The relative binding of FOXP3 to its putative
responsive elements on the CCR4 promoter has been graphically depicted in FOXP3-ablated/-overexpressed Treg cells. (B) The binding of both FOXP3 and HAT1
to the CCR4 promoter in FOXP3-ablated/-overexpressed Tregs was assessed using a ChlP-Re-ChlIP assay, and the results are depicted graphically. (C) Relative

permissive (K23 and K27) or repressive (K14 and K18) acetylation of histone-3 was determined using a ChiP assay and depicted graphically using site-specific
antibodies. (D) Schematic illustration of the FOXP3-binding site on the CCR4 promoter (—668 bp to —651 bp) with HAT1. (E) After 6 h, the number of FOXP3-
ablated/overexpressed Treg cells in the lower chamber of the trans-well plate that migrated in response to recombinant CCL22 was counted and graphically
displayed. (F) Flow cytometry was used to determine the percentage of FOXP3-ablated/overexpressed Treg cells that migrated in response to recombinant CCL22
in a trans-well plate (representative plot). The values are the mean + SD of three sets of independent experiments.

confirm our hypothesis that FOXP3 regulates Treg infiltration in
the tumor site. The number of migrating cells in the lower
chamber was much higher in FOXP3-overexpressed cells than in
FOXP3-ablated cells, according to the data in Figure 4E.
Concurrently, CCR4 expression was found to be higher in the
migrating Treg cells (Figure 4F). In conclusion, the FOXP3/
HATI1 complex induces acetylation of the CCR4 promoter in
tumor Tregs, which regulates Treg infiltration in the TME.

FOXP3 Regulates CCR4 Expression

and Infiltration of Tregs in the Tumor

Site in the In Vivo Animal Model

We wanted to see if this phenomenon was true in the in vivo
animal model because both breast cancer patient-derived Tregs
and ex vivo-generated Treg cells showed a dependency of
FOXP3 in the transcriptional regulation of CCR4, the key
regulator of Treg infiltration in the TME. We employed
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4T1-bearing breast carcinoma BALB/c mice and melanoma
(B16/F10)-bearing C57/BL6 mice for this study. To genetically
manipulate FOXP3 expression in mice, the mice were injected
with lentivirus harboring Foxp3-shRNA or Foxp3-cDNA clones.
The mice were monitored for 21 days after treatment. In both the
breast carcinoma (Figure 5A) and melanoma (Figure 6A)
models, FOXP3 ablation significantly reduced tumor volume
and mass. The decrease in tumor size is accompanied by a
decrease in CCR4" Treg generation both in the peripheral
circulation (Figures 5B, 6B) and at the tumor site
(Figures 5C, 6C), demonstrating that FOXP3 transcriptionally
activates CCR4 in both in vitro and in vivo settings. FOXP3
overexpression, on the other hand, enhanced tumor size
(Figures 5A, 6A) by increasing the percentage of CCR4" Tregs
in the peripheral circulation (Figures 5B, 6B) as well as at the
tumor site (Figures 5C, 6C).

DISCUSSION

Immune systems are essential for detecting cancer cells and
activating efficient immune responses to eliminate them (43).
Immune escape is a major hallmark of cancer growth, as it
transforms from immunological surveillance (tumor
eradication) to immune tolerance (tumor progression) (44).
Researchers have long sought to manipulate immune cells to
improve the efficacy of immune responses. Cancer
immunotherapy involving the suppression of critical Treg-
specific proteins like CD25 and the blockade of immune-
checkpoint molecules like CTLA4 and PD1 has demonstrated
great clinical results in a variety of cancers (45, 46). Long-term
survival was observed in approximately 20% of patients treated
with immune checkpoint inhibitors in a collective meta-analysis,
whereas a large proportion of patients (nearly 80%) experience
disease relapse after treatment, highlighting the role of Tregs as a
stumbling block to successful immunotherapy. However,
excessive reduction of the global pool of Tregs without cause
can put the host system at risk of autoimmunity. As a result,
detecting tumor-infiltrating Tregs and controlling them has
become increasingly critical for effective immunotherapy that
also reduces the danger of autoimmunity. Several preclinical and
clinical investigations demonstrate that Treg infiltration in the
TME interferes with treatments, prevents tumor-bearing hosts
from developing antitumor immunity, and promotes tumor
progression. As a result, contemporary cancer immunotherapy
research has focused on preventing Tregs from infiltrating the
TME to increase anti-tumor immunity (47).

Emerging evidence reveals that Treg compartmentalization
and trafficking are tissue-specific, and that different chemokine
receptors may play a role in Treg trafficking at specific tissue sites
(24). Because CCR4 is a tumor-specific chemokine receptor, we
examined its expression in Tregs from both the peripheral
circulation (source) and the tumor site (destination) in breast
cancer patients. CCR4" Tregs have a higher frequency
distribution in the tumor site, but CCR4™ Tregs dominate in
the peripheral circulation, implying that Tregs that gain CCR4

expression in the peripheral circulation travel to the tumor site.
This infiltrating CCR4" Treg expands in the tumor site,
mounting the tumor immune escape. It is noteworthy that
CCL22"/CCL17™ breast tumor tissues are likewise CCR4™. In
the TME, the core tumor cells as well as tumor-associated
macrophages secrete high amounts of CCL22/CCL17. Finally,
the CCR4-CCL22/CCL17 axis increases the accumulation of
IL10-producing immunosuppressive Tregs in the TME.

Anti-CCR4 mAb could be an excellent therapy option for
individuals with CCR4" neoplasms, as well as a novel strategy for
treating cancers including HL, B-CLL, ovarian cancer, and EBV-
associated disease, in which CCR4" Tregs prevent the host
immune response to the tumor or virus-infected cells (48).
Mogamulizumab is a humanized monoclonal antibody that
targets CCR4 (36). It has been evaluated in humans for the
treatment of CCR4" adult T cell leukemia/lymphoma that has
relapsed or become refractory. This humanized antibody is also
being looked into as a possible treatment for HTLV1-associated
myelopathy (49). CCR4 is a promising target for antibody-based
immunotherapy in cutaneous T-cell lymphoma (CTCL) and
Tregs because of its high expression. In HL-bearing humanized
mice, chimeric defucosylated anti-CCR4 mAb (KM2760)
dramatically boosted the number of tumor-infiltrating NK cells
that mediate ADCC and decreased the number of tumor-
infiltrating FOXP3-positive Treg cells (50). The terminally
differentiated and most suppressive effector Treg cells
predominantly express CCR4 in both cancer tissues and
peripheral blood and anti-CCR4 mAb treatment selectively
depletes effector Treg cells and induces anti-tumor immunity
(35). Anti-CCR4 mAb could be an appropriate treatment for a
variety of malignancies, not only because it kills CCR4-
expressing tumor cells directly, but also because it overcomes
Treg cells’ suppressive influence on the host immune response.

Despite the importance of CCR4 in Treg tumor invasion,
there is very little information on its transcriptional regulation in
tumor-associated Treg cells. However, few studies provide light
on the transcriptional regulation of this chemokine receptor in
different cancer types. For example, CCR4 is controlled by NF«xB
in colorectal cancer, promoting its metastasis (51). Fra-2
enhances CCR4 expression in adult T-cell leukemia (52), and
HTLV-1 viral factor-generated GATA3 stimulates CCR4
expression in CD4" T cells (53). All of these studies have
revealed that lineage-specific transcription factors play a
critical role in the regulation of CCR4 expression.

FOXP3 carries out its diverse functions by regulating the
transcription of its target genes. The t-SNE analysis of TCGA
data from patients with breast invasive cancer also revealed a
strong connection between CCR4 and FOXP3, which was further
validated in our laboratory. Interestingly, it was observed that
both human and murine CCR4 promoters have consensus
FOXP3-binding regions, and in naive T cells, both the sites
remain inaccessible due to their highly condensed
heterochromatin state. FOXP3 recruits HAT1 at the distal
FOXP3-binding site of CCR4 promoter to convert highly
condensed heterochromatin state to an open euchromatin state
by permissive acetylation of lysine residues of histone-3. As a
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FIGURE 5 | FOXP3 regulates Ccr4 transcription and infiltration of Tregs in mouse mammary carcinoma site. (A) In the tail veins of isogenic mammary cancer (4T1)-
transplanted BALB/c mice, lentiviruses expressing Foxp3-shRNA or Foxp3-cDNA were injected (n = 6). Mice were sacrificed after 21 days, and the tumor was
detached (left panel). The volume and weight of the tumor were measured and graphed (middle panel, right panel). CCR4 and FOXPS positivity in Treg cells from

(B) peripheral circulation and (C) tumor site were flow cytometrically analyzed (left panels) and graphically plotted (right panels). CCR4-mRNA transcript levels in
tumor-infiltrating Tregs were measured using real-time PCR and graphed (lower right panel). As an internal control, GAPDH was used. The values are the mean + SD
of two sets of independent experiments performed in triplicate.
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performed in triplicate.

FIGURE 6 | FOXP3 regulates Ccr4 transcription and infiltration of Tregs in mouse melanoma site. (A) Foxp3-shRNA or Foxp3-cDNA lentiviruses were injected into
the tail veins of B16/F10 melanoma-transplanted C57/BL6 mice (n = 6). Mice were sacrificed after 21 days, and the tumor was detached (left panel). The volume and
weight of the tumor were measured and graphed (middle panel, right panel). CCR4 and FOXP3 positivity in Tregs from (B) peripheral circulation and (C) tumor site
were flow cytometrically analyzed (upper panels) and graphically plotted (lower panels). The values are the mean + SD of two sets of independent experiments

result of this epigenetic landscape, FOXP3 and RNA POL-II get
access at the distal-promoter region to transcribe CCR4.

In breast cancer patients, a high amount of TGFJ released by
tumor cells, combined with sustained TCR-stimulation,
increases the acquired expression of FOXP3 in CD4'CD25 T
cells, allowing them to develop into Treg cells. TGF/TCR

signaling also prevents DNA methyltransferase-1 from binding
to the FOXP3 promoter, allowing FOXP3 expression to be
preserved in Tregs (54). We also established that TGFj-
induced FOXP3 enhances CCR4 transcription in Treg cells,
making them amenable for tumor site infiltration (Figure S3).
In both mammary carcinoma- and melanoma-bearing mice,
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ablation of FOXP3 reduces the generation of CCR4" Tregs and
hence their infiltration into the tumor site. Reduced Treg
infiltration resulted in an increase in anti-tumor immunity,
which resulted in a reduction in tumor growth. The
translational in vivo tumor model suggested that altering the
expression of either CCR4 or FOXP3 in cancer patients could
improve the efficacy of chemotherapy or immunotherapy.

Nowadays, the primary goal of cancer therapy is to limit
tumor growth and increase treatment efficacy. The body’s innate
immune system works by recognizing and attacking “foreign”
cells, but cancer cells disguise themselves to avoid detection by
the host immune system. Tregs play a role in this scenario by
suppressing both T-effector and T-cytotoxic cells, effectively
making tumor cells “friendly.” Immunotherapy’s purpose is to
help the host immune system recognize cancer cells as invaders
and wage war on them, which can be done even more
successfully by focusing on tumor cells’ “friends”. The
tolerogenic environment of a cancer patient is created by Treg
infiltration in the TME. When the balance between the
proliferation and function of Treg and Teff cells is broken,
tumor cells multiply more quickly.

Treg levels in the TME are linked to a cancer patient’s poor
prognosis and distant metastases. As a result, our research
reveals that Treg infiltration in the TME is one of the major
roadblocks to building anti-tumor immune escape. We reasoned
that reducing CCR4 expression could aid in controlling these
immunosuppressive pro-tumor Tregs and hence slow tumor
growth. As a result, Treg infiltration interference in the TME
has become a significant focus of research in recent years.
Despite this, none of this research described how CCR4
expression in Treg cells is controlled. Our findings revealed a
novel role for FOXP3 in the regulation of CCR4 expression in
tumor-infiltrating Tregs (Figure 7) and gave a molecular insight

CCR4
0 000

FIGURE 7 | FOXP3-transcribed CCR4 expression regulates Treg infiltration in tumor site. Left: CCR4™ Tregs are infiltrated in the tumor microenvironment in
response to tumor-secreted CCL22/CCL17 to promote tumor immune escape. Right: FOXP3 in the association of HAT1 binds to CCR4 promoter to epigenetically
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as to how immunosuppressive Tregs infiltrate into the TME,
allowing us to disrupt the pathway implicated and increase
cancer immunity.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics committee, ESI Post Graduate Institute of
Medical Science and Research, Kolkata, India, the Institute of
Post-Graduate Medical Education and Research Oversight
Committee, and Human Ethics Committee, Bose Institute. The
patients/participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by Bose Institute Ethics Committee.

AUTHOR CONTRIBUTIONS

GS conceptualized and supervised the study and edited the
manuscript. TS, SD, DC, SP, SB, AP, UB, SC, SM, and AG
performed experiments and analyzed data. TS and SD wrote
manuscript draft. DS provided support with clinical samples. SP
and SB helped in bioinformatics data analysis. K] provided
support with animal experiments. All authors contributed to
the article and approved the submitted version.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 740588


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sarkar et al.

FOXP3/HAT1 Induces CCR4 Expression in Tregs

FUNDING

The study was funded by grants from Department of
Biotechnology, Government of India.

ACKNOWLEDGMENTS

The authors thank Mr. RK. Dutta for technical help in flow
cytometry-related experiments and Mr. A K. Poddar for confocal

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Wang M, Zhao J, Zhang L, Wei F, Lian Y, Wu Y, et al. Role of Tumor

Microenvironment in Tumorigenesis. J Cancer (2017) 8(5):761-73.
doi: 10.7150/jca.17648

. Gonzalez H, Hagerling C, Werb Z. Roles of the Immune System in Cancer:

From Tumor Initiation to Metastatic Progression. Genes Dev (2018) 32(19-
20):1267-128. doi: 10.1101/gad.314617.118

. Murdoch C, Muthana M, Coffelt SB, Lewis CE. The Role of Myeloid Cells in

the Promotion of Tumor Angiogenesis. Nat Rev Cancer (2008) 8(8):618-31.
doi: 10.1038/nrc2444

. Darrasse-Jéze G, Podsypanina K. How Numbers, Nature, and Immune Status

of Foxp3(+) Regulatory T-Cells Shape the Early Immunological Events in
Tumor Development. Front Immunol (2013) 26:292. doi: 10.3389/
fimmu.2013.00292

. Sakaguchi S. Naturally Arising Foxp3-Expressing CD25+CD4+ Regulatory T

Cells in Immunological Tolerance to Self and non-Self. Nat Immunol (2005) 6
(4):345-52. doi: 10.1038/ni1178

. Curotto de Lafaille MA, Lafaille JJ. Natural and Adaptive Foxp3+ Regulatory

T Cells: More of the Same or a Division of Labor? Immunity (2009) 30
(5):626-35. doi: 10.1016/j.immuni.2009.05.002

. Workman CJ, Szymczak-Workman AL, Collison LW, Pillai MR, Vignali

DAA. The Development and Function of Regulatory T Cells. Cell Mol Life Sci
CMLS (2009) 66(16):2603-22. doi: 10.1007/s00018-009-0026-2

. Shevach EM. Mechanisms of Foxp3+ T Regulatory Cell-Mediated

Suppression. Immunity (2009) 30(5):636-45. doi: 10.1016/j.immuni.
2009.04.010

. Pandiyan P, Zheng L, Ishihara S, Reed ], Lenardo M]. CD4+CD25+Foxp3+

Regulatory T Cells Induce Cytokine Deprivation-Mediated Apoptosis of
Effector CD4+ T Cells. Nat Immunol (2007) 8(12):1353-62. doi: 10.1038/
nil536

Zheng Y, Josefowicz SZ, Kas A, Chu T-T, Gavin MA, Rudensky AY. Genome-
Wide Analysis of Foxp3 Target Genes in Developing and Mature Regulatory T
Cells. Nature (2007) 445(7130):936-40. doi: 10.1038/nature05563

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 Programs the Development
and Function of CD4+CD25+ Regulatory T Cells. Nat Immunol (2003) 4
(4):330-6. doi: 10.1038/ni904

Strauss L, Bergmann C, Szczepanski M, Gooding W, Johnson JT, Whiteside
TL. A Unique Subset of CD4+CD25highFoxp3+ T Cells Secreting Interleukin-
10 and Transforming Growth Factor-Betal Mediates Suppression in the
Tumor Microenvironment. Clin Cancer Res Off ] Am Assoc Cancer Res
(2007). doi: 10.1158/1078-0432.CCR-07-0472

Sarkar T, Dhar S, Sa G. Tumor-Infiltrating T-Regulatory Cells Adapt to
Altered Metabolism to Promote Tumor-Immune Escape. Curr Res Immunol
(2021) 2:132-41. doi: 10.1016/j.crimmu.2021.08.002

Ramsdell F. Foxp3 and Natural Regulatory T Cells: Key to a Cell Lineage?
Immunity (2003) 19(2):165-8. doi: 10.1016/s1074-7613(03)00207-3

Garin MI, Chu C-C, Golshayan D, Cernuda-Morollon E, Wait R, Lechler RI.
Galectin-1: A Key Effector of Regulation Mediated by CD4+CD25+ T Cells.
Blood (2007) 109(5):2058-65. doi: 10.1182/blood-2006-04-016451
Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A,
Giometto R, et al. Expression of Ectonucleotidase CD39 by Foxp3+ Treg
Cells: Hydrolysis of Extracellular ATP and Immune Suppression. Blood (2007)
110(4):1225-32. doi: 10.1182/blood-2006-12-064527

microscopy. We thank Dr. Jayati Chakraborty (ESI Hospital,
Kolkata) for providing clinical samples.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at:

https://www.frontiersin.org/articles/10.3389/fimmu.2022.

740588/full#supplementary-material

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific
Recruitment of Regulatory T Cells in Ovarian Carcinoma Fosters Immune
Privilege and Predicts Reduced Survival. Nat Med (2004) 10:942-9.
doi: 10.1038/nm1093

Ondondo B, Jones E, Godkin A, Gallimore A. Home Sweet Home: The Tumor
Microenvironment as a Haven for Regulatory T Cells. Front Immunol (2013)
16:197. doi: 10.3389/fimmu.2013.00197

Mailloux AW, Young MRI. Regulatory T-Cell Trafficking: From Thymic
Development to Tumor-Induced Immune Suppression. Crit Rev Immunol
(2010) 30(5):435-47. doi: 10.1615/critrevimmunol.v30.i5.30

Le Y, Zhou Y, Iribarren P, Wang J. Chemokines and Chemokine Receptors:
Their Manifold Roles in Homeostasis and Disease. Cell Mol Immunol (2004) 1
(2):95-104.

Wang X, Lang M, Zhao T, Feng X, Zheng C, Huang C, et al. Cancer-FOXP3
Directly Activated CCL5 to Recruit FOXP3+Treg Cells in Pancreatic Ductal
Adenocarcinoma. Oncogene (2017) 36(21):3048-58. doi: 10.1038/
onc.2016.458

Redjimi N, Raffin C, Raimbaud I, Pignon P, Matsuzaki J, Odunsi K, et al.
CXCR3+ T Regulatory Cells Selectively Accumulate in Human Ovarian
Carcinomas to Limit Type I Immunity. Cancer Res (2012) 72(17):4351-436.
doi: 10.1158/0008-5472.CAN-12-0579

Halvorsen EC, Hamilton M]J, Young A, Wadsworth BJ, LePard NE, Lee HN,
et al. Maraviroc Decreases CCL8-Mediated Migration of CCR5(+) Regulatory
T Cells and Reduces Metastatic Tumor Growth in the Lungs.
Oncoimmunology (2016) 5(6):e1150398. doi: 10.1080/2162402X.2016.
1150398

Wei S, Kryczek I, Zou W. Regulatory T-Cell Compartmentalization and
Trafficking. Blood (2006) 108(2):426-31. doi: 10.1182/blood-2006-01-0177
Tellem A, Mariani M, Lang R, Recalde H, Panina-Bordignon P, Sinigaglia F,
et al. Unique Chemotactic Response Profile and Specific Expression of
Chemokine Receptors CCR4 and CCR8 by CD4(+)CD25(+) Regulatory T
Cells. J Exp Med (2001) 194(6):847-53. doi: 10.1084/jem.194.6.847

Imai T, Nagira M, Takagi S, Kakizaki M, Nishimura M, Wang J, et al. Selective
Recruitment of CCR4-Bearing Th2 Cells Toward Antigen-Presenting Cells by
the CC Chemokines Thymus and Activation-Regulated Chemokine and
Macrophage-Derived Chemokine. Int Immunol (1999) 11(1):81-8.
doi: 10.1093/intimm/11.1.81

Imai T, Baba M, Nishimura M, Kakizaki M, Takagi S, Yoshie O. The T Cell-
Directed CC Chemokine TARC Is a Highly Specific Biological Ligand for CC
Chemokine Receptor 4. ] Biol Chem (1997) 272(23):15036-42. doi: 10.1074/
jbc.272.23.15036

Imai T, Chantry D, Raport CJ, Wood CL, Nishimura M, Godiska R, et al.
Macrophage-Derived Chemokine Is a Functional Ligand for the CC
Chemokine Receptor 4. J Biol Chem (1998) 273(3):1764-8. doi: 10.1074/
jbc.273.3.1764

Vulcano M, Albanesi C, Stoppacciaro A, Bagnati R, D’Amico G, Struyf S, et al.
Dendritic Cells as a Major Source of Macrophage-Derived Chemokine/CCL22
In Vitro and In Vivo. Eur ] Immunol (2001) 31(3):812-22. doi: 10.1002/1521-
4141(200103)31:3<812::aid-immu812>3.0.co;2-1

Gobert M, Treilleux I, Bendriss-Vermare N, Bachelot T, Goddard-Leon S, Arfi
V, et al. Regulatory T Cells Recruited Through CCL22/CCR4 Are Selectively
Activated in Lymphoid Infiltrates Surrounding Primary Breast Tumors and
Lead to an Adverse Clinical Outcome. Cancer Res (2009) 69(5):2000-9.
doi: 10.1158/0008-5472.CAN-08-2360

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 740588


https://www.frontiersin.org/articles/10.3389/fimmu.2022.740588/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.740588/full#supplementary-material
https://doi.org/10.7150/jca.17648
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.1038/nrc2444
https://doi.org/10.3389/fimmu.2013.00292
https://doi.org/10.3389/fimmu.2013.00292
https://doi.org/10.1038/ni1178
https://doi.org/10.1016/j.immuni.2009.05.002
https://doi.org/10.1007/s00018-009-0026-2
https://doi.org/10.1016/j.immuni.2009.04.010
https://doi.org/10.1016/j.immuni.2009.04.010
https://doi.org/10.1038/ni1536
https://doi.org/10.1038/ni1536
https://doi.org/10.1038/nature05563
https://doi.org/10.1038/ni904
https://doi.org/10.1158/1078-0432.CCR-07-0472
https://doi.org/10.1016/j.crimmu.2021.08.002
https://doi.org/10.1016/s1074-7613(03)00207-3
https://doi.org/10.1182/blood-2006-04-016451
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.1038/nm1093
https://doi.org/10.3389/fimmu.2013.00197
https://doi.org/10.1615/critrevimmunol.v30.i5.30
https://doi.org/10.1038/onc.2016.458
https://doi.org/10.1038/onc.2016.458
https://doi.org/10.1158/0008-5472.CAN-12-0579
https://doi.org/10.1080/2162402X.2016.1150398
https://doi.org/10.1080/2162402X.2016.1150398
https://doi.org/10.1182/blood-2006-01-0177
https://doi.org/10.1084/jem.194.6.847
https://doi.org/10.1093/intimm/11.1.81
https://doi.org/10.1074/jbc.272.23.15036
https://doi.org/10.1074/jbc.272.23.15036
https://doi.org/10.1074/jbc.273.3.1764
https://doi.org/10.1074/jbc.273.3.1764
https://doi.org/10.1002/1521-4141(200103)31:3%3C812::aid-immu812%3E3.0.co;2-l
https://doi.org/10.1002/1521-4141(200103)31:3%3C812::aid-immu812%3E3.0.co;2-l
https://doi.org/10.1158/0008-5472.CAN-08-2360
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sarkar et al.

FOXP3/HAT1 Induces CCR4 Expression in Tregs

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ishida T, Ishii T, Inagaki A, Yano H, Komatsu H, lida S, et al. Specific
Recruitment of CC Chemokine Receptor 4-Positive Regulatory T Cells in
Hodgkin Lymphoma Fosters Immune Privilege. Cancer Res (2006) 66
(11):5716-22. doi: 10.1158/0008-5472.CAN-06-0261

Mizukami Y, Kono K, Kawaguchi Y, Akaike H, Kamimura K, Sugai H, et al.
CCL17 and CCL22 Chemokines Within Tumor Microenvironment Are
Related to Accumulation of Foxp3+ Regulatory T Cells in Gastric Cancer.
Int ] Cancer (2008) 122(10):2286-93. doi: 10.1002/ijc.23392

Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3+ Regulatory T
Cells in the Human Immune System. Nat Rev Immunol (2010) 10(7):490-500.
doi: 10.1038/nri2785

Saleh R, Elkord E. Treg-Mediated Acquired Resistance to Immune
Checkpoint Inhibitors. Cancer Lett (2019) 457:168-79. doi: 10.1016/
j.canlet.2019.05.003

Sugiyama D, Nishikawa H, Maeda Y, Nishioka M, Tanemura A, Katayama I,
et al. Anti-CCR4 Mab Selectively Depletes Effector-Type Foxp3+CD4+
Regulatory T Cells, Evoking Antitumor Immune Responses in Humans. Proc
Natl Acad Sci USA (2013) 110(44):17945-50. doi: 10.1073/pnas.1316796110
Moore DC, Elmes JB, Shibu PA, Larck C, Park SI. Mogamulizumab: An Anti-
CC Chemokine Receptor 4 Antibody for T-Cell Lymphomas. Ann
Pharmacother (2020) 54(4):371-9. doi: 10.1177/1060028019884863

Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK, MaclIsaac
KD, et al. Foxp3 Occupancy and Regulation of Key Target Genes During T-
Cell Stimulation. Nature (2007) 445(7130):931-5. doi: 10.1038/nature05478
Roy D, Bose S, Pati S, Guin A, Banerjee K, Saha S, et al. GFI1/HDACI-Axis
Differentially Regulates Immunosuppressive CD73 in Human Tumor-
Associated FOXP3+ Th17 and Inflammation-Linked Th17 Cells. Eur |
Immunol (2021) 51(5):1206-17. doi: 10.1002/€ji.202048892

Chakraborty S, Panda AK, Bose S, Roy D, Kajal K, Guha D, et al.
Transcriptional Regulation of FOXP3 Requires Integrated Activation of
Both Promoter and CNS Regions in Tumor-Induced CD8+ Treg Cells. Sci
Rep (2017). doi: 10.1038/541598-017-01788-z

Saha T, Guha D, Manna A, Panda AK, Bhat ], Chatterjee S, et al. G-Actin Guides
P53 Nuclear Transport: Potential Contribution of Monomeric Actin in Altered
Localization of Mutant P53. Sci Rep (2016) 6:32626. doi: 10.1038/srep32626
Kajal K, Bose S, Panda AK, Chakraborty D, Chakraborty S, Pati S, et al.
Transcriptional Regulation of VEGFA Expression in T-Regulatory Cells From
Breast Cancer Patients. Cancer Immunol Immunother (2021) 70(7):1877-91.
doi: 10.1007/500262-020-02808-0

Kajal K, Panda AK, Bhat J, Chakraborty D, Bose S, Bhattacharjee P, et al.
Andrographolide Binds to ATP-Binding Pocket of VEGFR2 to Impede
VEGFA-Mediated Tumor-Angiogenesis. Sci Rep (2019) 9(1):4073.
doi: 10.1038/541598-019-40626-2

Grivennikov SI, Greten FR, Karin M. Immunity, Inflammation, and Cancer.
Cell (2010) 140(6):883-99. doi: 10.1016/j.cell.2010.01.025

Tang S, Ning Q, Yang L, Mo Z, Tang S. Mechanisms of Immune Escape in the
Cancer Immune Cycle. Int Immunopharmacol (2020) 86:106700.
doi: 10.1016/j.intimp.2020.106700

Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.
Improved Survival With Ipilimumab in Patients With Metastatic Melanoma.
N Engl ] Med (2010) 363(8):711-23. doi: 10.1056/NEJMoal003466

46. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, Activity, and Immune Correlates of Anti-PD-1 Antibody in
Cancer. N Engl ] Med (2012) 366(26):2443-54. doi: 10.1056/NEJMoal200690
Ishida T, Ueda R. CCR4 as a Novel Molecular Target for Immunotherapy of
Cancer. Cancer Sci (2006) 97(11):1139-46. doi: 10.1111/j.1349-7006.2006.
00307.x

Ishida T, Utsunomiya A, Iida S, Inagaki H, Takatsuka Y, Kusumoto S, et al.
Clinical Significance of CCR4 Expression in Adult T-Cell Leukemia/
Lymphoma: Its Close Association With Skin Involvement and Unfavorable
Outcome. Clin Cancer Res Off ] Am Assoc Cancer Res (2003) 9:3625-34.
Sato T, Coler-Reilly A, Yagishita N, Araya N, Inoue E, Furuta R, et al.
Mogamulizumab (Anti-CCR4) in HTLV-1-Associated Myelopathy. New Engl
] Med (2018) 378(6):529-38. doi: 10.1056/NEJMoal704827

Ishida T, Ishii T, Inagaki A, Yano H, Kusumoto S, Ri M, et al. The CCR4 as a
Novel-Specific Molecular Target for Immunotherapy in Hodgkin Lymphoma.
Leukemia (2006) 20(12):2162-8. doi: 10.1038/sj.leu.2404415

Ou B, Zhao J, Guan S, Feng H, Wangpu X, Zhu C, et al. CCR4 Promotes
Metastasis via ERK/NF-kb/MMP13 Pathway and Acts Downstream of TNF-
o in Colorectal Cancer. Oncotarget (2016) 7(30):47637-49. doi: 10.18632/
oncotarget.10256

Nakayama T, Hieshima K, Arao T, Jin Z, Nagakubo D, Shirakawa A-K, et al.
Aberrant Expression of Fra-2 Promotes CCR4 Expression and Cell
Proliferation in Adult T-Cell Leukemia. Oncogene (2008) 27:3221-32.
doi: 10.1038/sj.0nc.1210984

Sugata K, Yasunaga J-I, Kinosada H, Mitobe Y, Furuta R, Mahgoub M, et al.
HTLV-1 Viral Factor HBZ Induces CCR4 to Promote T-Cell Migration and
Proliferation. Cancer Res (2016) 76(17):5068-79. doi: 10.1158/0008-
5472.CAN-16-0361

Josefowicz SZ, Wilson CB, Rudensky AY. Cutting Edge: TCR Stimulation is
Sufficient for Induction of Foxp3 Expression in the Absence of DNA
Methyltransferase 1. J Immunol Baltim Md 1950 (2009) 182(11):6648-52.
doi: 10.4049/jimmunol.0803320

47.

48.

49.

50.

51.

52.

53.

54.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sarkar, Dhar, Chakraborty, Pati, Bose, Panda, Basak,
Chakraborty, Mukherjee, Guin, Jana, Sarkar and Sa. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 740588


https://doi.org/10.1158/0008-5472.CAN-06-0261
https://doi.org/10.1002/ijc.23392
https://doi.org/10.1038/nri2785
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.1073/pnas.1316796110
https://doi.org/10.1177/1060028019884863
https://doi.org/10.1038/nature05478
https://doi.org/10.1002/eji.202048892
https://doi.org/10.1038/s41598-017-01788-z
https://doi.org/10.1038/srep32626
https://doi.org/10.1007/s00262-020-02808-0
https://doi.org/10.1038/s41598-019-40626-2
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1016/j.intimp.2020.106700
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1111/j.1349-7006.2006.00307.x
https://doi.org/10.1111/j.1349-7006.2006.00307.x
https://doi.org/10.1056/NEJMoa1704827
https://doi.org/10.1038/sj.leu.2404415
https://doi.org/10.18632/oncotarget.10256
https://doi.org/10.18632/oncotarget.10256
https://doi.org/10.1038/sj.onc.1210984
https://doi.org/10.1158/0008-5472.CAN-16-0361
https://doi.org/10.1158/0008-5472.CAN-16-0361
https://doi.org/10.4049/jimmunol.0803320
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	FOXP3/HAT1 Axis Controls Treg Infiltration in the Tumor Microenvironment by Inducing CCR4 Expression in Breast Cancer
	Introduction
	Materials and Methods
	Patients
	T Cell Isolation and Culture
	THP1 Culture
	Ex Vivo Tumor Microenvironment
	Flow Cytometry and Cell Sorting
	Transduction
	cDNA Preparation and Real-Time PCR
	ChIP and Re-ChIP
	Confocal Microscopy
	Trans-Well Assay
	Western Blot
	Lentivirus Preparation
	Animal Model
	Bioinformatics and Statistical Analysis

	Results
	Tumor-Infiltrating Treg Cells Showed Higher Expression of CCR4 Than the Peripheral Circulation in Breast Cancer Patients
	Cell Surface Receptor CCR4 Interacts With Chemokine CCL22 and CCL17 to Migrate Treg Cells Into Tumor Microenvironment
	FOXP3 Binds at the CCR4 Promoter and Regulates CCR4 Expression in Treg Cells
	The FOXP3/HAT1 Axis Epigenetically Alters CCR4 Promoter to Promote Treg Infiltration in the Tumor Site
	FOXP3 Regulates CCR4 Expression and Infiltration of Tregs in the Tumor Site in the In Vivo Animal Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


