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Cancer cells escape immune destruction. From this perspective, myeloid-derived
suppressor cells (MDSCs), which are immunosuppressive in various cancers including
breast cancer (BC), are significant. However, the precise mechanisms are unknown. We
isolated HLA-DR'CD33" MDSCs and CD3" T cells from BC patients’ peripheral blood and
healthy donors through MACS and immunophenotyped by flow cytometry. Transfection of
short-interfering RNAs and treatment with a TLR7/8 agonist altered pathway activities in
vitro. Gene expression was analyzed using gRT-PCR, western blotting, and
immunohistochemistry. Our findings showed an association between the progression of
BC and increased levels of circulating HLA-DR'CD33* MDSCs. These cells strongly
suppress both autologous and analogous CD3* T cell proliferation and enter the tumor
microenvironment. We also identified increased STAT3 signaling and increased IDO and IL-
10 expression in BC-derived MDSCs as immunosuppression mechanisms. Further, STAT3
inhibition and TLR7/8 pathway stimulation reduce the immunosuppressive activity of
patient-derived MDSCs on T cells by inducing MDSC repolarization and differentiation
into mature myeloid cells. This also alters the expression of critical cytokines and
transcription factors in CD3* T cells and, importantly, reduces breast cancer cells’
proliferation. Finally, while chemotherapy is able to significantly reduce circulating MDSCs’
level in patients with breast cancer, these MDSCs remained highly T cell-suppressive.
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Safarzadeh et al.

STATSB/TLR7/8 Pathway in Myeloid-Derived Suppressor Cells

We identified a novel molecular mechanism of MDSC-mediated immunosuppression.
STATS inhibition and TLR7/8 pathway stimulation in MDSCs repolarize and suppress
MDSCs from breast cancer patients. This offers new opportunities for BC immunotherapy.
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INTRODUCTION

Following extensive immunological studies and significant pre-
clinical and clinical findings over the years, researchers have
found that the immune system has the crucial role of identifying
and eliminating tumor cells (1, 2). Immunotherapy has been
shown as a promising therapeutic approach, and numerous
immunotherapeutic protocols are being tested or implemented
in the clinic to specifically treat breast cancer (BC). Targeted
immunotherapies, such as monoclonal antibodies, that aim at
inducing an antitumor immune response are becoming primary
treatment functions for BC. Accumulating evidence represents a
promising result in cancer vaccinology. This immunotherapeutic
protocol activates both the adaptive immune response and
immunological memory. Encouraging results of BC vaccines
are coming out during numerous clinical trials such as
NeuVax, AVX901, and INO-1400. However, the efficacy of
these therapeutic approaches has been severely impaired by
tumor-associated immunosuppressive mechanisms (3-8).
Several studies on mice and humans have shown the
importance of the tumor immune microenvironment in the
development and progression of cancer (9, 10).

Myeloid-derived suppressor cells (MDSCs) are known as a
group of heterogeneous immune cells that mainly include
immature myeloid cells (IMCs) and myeloid progenitors (11).
Several studies on human and mouse cancer models have shown
that the infiltration and induction of MDSCs in the tumor’s
microenvironment are controlled via various factors such as
inflammatory mediators, cytokines, and growth factors (12).

It is noteworthy that the increase in the production and
activation of IMCs in cancer does not necessarily lead to the
expansion of MDSCs. Two different mechanisms of expansion
and activation are responsible for increasing MDSCs under
pathological conditions. In cancer patients, the tumor cells
release various mediators such as prostaglandins, vascular
endothelial growth factor (VEGF), Bombina variegate peptide
8 (Bv8), etc. that impede the differentiation of mature myeloid
cells and stimulate MDSCs expansion. Moreover, the important
MDSC activating mediators such as Transforming Growth
Factor (TGF-8), IL-1PB, IL-4, etc. induce their activation. They
promote more flexibility in regulating these cells under
pathological and physiological conditions (13). The importance
of MDSCs in the development and progression of BC has been
elucidated through studies on animal models. However, these
models do not fully reflect the level of expression and the role of
functional genes and proteins in the breast tissue of the human
species (14, 15). Unlike murine MDSCs, which are highly distinct
due to the expression of GR1 and CD11b molecules, human
MDSCs have not been well-defined, owing to the lack of specific

markers, and both the function of these cells and their
relationship with clinical features of patients remain poorly
understood (15).

In our previous study, we determined the frequency and
phenotypes of MDSCs in peripheral blood samples of BC
patients. We demonstrated that the presence and frequency of
these circulating cells are associated with disease severity and
prognosis and other clinicopathological characteristics of BC
(16). In the current study, we investigated the prevalence and
phenotype of MDSCs, as well as the blood samples and tissue
samples of patients with BC before and after chemotherapy.
Also, the immunosuppressive activity and differentiation of
MDSCs isolated from breast cancer patients were examined
before and after targeting the STAT3 transcription factor using
siRNA in MDSCs along with simultaneous activation of the
TLR7/TLR8 signaling using a specific agonist.

MATERIALS AND METHODS

Patients and Ethics Statement

Blood samples were taken from patients (n=20) before start and
after completion of chemotherapy and from age- and sex-
matched healthy donors (n=12). The samples of pathologically
diagnosed BC tissues paired adjacent tissues, and normal breast
tissue was obtained from voluntary and healthy individuals. The
aimed experiments were ultimately proved by clarification and
written proof of consent from each case. All the cases considered
were women with an average age of 47.2 years (from 29 to 73
years) who were histologically diagnosed with BC (Table 1).

TABLE 1 | Clinicopathological characteristics of breast cancer patients.

Characteristic Category Cases
Health status Healthy 12
Breast cancer 20
Age <45 year 1
in the breast cancer group >45 year 9
Tumor size (cm) <3cm 12
>3 cm 8
Clinical stage Stage | 5
Stage Il 5
Stage Il 5
Stage IV 5
Lymph node Positive 14
metastasis Negative 6
Tumor site Right 9
Left 11
Receptor status
ER/PR (+) and Her-2/neu (-) Group1 11
ER/PR (-) and Her-2/neu (+) Group?2 5
Triple-negative Group3 4
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The present investigation was conducted based on the amended
declaration of Helsinki principles, and it was confirmed by the
Ethics Committee of Tabriz University of Medical Sciences
(TBZMED.REC.1394.1129). It should be taken into account
that none of the cases had a background of autoimmune
disease or consumption of immunosuppressive drugs over the
last three months. Also, none of them had a history of any other
kind of cancer.

PBMC Isolation
Peripheral blood mononuclear cells (PBMCs) were isolated by

the density gradient centrifugation method, as we previously

described (17).

Immunophenotyping of MDSCs

To characterize the MDSC populations in freshly isolated PBMCs,
a range of antibodies were used, including HLA-DR, CD33, CD14,
CD15, CD3, CD19, and CD56 (BioLegend, San Diego, CA, USA).
Moreover, antibodies against the following surface antigens were
used to evaluate MDSC differentiation: CD86, CD11c, and CD206.
All stained samples and their respective isotype controls were
incubated in PBS containing 0.5% bovine serum albumin (BSA)
and FC-receptor blockers (BD Biosciences, San Jose, CA) to
restrict non-specific binding sites. The results obtained were
evaluated by a MACSQuant 10 Analyser (MiltenyiBiotec,
Germany). A minimum of 10,000 live events per sample were
acquired for analysis. Briefly, following the initial forward versus
side scatter (FSC vs. SSC) discrimination, the gate was set on HLA-
DR7/CD33" cells. Next, we gated on the subpopulations defined as
MDSC, including G-MDSC (HLA-DR CD33"CD15"), M-MDSC
(HLA-DR'CD33*CD14") cells, and their combinations.
Moreover, all data analyses were carried out using FlowJo
software (Tree Star, Ashland, OR).

MDSC and T Cell Isolation

Freshly provided PBMCs were applied for the enrichment of
HLA-DR™ CD33" MDSCs using MACS magnetic bead isolation
kits (MiltenyiBiotec, Bergisch Gladbach, Germany) according to
the manufacturer’s instructions. In brief, isolated PBMCs were
incubated with anti-HLA-DR Ab-coated magnetic beads
(Miltenyi) for 15 min in the refrigerator (2—-8°C). Following
incubation time, the cells were washed by adding 2 mL of buffer
per 107 cells and centrifuged at 300xg for 10 min, and resultant
pellets were resuspended in buffer. Then, the cell suspension was
applied onto an appropriate MACS Column and MACS
Separator (Miltenyi). Negatively selected cells (HLA-DR™) were
then incubated with anti-CD33 Ab-coated magnetic beads for
10 min to identify HLA-DR/CD33" cells positively.

The CD3" T cell population (autologous and analogous) was
further enriched from freshly isolated PBMCs using the human
Pan T Cell Isolation Kit II (MiltenyiBiotec, Bergisch Gladbach,
Germany) by negative selection based on the manufacturer’s
protocols. After sorting, the cells were washed and stained to
HLA-DR, CD33, and CD3 by adding anti-human monoclonal
fluorescently labeled antibodies, and purity of sorted populations

was recognized by flow cytometry. Cell purities more than 90%
were implemented in the experiments.

In Vitro Gene Silencing

Isolated MDSCs were transfected with siRNA using transfection
reagent JetPRIME (Polyplus, Illkirch, France), at the final
concentration (60 pmol) according to the manufacturer’s
recommendations. For siRNA transfection of MDSCs, cells were
plated onto a 24-well plate and incubated at 37°C overnight. Then,
siRNAs and the reagents of siRNA transfection were subsequently
diluted in siRNA transfection medium (sc-29493, Santa Cruz
Biotechnology, CA, USA) individually. Afterward, they were
incubated at room temperature (25°C) for 5 min. The supplied
solutions were then mixed and incubated at room temperature
(25°C) for 30 min. Before transfection, the medium was changed
to Opti-MEM Medium, and then the mixtures were added to the
cells in a drop-wise manner. Cells were incubated at 37°C for 5-6 h
in a humidified atmosphere of 5% CO2, and then RPMI-1640
medium containing 20% FBS was added. The used sample of
STAT3 siRNAs in this section of work included three different
siRNA duplexes. Scrambled siRNA (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) was considered as a negative control for the
experiments (Supplementary Table S1).

MDSC Co-Culture Experiment

and Treatment

MDSCs were further treated with five ug/ml R848 (Resiquimod),
which act as a TLR7/8 agonist, and were incubated at 37°C for
three days in a humidified atmosphere of 5% CO,. Differentiation
of the transfected and treated MDSCs was evaluated by flow
cytometry using the mentioned antibodies. Moreover, the
transfected and treated MDSCs were subdivided into different
groups and co-cultured with T cells at different ratios in transwell
inserts (Greiner Bio-one, The Netherlands) in RPMI-1640
medium, containing 10% fetal bovine serum (FBS; GIBCO,
Carlsbad, CA, USA) and 1% penicillin/streptomycin (GIBCO,
Carlsbad, CA, USA).

MDSC Suppression Analysis

To evaluate CD3+ T cells’ proliferation, BrdU (Bromodeoxyuridine)
was used, following the manufacturer’s instructions. T cells were co-
cultured with MDSCs at the following ratios: 0:1, 1:1, and 1:2 in
RPMI-1640 medium in transwell inserts. Anti-CD3/anti-CD28
antibodies (at bead/cell ratio of 1:1; Human T Cell Activator
CD3/CD28 Dynabeads Invitrogen, Carlsbad, CA) was also
supplied with 500 IU/ml of IL-2 (R&D Systems, Minneapolis,
MN) and then applied to stimulate the CD3" T cells. The levels
of BrdU incorporation were calculated in T cells with a
spectrophotometer at 450 nm.

Immunohistochemistry (IHC)

BC tissues, paired adjacent tissues, and normal breast tissues
were immediately fixed in a buffered formalin solution (10%) and
embedded in paraffin. Subsequently, it was cut into 4-pum
sections. The sections were deparaffinized and rehydrated in
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xylene and measured amounts of ethanol in water, respectively.
Tissue slides were then subjected to antigen retrieval by sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0).
Hydrogen peroxide at 3% was used to quench endogenous peroxidase
activity for 20 min. All specimens were immunostained using specific
antibodies for CD33 (Abcam, Cambridge, MA, USA), pSTAT3
(Santa Cruz, CA, USA), STAT3 (Santa Cruz, CA, USA), and Ki67
(Bio Legend, San Diego, USA). Subsequently, a horseradish
peroxidase-based detection system was used to identify positive
cells (EnVision, DAKO). Finally, the images were assessed using an
Olympus BX51 microscope (Olympus, Tokyo, Japan).

RNA Extraction and qRT-PCR

Total RNAs in the treated and untreated cells (MDSCs and T cells)
were isolated according to the manufacturer’s recommendations
for RiboEx (GeneAll, GeneAll Biotechnology, Seoul, Korea). RNA
was reverse-transcribed using the BIOFACT kit (Co, LTD, Korea),
directed by the manufacturer. The qRT-PCR was used to
determine the relative quantities of mRNA of the respective
genes, including STAT3, IDO, ARGI, IL-12, IL-4, INF- v, TLR7,
TLRS, IL-17, IL-10, RORY'T, T-bet, GATA3, and FOXp3 using a
SYBR Green I PCR Master Mix (BIOFACTco., Daejeon, Korea).
All primer sequences were listed in Supplementary Table S2.
Samples were run on the Roche lightCycler® 96 Real-Time PCR
system (Roche Diagnostics, Mannheim, Germany). Data were
independently normalized to the housekeeping gene S18 mRNA
expression for each sample, and fold change was calculated using
the 204" method (18).

Western Blotting

MDSCs were detached and lysed with RIPA buffer (Santa Cruz
Biotechnology, Santa Cruz, CA) containing protease inhibitors.
Proteins were separated on polyacrylamide-SDS gels using Mini
Protean TGX 4-15% gels (Bio-Rad), electro-blotted from gel to a
polyvinylidene difluoride (PVDF) membrane (BioRad). The
membranes were also blocked with phosphate-buffered saline-
Tween 20 (PBS-T) and incubated with specific primary antibodies
against STAT3 (cat. no. sc-482) and pSTAT3 (cat. no. sc-7993) at
4°C overnight. Then, the protein bands were probed with HRP-
conjugated secondary antibodies (Santa Cruz). A mouse anti-f3-
actin antibody was used as an internal control. ECL prime western
blot reagent (Amersham) was also considered in this experiment
as chemiluminescence substrates. Image] software was
implemented for the evaluation and qualification of immunoblots.

Statistical Analysis

Experiments were performed with 20 patients and 12 healthy
samples as indicated and were performed in triplicate. Graph Pad
Prism (Graph Pad Software, La Jolla, CA, USA) was used for
statistical analyses. All data were expressed as the mean + standard
deviation (SD). Parametric or non-parametric tests as required by
the variable distribution, the Student’s t-test and one-way
ANOVA for normally distributed variables, and the Mann-
Whitney test for variables that were non-normally distributed
were used to assess the differences between the groups examined.

Furthermore, they were defined for multiple testing by applying q-
values based on the previous report (Benjamini and Hochberg
method), calculating a false discovery rate (FDR) of 5%. P- and g-
values <0.05 were considered statistically significant.

RESULTS

BC Progression Is Associated With an
Accumulation of Circulating HLA-DR™
CD33" Cells

Our previous study established the immunophenotyping of
MDSCs as HLA-DR'CD33™ cells in patients with BC (17).
Flow cytometry scatter plot results, based on the gating
strategy, are indicated for one of the patients and one of the
healthy donor samples that participated in our study. Further
phenotypic characterization indicated that, compared to healthy
individuals, in BC patients, not only the total fraction of
circulating MDSCs (HLA-DR™ CD33" cells) is increased, but the
fractions of each of the MDSC subpopulations, including G-
MDSCs (HLA-DR™ CD33" CD15") and in particular M-MDSCs
(HLA-DR™ CD33" CD14"), are also elevated. Moreover, we
observed that HLA-DR™ CD33" cells are negative for the lineage
markers expressions (CD3, CD19, and CD56) (Figure 1A). The
percentages of total MDSCs, M-MDSCs, and G-MDSCs for BC
patients were 8.08 + 4.04%, 4.56 + 2.41%, and 2.27 + 1.72%, while
for healthy donors they were 0.68 + 0.48%, 0.23 + 0.22%, and 0.31
+ 0.19%, respectively; all these percentages are considered as
statistically significant differences (each P<0.0001) (Figure 1B).
These results suggested that circulating M-MDSCs may have an
essential role in the development and progression of BC.

T cells treated with anti-CD3/anti-CD28 antibodies and IL-2
have shown high expression of CD69 as a T cell activation marker,
which was quantitatively measured by flow cytometry (Figure
1C). To confirm that the HLA-DR™ CD33™ cells are MDSCs, tests
were carried out on the suppressive effects of isolated cells on
activated T cell proliferation. As shown in Figure 1D, compared to
healthy donors, the purified HLA-DR™ CD33" cells from the
cancer patients significantly reduced autologous and analogous
CD3" T cell proliferation.

MDSCs in Blood Circulation and Tissue

of BC Patients Show Increased

STAT3 Activity

To better illustrate the molecular mechanisms regulating MDSCs
differentiation and immunosuppressive activities, we evaluated the
total and the phosphorylated STAT3 expressions, both at mRNA
and at protein levels, in circulating MDSCs using quantitative real-
time PCR and western blotting analyses. HLA-DR™ CD33" cells
isolated from healthy donors were considered as normal myeloid-
derived cell controls. As shown in Figures 2A, B, increased STAT3
expression, both at the mRNA and protein levels, was detected in
patient MDSCs as compared to that in HLA-DR™ CD33" controls.
Notably, compared to HLA-DR™ CD33" controls, a significant
increase in phosphorylated STAT3 protein was detected in
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FIGURE 1 | Circulating HLA-DR CD33* myeloid-derived suppressor cells in BC patients. The frequencies and phenotypes of the studied MDSCs in patients’ blood
samples and healthy cases were assessed using multi-color flow cytometry. (A) Shows the characterization and quantification of MDSCs as the HLA-DR”°" CD33*
population and as a percentage of gated cells via supplying a minimum of 10,000 live events per sample. Histogram plots also indicate the expression rate and
percentages of the positive cells for surface markers (CD14 and CD15) on gated HLA-DR”°" CD33* cells. HLA-DR”°" CD33* cells were negative for the expression
of lineage markers CD3, CD19, and CD56. (B) Percentages of MDSC subpopulations, including total MDSCs, monocytic MDSCs, and granulocytic MDSCs in
peripheral blood of the study groups (P < 0.0001). The calculated bars reveal the mean + standard deviation (SD) of each studied group. (C) Anti-CD3/anti-CD28
antibodies and IL-2 stimulated t cells to proliferate. The expression of CD69 as a T cell activation marker was quantitatively measured by flow cytometry; (1)
unstained, (2) T cells without CD3/CD28 and IL-2, (3) T cells stimulated with CD3/CD28 and IL-2. (D) Reveals the percentage of T cell proliferation when co-cultured
with various ratios of MDSCs; means + standard deviation, *p = 0.0024, ***p = 0.0002, ***p < 0.0001. BC, breast cancer; HD, healthy donor; PBMC, peripheral
blood mononuclear cell; MDSC, myeloid-derived suppressor cells; IL-2, interleukin-2; ns, not significant.

circulating MDSCs (Figure 2B). Thus, compared to healthy donor
MDSCs, not only were the total STAT3 protein levels increased in
BC patient-derived MDSCs, but STAT3 phosphorylation and
activation were also considerably higher in BC patients. This
reflects the importance of pSTAT3 signaling in differentiation
and immunosuppressive activities.

We further investigated whether STAT3 and pSTAT3" myeloid
cells exist in circulation and in the BC microenvironment of breast
tumors. To this aim, we evaluated the frequency of STAT3",
pSTAT3", and CD33" myeloid cells in BC tissues and ITHC
controls. Normal tissue adjacent to the tumor and normal

breast tissues were regarded as a control. Microscopic analysis
showed a higher level of cells that were positive for STAT,
pSTAT3", and CD33" in BC tissues compared to tumor-
adjacent normal tissues and normal breast tissue (Figure 2C),
suggesting the passage of MDSCs from blood circulation into the
BC tumor microenvironment.

BC-Associated MDSCs Express Increased
Levels of IDO and IL-10

We sought to establish the molecular basis of suppression
mediated by patient-derived MDSCs. To this aim, relative
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FIGURE 3 | The immunosuppressive mechanism in BC-associated-MDSCs. (A) BC-associated-MDSCs have significantly higher expression levels of IDO and IL-10
genes than those of healthy subjects. No significant changes were observed in ARG1 gene expression, ***P < 0.0001. (B) The normalized expressions of TLR7 and
TLR8 in the isolated MDSCs from the BC blood samples were investigated. The expressions of the considered genes in T CD3™ cells were used as negative
controls. (C) Silencing of STAT3 by siRNA in BC-associated-MDSCs reduces the STAT3 and pSTATS3 protein expression. STAT3 gene expression is shown in
treatment and control groups. Beta-actin was used as a loading control. STAT3 gene expression is shown in treatment and control groups. ***P < 0.001; ns,

not significant.
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mRNA expression of ARG1, IDO, and IL-10 genes in HLA-DR"
CD33" cells purified from BC patients and healthy donors were
compared. Based on the qRT-PCR results, there were
significantly higher IDO and IL-10 mRNA levels in HLA-DR
CD33" cells sorted from BC patients compared to control
subjects (Figure 3A). No significant difference in mRNA
expression of ARGI in HLA-DR™ CD33" cells from patients
relative to control subjects was observed. Our results showed
that IDO and IL-10 mRNA levels were increased about 27.99
fold and 8.54 fold in cancer patients’ cells over control cells,
respectively, but ARG1 levels were increased by 1.68 fold (Figure
3A). Our findings established MDSC IDO and IL-10 expression as
a key regulator of the immunosuppressive characteristic in the BC-
derived MDSCs. Thus, by driving IDO and IL-10 overexpression,
breast tumors have the potential to induce an immunosuppressive
microenvironment that inhibits the antitumor immune response.

TLR7/8 Agonist and si-STAT3 Treatment
Re-polarized BC-Associated MDSCs

Several studies have described STAT3 as an essential factor for
the suppressive activity of MDSCs, and inhibition of STATSs
blocks this effect. Moreover, it was documented that murine
MDSC expresses TLRs and responds to stimulation by the TLR
agonists. These findings led us to assess whether the behavior of
BC-associated MDSCs might also be affected by TLR agonists. At
first, we evaluated the expression level of TLR7 and TLRS in
isolated patient MDSCs (Figure 3B). Moreover, the expression
level of STAT3 mRNA and protein after siRNA treatment was
evaluated in BC-associated-MDSCs. Silencing of STAT3 by
siRNA in BC-associated-MDSCs reduces the STAT3 and
pSTATS3 protein expression (Figure 3C). Then, we decided to
adopt a co-culture set-up in which CD3" T cells treated with
CD3/CD28 monoclonal antibody (mAb) were co-cultured with
STAT3 siRNA or TLR7/8 agonist treated MDSCs alone or with
combined STAT3 siRNA and TLR7/8 agonist. After three days of
incubation, the suppressive function of treated and untreated
MDSCs was evaluated using BrdU proliferation assay. As shown
in Figure 4A, we observed that the proliferation of CD3" T cells
in the treated group compared to control was not only

suppressed, but the proliferation of T cells was also increased
in co-culture with treated MDSCs. These results indicate that
treatment with si-STAT3 or TLR7/8 agonist alone or si-STAT3
plus TLR7/8 agonist abolishes the suppressive function
of MDSCs.

This effect may be due to the acquisition of an antigen-
presenting phenotype with the competence to induce T cell
proliferation. Therefore, to investigate the stimulatory potential
of treated MDSCs, we also assessed these cells’ phenotype using
flow cytometry. At first, we measured IDO, IL-10, and IL-12
mRNA levels in the treated and untreated group MDSCs.
Interestingly, the results proved that the expression level of IL-
10 and IDO was increased in untreated MDSCs (P<0.0001). In
contrast, in treated MDSCs, IL-12 gene expression was
significantly higher than the untreated group (P<0.0001)
(Figure 4B).

A previous study revealed that MDSCs express some M1
markers and some M2 markers, indicating that these cells are
pleiotropic in terms of the M1 and M2 categories. It was also
suggested that MDSCs resemble deactivated monocyte/
macrophages, as they express the CD206 marker. Moreover,
dendritic cells, as the significant antigen-presenting cells (APCs)
among specialized APCs, are usually characterized as cells
expressing CD11c. Hence, in the present study, polarization
was assessed in the treated and untreated MDSCs by
expression of surface antigens, including CD86, CD206, and
CDllc, which are M1, M2 macrophages, and DC markers,
respectively. Flow cytometric analysis revealed that BC-
associated-MDSCs treated with si-STAT3 and TLR7/8 agonist
expressed high levels of CD86 and CD11c, which is a sign of M1
polarization, but they expressed low levels of CD206 (Figures
5A-D and Table 2).

TLR7/8 Agonist and si-STAT3 Treatment
Repolarize T CD3" Cells

Abolition of the inhibitory effect of TLR7/8 agonist and si-
STAT3 treated MDSCs and their differentiation to adopt a
pro-inflammatory phenotype prompted us to hypothesize that
these differentiated MDSCs induce T CD3" cell polarization.
Hence, we first evaluated Thl, Th2, Th17, and Treg (T-helper
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FIGURE 4 | Reducing the immunosuppressive activity of MDSCs on T cells by inhibiting STAT3 expression and treatment with TLR7/8 agonist. (A) The proliferation
of T cells co-cultured with MDSCs treated with si-STAT3 alone and/or TLR7/8 agonist was evaluated using the BrdU incorporation method. (B) Targeting of STAT3
with siRNA, as well as stimulation of cells with the TLR7/8 agonist R848, inhibits the expression of IDO and IL-10 genes and induces IL-12 in MDSCs isolated from

patients with breast cancer. *P < 0.05 **P < 0.006, ***P < 0.0005, ***P < 0.0001; ns, not significant.
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TABLE 2 | Expression of surface markers of macrophages and dendritic cells in
untreated and treated MDSCs.

Markers Control si-STAT3 R848 si-STAT3 +R848
CD206 38.6% 20.6% 15.4% 4.33%
CD86 42.3% 46.9% 57.3% 72.1%
CD11c 15.2% 31.0% 44.2% 87.2%

cell subtypes) expression levels. Specifically, we assessed the
expression levels of T cell-specific transcription factors,
including T-bet, GATA3, RORyt, and the forkhead
transcription factor FOXP3, in T cells in the studied groups.
Treatment experiments showed that the expression of T-bet was
increased (Figure 6A). However, compared to T cells co-cultured
with untreated MDSCs, the expression of RORyt and FOXP3 was
decreased in T cells co-cultured with treated MDSCs (P<0.0001)
(Figures 6C, D). However, we observed no significant differences
in the GATA-3 mRNA expression of the treatment group with
si-STAT3 or TLR7/8 agonist alone, compared to the co-cultured
T cells with untreated MDSCs, but the treated group with si-
STAT3 plus TLR7/8 showed significant differences relative to the
co-cultured T cells with untreated MDSCs (Figure 6B).

We also analyzed cytokines’ expressions, including IL-4, IL-
17, INF-y, and IL-10 in each condition. Treatment experiments
showed that, compared to the co-cultured T cells with untreated
MDSCs, the expression of INF-y was elevated, whereas the
expression of IL-17 and IL-10 was reduced in T cells co-
cultured with treated MDSCs (P<0.0001). In contrast, IL-4

Sk

Relative T-bet mMRNA expression

o

Relative RORyt mRNA expression

P < 0.008, **P < 0.0004, ***P < 0.0001; ns, not significant.

Il Tcell healthy
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E3 T cell MDSC+ si-STAT3 B
T cell MDSC + R848
1.5+ ER T cell MDSC + si-STAT3 + R848

levels revealed no considerable difference in the same treated
group compared to the control group (Figures 7A-D).

TLR7/8 Agonist and si-RNA STAT3
Treatment Reduce the Proliferation of

BC Cells

Many studies investigating the interactions between MDSCs and
tumor cells have shown that the presence of MDSCs in the tumor
microenvironment plays an important role in tumor growth. To
evaluate the potential effect of differentiated MDSCs on tumor
growth and proliferation, MCF-7 cells with MDSCs that were
treated with or without si-STAT3 and the TLR7/8 agonist R848
were co-cultured and MCEF-7 proliferation was assessed using the
BrdU incorporation method. This revealed that si-STAT3 and
R848 treatment of MDSCs significantly reduces the proliferation
of MCF-7 tumor cells (Figure 8A).

Chemotherapy Reduces the Level of
Circulating MDSCs in BC Patients,

but These MDSCs Remain Highly

T Cell-Suppressive

Several recent studies have also reported different effects of
chemotherapy on the MDSCs. Therefore, we assessed the
frequency and function of MDSCs in patients with BC
undergoing chemotherapy. Peripheral blood specimens were
collected from patients before and after chemotherapy.
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FIGURE 6 | Co-culture with MDSCs changes the expression patterns of transcription factors in T CD3" cells. The mRNA expression level of the (A) T-bet,
(B) GATA3, (C) RORxt, and (D) FOXP3 in the T CD3" cells co-cultured with MDSCs treated with or without si-STAT3 and R848 were measured using qRT-PCR.
The expression of these genes in T CD3+ cells isolated from a healthy subject was used as controls. Results are shown as mean + standard deviation. *P < 0.03,
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FIGURE 8 | In patients with BC treated with chemotherapy, circulating MDSC levels are decreased, but their MDSCs remain highly T cell-suppressive. (A) In a co-
culture experiment, treatment of MDSCs with the TLR7/8 agonist R848 and si-STAT3 reduces MCF-7 BC cells’ proliferation. (B) The frequency of MDSCs in BC
patients undergoing chemotherapy was assessed. The flow cytometric results showed that after chemotherapy (right), the circulating MDSC frequencies were
decreased. (C) The MDSCs of patients with BC after chemotherapy still had more T cell-suppressive activity than HLA-DR"CD33* MDSCs isolated from healthy
individuals. *P < 0.05, **P < 0.003, **P < 0.0005; ns, not significant.

Frontiers in Immunology | www.frontiersin.org 10 February 2021 | Volume 11 | Article 613215


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

Safarzadeh et al.

STATSB/TLR7/8 Pathway in Myeloid-Derived Suppressor Cells

Immediately following PBMCs separation, the frequencies of
MDSCs were analyzed by flow cytometry. This showed that after
chemotherapy, the frequencies of circulating MDSCs were
decreased (1.07 + 3.62%) (Figure 8B). However, it is of note
that the MDSCs of patients with BC after chemotherapy still had
considerably more T cell-suppressive activity than HLA-DR
CD33"MDSCs collected from healthy individuals. Specifically,
the co-cultured T cells’ proliferation fractions with MDSCs were
80.89% and 53.85%, respectively (Figure 8C).

DISCUSSION

In our previous study, the frequency and significant phenotype of the
circulating MDSCs taken in consideration were assessed in the patients
with BC at various stages of the disease (17). The significance of our
study on cancer treatment is that it can reduce tumor cell escape from
the immune system and the immunosuppressive effects of MDSCs.
MDSCs play an important role in affecting the effectiveness and
efficiency of chemotherapy drugs, and these cells themselves are also
affected by these chemotherapy drugs. Studies on animal and human
models have revealed that chemotherapeutic agents may have several,
sometimes conflicting, effects on MDSCs. These contradictions may be
due to various factors, such as the type of animal model or the type of
tumor (19). This suggests a necessity for more information regarding
effective targeting of MDSCs and about functional markers in these
cells and the tumor microenvironment.

Highfill et al. showed that the suppression of the antitumor
immune response by MDSCs could be significantly inhibited by
controlling the CXCR2 factor, which is involved in the migration of
MDSCs to the tumor tissue (20). Another study identified that B7-
H4 is a functional marker for MDSCs in humans and mice, and its
inhibition could decrease the capacity of immunosuppression in
these cells (21). Based on the findings from a range of studies,
including this study, it can be concluded that intracellular signaling
mediators involved in immunosuppressive activities can be
considered as functional biomarkers for MDSCs.

The behavior of MDSCs is regulated by transcription factors
(22). We and others have identified the STAT3 transcription
factor involved in MDSCs recruitment, activation, and
suppressive function (23, 24). Numerous STAT3-activating
factors are available in the tumor microenvironment. Also,
through a positive feedback loop, some genes induced by
STAT3 promote continuous activation of the STAT3 pathway
(25). Notably, activation of STAT3 occurs in cancerous cells and
in immune cells, such as tumor-infiltrating MDSCs as shown
here. STAT3 promotes inter-cellular interactions in the tumor
microenvironment. It was proposed that STAT3 activation is
significantly involved in differentiating myeloid cells into
immunosuppressive myeloid cells, thus making STAT3 an
important target (26). In the Smo*mouse model, removal of
STAT3 in myeloid cells by the Cre/LoxP system led to increased
macrophages with pro-inflammatory phenotype and a critical
reduction in G-MDSCs. In addition, in these mice, the ratio of
effector T-cells to regulatory T-cells was elevated. Here, our
present study sheds new light on this, as we showed that

PSTATS3 levels in circulating MDSCs are elevated compared to
MDSCs from healthy individuals. Also, CD33", STAT3", and
pSTAT3" cells in BC tissue are significantly higher in the tumor
tissues compared to the tumor margin and absent or low in
healthy controls.

In addition to established STAT3 activation mechanisms, we
also studied the expression of ARG1, IDO, and IL-10, which are
related to the functional mechanism of the MDSCs. ARG1
expression results in the consumption of amino acids, L-
arginine, and L-cysteine in the tumor microenvironment (27).
Serafini et al. used a B-cell lymphoma model to link the
expression of ARG1 to MDSCs proliferation and expansion
(28). However, in our study, there was no significant increase
in the level of ARGlin patient-derived MDSCs. A study on
prostate cancer indicated that ARG1 and IDO alter intratumoral
CD8" T cells’ functions in plasmacytoid DCs simultaneously.
However, the role of IDO has not previously been investigated in
MDSCs. In this study, we show that IDO is increased in BC-
derived MDSCs. Together, these results suggest that some
immunosuppression programs in different myeloid cells are
shared in cancers (29, 30). Simultaneously, the expression of
IDO in myeloid-like cells in tumor stroma isolated from patients
with BC (31) was confirmed. Thus, there are probably cancer
type-specific mechanisms.

Aside from increased IDO expression, our study showed that
IL-10 in MDSCs isolated from patients increased significantly
compared to CD33" cells isolated from healthy individuals. This
suggests that the suppressive mechanism of MDSCs in BC is
dependent on the increased expression of both IDO and IL-10,
but not the ARGI enzyme. In contrast, the immunosuppressive
activity of G-MDSCs was shown to be dependent on the ARGI
expression (32). These results were in accordance with the
observation that M-MDSCs levels in patients were significantly
higher than G-MDSCs. This demonstrates the multifaceted
complexity of STAT3-mediated target gene expression.

The higher expression of IDO by M-MDSC in CLL (chronic
lymphocytic leukemia) was reported, and its inhibition leads to
an increase in T cell proliferation (33). Similar results were
reported in a post-allograft study, demonstrating that M-
MDSCs employ their immunosuppressive effects through the
production of IDO (34). On the other hand, the suppressive
activity of M-MDSCs was shown to be independent of ARG1 and
IDO in DLBCL (diftuse large B-cell lymphoma). Our results were
consistent with the results of Yu et al., which showed that IDO
and pSTAT3 expressions in the collected MDSCs from the
patients with BC had increased, and this correlated with
infiltration of Treg cells into tumor tissue (35). Several studies,
like this one, have designated targeting STAT3 in MDSCs as an
anticancer strategy. Meanwhile, several other studies have shown
that various drugs that target STAT3 or eliminate MDSCs, such
as 5FU and doxorubicin, cannot be considered as an effective
therapeutic strategy alone (36). Since MDSCs are critical
suppressors of antitumor immune responses, and elimination
of these cells enhances cancer vaccine efficacy, cancer therapies
that target these cells along with conventional protocols may be
more effective. Alternatively, instead of combining the

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613215


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

Safarzadeh et al.

STATSB/TLR7/8 Pathway in Myeloid-Derived Suppressor Cells

treatments, triggering T cell activation and simultaneously
targeting MDSCs improve therapeutic efficacy. In this regard,
it is noteworthy that MDSCs can be differentiated into
stimulatory APCs through the effect of cytokines likeIL-12,
TLRY ligands, or CPG conjugated to si-STAT3.

Zoglmeier et al. determined that TLR9 and TLR3 agonists, CPG,
and Poly L:C respectively, can decrease the MDSCs suppressive
functions and enhance MDSC differentiation (37). Paradoxically, a
TLR4 agonist, lipopolysaccharide (LPS), increases the suppressive
function of MDSCs (38). Accordingly, it has been postulated that
this dual role is due to cross-reactivity with other active signaling
pathways in normal cells or inflammatory conditions induced by
the tumor (39, 40). TLRs signaling may be accompanied by negative
regulatory feedback from the STAT3 pathway. For instance,
Hossein et al. used a mouse model showing that pre-existing
STATS3 in myeloid cells that contribute to tumors such as MDSCs
can considerably direct the TLRY signaling process to the tumor
angiogenesis and inhibition of antitumor immune responses (41).

At this point, our implication of TLR7/8 signaling in the
immunosuppressive function of MDSCs associated with BC is a
novelty. In this study, we studied TLR7/8 signaling for the first
time by stimulating it using a specific agonist, Resiquimod, in
MDSCs isolated from BC patients. Also, we studied the role of
this agonist along with STAT3 pathway inhibition. Spinetti et al.
indicated that intra-tumor administration of R848 to mice with
colon tumors significantly reduced the number of MDSCs (42).
Our flow cytometry results showed that the activation of TLR7/8
and inhibition of STATS3 significantly induced differentiation of
MDSCs in cells with an APC phenotype, such as macrophages
and dendritic cells. In addition, this led to a loss of their
suppressive function. Co-culture of tumor cells with reeducated
MDSCs showed inhibition of tumor cell proliferation in treated
groups, suggesting that the M1 phenotype induced in MDSCs
might account for the inhibition of tumor cell proliferation. Our
results are consistent with the result of a published article
reporting that human CD34" bone marrow cells are
differentiated by R848 into different myeloid cells such as
activated macrophages and myeloid dendritic precursors (43).
The characterization of these results by following markers
CDl1lc, CD13, and CD14 indicated that TLRs signaling might
regulate bone marrow cells’ development.

Evaluation of the pattern of gene expression in T cells co-
cultured with MDSCs also yielded new insights. The differentiated
MDSCs caused a shift of T cells to TH1 and TH17. In line with this,
Wogher et al. documented that stimulation of TLR7/8 signaling
induced the production of THI cytokines (43). On the other hand, it
was indicated that at the tumor site, the increase in MDSCs is
commonly accompanied by the accumulation of Th17 cells. Th17
cells may also be detected in tumor lesions. In animal models, IL-17
was required for the development and tumor-promoting
characteristics of MDSCs (44, 45).

In the present study, we also showed that MDSCs were
decreased in patients after chemotherapy. However, there was no
significant difference in these cells’ suppressive function compared
to samples examined before chemotherapy. Therefore, the efficacy

of immunotherapy and chemotherapy may significantly improve by
reprogramming MDSCs into cells with an APC phenotype.

Our work indicates that disruption of the vicious circle involving
STATS3 signaling in the tumor microenvironment, along with the
stimulation of TLR7/8 signaling, could induce effective antitumor
immune responses without toxicity and chemotherapy-associated
side effects. Thus, combined stimulation of TLR7/8 signaling with
the Resiquimod agonist, along with inhibition of STAT3 signaling,
can be used as a potential therapeutic strategy for BC
immunotherapy, either individually or combined with other
immunotherapies, such as inhibition of immune checkpoints and
adoptive T cell therapy.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Tabriz University of Medical
Sciences (TBZMED.REC.1394.1129). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

ES designed and performed experiments and wrote the paper. AM
performed molecular experiments. BM performed flow cytometry
experiments. PD and AD helped write the manuscript and analysis
data. SH contributed to clinical sample and data preparation. VK.
performed data analyses. TK performed cellular experiments. NS
and BB supervised the research, designed experiments, and helped
write the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This project was funded by the Immunology Research Center of
Tabriz University of Medical Sciences (Grant#94/09), and the
authors are grateful for its support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
613215/full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613215


https://www.frontiersin.org/articles/10.3389/fimmu.2020.613215/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.613215/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Safarzadeh et al.

STATSB/TLR7/8 Pathway in Myeloid-Derived Suppressor Cells

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Yang Y. Cancer immunotherapy: harnessing the immune system to battle
cancer. J Clin Invest (2015) 125(9):3335-7. doi: 10.1172/JCI83871

Farkona S, Diamandis EP, Blasutig IM. Cancer immunotherapy: the
beginning of the end of cancer? BMC Medicine (2016) 14(1):73. doi:
10.1186/512916-016-0623-5

. Sullivan RJ, Atkins MB, Kirkwood JM, Agarwala SS, Clark JI, Ernstoff MS, et al.

An update on the Society for Immunotherapy of Cancer consensus statement
on tumor immunotherapy for the treatment of cutaneous melanoma: version
2.0. ] Immunother Cancer (2018) 6(1):44. doi: 10.1186/s40425-018-0362-6

. Goh C, Narayanan S, Hahn YS. Myeloid-derived suppressor cells: the dark

knight or the joker in viral infections? Immunol Rev (2013) 255(1):210-21.
doi: 10.1111/imr.12084

. Markowitz J, Wesolowski R, Papenfuss T, Brooks TR, Carson WE. Myeloid-

derived suppressor cells in breast cancer. Breast Cancer Res Treat (2013) 140
(1):13-21. doi: 10.1007/s10549-013-2618-7

. Motallebnezhad M, Younesi V, Aghebati-Maleki L, Nickho H, Safarzadeh E,

Ahmadi M, et al. Antiproliferative and apoptotic effects of a specific anti-
insulin-like growth factor I receptor single chain antibody on breast cancer
cells. Tumor Biol (2016) 37(11):14841-50. doi: 10.1007/s13277-016-5323-4

. Lorusso V, Manzione L, Silvestris N. Role of liposomal anthracyclines in

breast cancer. Ann Oncol (2007) 18:vi70-vi3. doi: 10.1093/annonc/mdm229

. Benedetti R, Dell’Aversana C, Giorgio C, Astorri R, Altucci L. Breast cancer

vaccines: new insights. Front Endocrinol (2017) 8:270. doi: 10.3389/
fendo.2017.00270

. Allen MD, Jones LJ. The role of inflammation in progression of breast cancer:

friend or foe? Int J Oncol (2015) 47(3):797-805. doi: 10.3892/1j0.2015.3075
Chawla A, Alatrash G, Wu Y, Mittendorf EA. Immune aspects of the breast
tumor microenvironment. Breast Cancer Manage (2013) 2(3):231-44. doi:
10.2217/bmt.13.15

Safarzadeh E, Orangi M, Mohammadi H, Babaie F, Baradaran B. Myeloid-
derived suppressor cells: Important contributors to tumor progression and
metastasis. / Cell Physiol (2018) 233(4):3024-36. doi: 10.1002/jcp.26075
Umansky V, Blattner C, Gebhardt C, Utikal J. The role of myeloid-derived
suppressor cells (MDSC) in cancer progression. Vaccines (2016) 4(4):36. doi:
10.3390/vaccines4040036

Condamine T, Gabrilovich DI. Molecular mechanisms regulating myeloid-
derived suppressor cell differentiation and function. Trends Immunol (2011)
32(1):19-25. doi: 10.1016/}.it.2010.10.002

Sceneay J, Griessinger CM, Hoffmann SH, Wen SW, Wong CS, Krumeich S,
et al. Tracking the fate of adoptively transferred myeloid-derived suppressor
cells in the primary breast tumor microenvironment. PloS One (2018) 13(4):
€0196040. doi: 10.1371/journal.pone.0196040

Danilin S, Merkel AR, Johnson JR, Johnson RW, Edwards JR, Sterling JA.
Myeloid-derived suppressor cells expand during breast cancer progression
and promote tumor-induced bone destruction. Oncoimmunology (2012) 1
(9):1484-94. doi: 10.4161/0nci.21990

Safarzadeh E, Hashemzadeh S, Duijf PH, Mansoori B, Khaze V, Mohammadi A,
et al. Circulating myeloid-derived suppressor cells: An independent prognostic
factor in patients with breast cancer. J Cell Physiol (2018) 234(4):3515-25. doi:
10.1002/jcp.26896

Safarzadeh E, Hashemzadeh S, Duijf PH, Mansoori B, Khaze V, Mohammadi
A, et al. Circulating myeloid-derived suppressor cells: An independent
prognostic factor in patients with breast cancer. J Cell Physiol (2019) 234
(4):3515-25. doi: 10.1002/jcp.26896

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods (2021) 25(4):402-8.
doi: 10.1006/meth.2001.1262

Wang Z, Till B, Gao Q. Chemotherapeutic agent-mediated elimination of
myeloid-derived suppressor cells. Oncoimmunology (2017) 6(7):e1331807.
doi: 10.1080/2162402X.2017.1331807

Highfill SL, Cui Y, Giles AJ, Smith JP, Zhang H, Morse E, et al. Disruption of
CXCR2-mediated MDSC tumor trafficking enhances anti-PD1 efficacy. Sci
Trans Med (2014) 6(237):237ra67-ra67. doi: 10.1126/scitranslmed.3007974
Leung ], Suh W-K. Host B7-H4 regulates antitumor T cell responses through
inhibition of myeloid-derived suppressor cells in a 4T1 tumor transplantation
model. J Immunol (2013) 1201242:6651-61. doi: 10.4049/jimmunol.1201242

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Luwor R, Baradaran B, Taylor L, Iaria J, Nheu T, Amiry N, et al. Targeting
Stat3 and Smad?7 to restore TGF-J cytostatic regulation of tumor cells in vitro
and in vivo. Oncogene (2013) 32(19):2433. doi: 10.1038/0nc.2012.260

Sido JM, Yang X, Nagarkatti PS, Nagarkatti M. A9-Tetrahydrocannabinol-
mediated epigenetic modifications elicit myeloid-derived suppressor cell
activation via STAT3/S100A8. ] Leukocyte Biol (2015) 97(4):677-88. doi:
10.1189/jlb.1A1014-479R

Dufait I, Van Valckenborgh E, Menu E, Escors D, De Ridder M, Breckpot K.
Signal transducer and activator of transcription 3 in myeloid-derived
suppressor cells: an opportunity for cancer therapy. Oncotarget (2016) 7
(27):42698. doi: 10.18632/oncotarget.8311

Zhong Z, Wen Z, Darnell JE. Stat3: a STAT family member activated by
tyrosine phosphorylation in response to epidermal growth factor and
interleukin-6. Science (1994) 264(5155):95-8. doi: 10.1126/science.8140422
Rebé C, Vegran F, Berger H, Ghiringhelli F. STAT3 activation: A key factor in
tumor immunoescape. Jak-stat (2013) 2(1):e23010. doi: 10.4161/jkst.23010
Bronte V, Zanovello P. Regulation of immune responses by L-arginine
metabolism. Nat Rev Immunol (2005) 5(8):641. doi: 10.1038/nri1668
Serafini P, Mgebroff S, Noonan K, Borrello I. Myeloid-derived suppressor
cells promote cross-tolerance in B-cell lymphoma by expanding regulatory
T cells. Cancer Res (2008) 68(13):5439-49. doi: 10.1158/0008-5472.CAN-
07-6621

Watkins SK, Zhu Z, Riboldi E, Shafer-Weaver KA, Stagliano KE, Sklavos MM,
et al. FOXO3 programs tumor-associated DCs to become tolerogenic in
human and murine prostate cancer. J Clin Invest (2011) 121(4):1361-72.
doi: 10.1172/]JCI44325

Li R, Wei F, Yu J, Li H, Ren X, Ren X. IDO inhibits T-cell function through
suppressing Vavl expression and activation. Cancer Biol Ther (2009) 8
(14):1402-8. doi: 10.4161/cbt.8.14.8882

Yu J, Sun J, Wang SE, Li H, Cao S, Cong Y, et al. Upregulated expression of
indoleamine 2, 3-dioxygenase in primary breast cancer correlates with
increase of infiltrated regulatory T cells in situ and lymph node metastasis.
Clin Dev Immunol (2011) 2011:469135. doi: 10.1155/2011/469135
Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of
the immune system. Nat Rev Immunol (2009) 9(3):162-74. doi: 10.1038/
nri2506

Jitschin R, Braun M, Biittner M, Dettmer-Wilde K, Bricks ], Berger J, et al.
CLL-cells induce IDOhi CD14+ HLA-DRlo myeloid derived suppressor cells
that inhibit T-cell responses and promote TRegs. Blood (2014) 124(5):750-60.
doi: 10.1182/blood-2013-12-546416

Mougiakakos D, Jitschin R, Von Bahr L, Poschke I, Gary R, Sundberg B, et al.
Immunosuppressive CD14+ HLA-DR low/neg IDO+ myeloid cells in patients
following allogeneic hematopoietic stem cell transplantation. Leukemia (2013)
27(2):377. doi: 10.1038/leu.2012.215

Yu J, DuW, Yan F, Wang Y, Li H, Cao S, et al. Myeloid-derived suppressor
cells suppress antitumor immune responses through IDO expression and
correlate with lymph node metastasis in patients with breast cancer.
J Immunol (2013) 190(7):3783-97. doi: 10.4049/jimmunol.1201449

Katoh H, Watanabe M. Myeloid-derived suppressor cells and therapeutic
strategies in cancer. Mediators Inflammation (2015) 2015:159269. doi:
10.1155/2015/159269

Zoglmeier C, Bauer H, Nérenberg D, Wedekind G, Bittner P, Sandholzer N,
et al. CpG blocks immune suppression by myeloid-derived suppressor cells in
tumor-bearing mice. Clin Cancer Res (2011) 17(7):1765-75. doi: 10.1158/
1078-0432.CCR-10-2672

Bunt SK, Clements VK, Hanson EM, Sinha P, Ostrand-Rosenberg S.
Inflammation enhances myeloid-derived suppressor cell cross-talk by
signaling through Toll-like receptor 4. J Leukocyte Biol (2009) 85(6):996-
1004. doi: 10.1189/j1b.0708446

El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, Henao-Tamayo
M, et al. Toll-like receptor-induced arginase 1 in macrophages thwarts
effective immunity against intracellular pathogens. Nat Immunol (2008) 9
(12):1399. doi: 10.1038/ni.1671

Hsu K, Chung YM, Endoh Y, Geczy CL. TLRY ligands induce S100A8 in
macrophages via a STAT3-dependent pathway which requires IL-10 and
PGE2. PloS One (2014) 9(8):e103629. doi: 10.1371/journal.pone.0103629
Hossain DM, Pal SK, Moreira D, Duttagupta P, Zhang Q, Won H, et al.
TLR9-targeted STAT3 silencing abrogates immunosuppressive activity of

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613215


https://doi.org/10.1172/JCI83871
https://doi.org/10.1186/s12916-016-0623-5
https://doi.org/10.1186/s40425-018-0362-6
https://doi.org/10.1111/imr.12084
https://doi.org/10.1007/s10549-013-2618-7
https://doi.org/10.1007/s13277-016-5323-4
https://doi.org/10.1093/annonc/mdm229
https://doi.org/10.3389/fendo.2017.00270
https://doi.org/10.3389/fendo.2017.00270
https://doi.org/10.3892/ijo.2015.3075
https://doi.org/10.2217/bmt.13.15
https://doi.org/10.1002/jcp.26075
https://doi.org/10.3390/vaccines4040036
https://doi.org/10.1016/j.it.2010.10.002
https://doi.org/10.1371/journal.pone.0196040
https://doi.org/10.4161/onci.21990
https://doi.org/10.1002/jcp.26896
https://doi.org/10.1002/jcp.26896
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1080/2162402X.2017.1331807
https://doi.org/10.1126/scitranslmed.3007974
https://doi.org/10.4049/jimmunol.1201242
https://doi.org/10.1038/onc.2012.260
https://doi.org/10.1189/jlb.1A1014-479R
https://doi.org/10.18632/oncotarget.8311
https://doi.org/10.1126/science.8140422
https://doi.org/10.4161/jkst.23010
https://doi.org/10.1038/nri1668
https://doi.org/10.1158/0008-5472.CAN-07-6621
https://doi.org/10.1158/0008-5472.CAN-07-6621
https://doi.org/10.1172/JCI44325
https://doi.org/10.4161/cbt.8.14.8882
https://doi.org/10.1155/2011/469135
https://doi.org/10.1038/nri2506
https://doi.org/10.1038/nri2506
https://doi.org/10.1182/blood-2013-12-546416
https://doi.org/10.1038/leu.2012.215
https://doi.org/10.4049/jimmunol.1201449
https://doi.org/10.1155/2015/159269
https://doi.org/10.1158/1078-0432.CCR-10-2672
https://doi.org/10.1158/1078-0432.CCR-10-2672
https://doi.org/10.1189/jlb.0708446
https://doi.org/10.1038/ni.1671
https://doi.org/10.1371/journal.pone.0103629
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Safarzadeh et al.

STATSB/TLR7/8 Pathway in Myeloid-Derived Suppressor Cells

myeloid-derived suppressor cells from prostate cancer patients. Clin Cancer
Res (2015) 21(16):3771-82. doi: 10.1016/S1525-0016(16)33821-7

Spinetti T, Spagnuolo L, Mottas I, Secondini C, Treinies M, Riiegg C, et al.
TLR7-based cancer immunotherapy decreases intratumoral myeloid-derived
suppressor cells and blocks their immunosuppressive function.
Oncoimmunology (2016) 5(11):e1230578. doi: 10.1080/2162402X.2016.
1230578

Sioud M, Fleisand Y, Forfang L, Lund-Johansen F. Signaling through toll-like
receptor 7/8 induces the differentiation of human bone marrow CD34+
progenitor cells along the myeloid lineage. ] Mol Biol (2006) 364(5):945-54.
doi: 10.1016/j.jmb.2006.09.054

He D, Li H, Yusuf N, Elmets CA, Li ], Mountz JD, et al. IL-17 promotes tumor
development through the induction of tumor promoting microenvironments
at tumor sites and myeloid-derived suppressor cells. J Immunol (2010) 184
(5):2281-8. doi: 10.4049/jimmunol.0902574

42.

43.

44.

45. Wen L, Gong P, Liang C, Shou D, Liu B, Chen Y, et al. Interplay between
myeloid-derived suppressor cells (MDSCs) and Th17 cells: foe or friend?
Oncotarget (2016) 7(23):35490. doi: 10.18632/oncotarget.8204

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.

Copyright © 2021 Safarzadeh, Mohammadi, Mansoori, Duijf, Hashemzadeh, Khaze,
Kazemi, Derakhshani, Silvestris and Baradaran. 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 2021 | Volume 11 | Article 613215


https://doi.org/10.1016/S1525-0016(16)33821-7
https://doi.org/10.1080/2162402X.2016.1230578
https://doi.org/10.1080/2162402X.2016.1230578
https://doi.org/10.1016/j.jmb.2006.09.054
https://doi.org/10.4049/jimmunol.0902574
https://doi.org/10.18632/oncotarget.8204
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	STAT3 Silencing and TLR7/8 Pathway Activation Repolarize and Suppress Myeloid-Derived Suppressor Cells From Breast Cancer Patients
	Introduction
	Materials and Methods
	Patients and Ethics Statement
	PBMC Isolation
	Immunophenotyping of MDSCs
	MDSC and T Cell Isolation
	In Vitro Gene Silencing
	MDSC Co-Culture Experiment and Treatment
	MDSC Suppression Analysis
	Immunohistochemistry (IHC)
	RNA Extraction and qRT–PCR
	Western Blotting
	Statistical Analysis

	Results
	BC Progression Is Associated With an Accumulation of Circulating HLA-DR– CD33+ Cells
	MDSCs in Blood Circulation and Tissue of BC Patients Show Increased STAT3 Activity
	BC-Associated MDSCs Express Increased Levels of IDO and IL-10
	TLR7/8 Agonist and si-STAT3 Treatment Re-polarized BC-Associated MDSCs
	TLR7/8 Agonist and si-STAT3 Treatment Repolarize T CD3+ Cells
	TLR7/8 Agonist and si-RNA STAT3 Treatment Reduce the Proliferation of BC Cells
	Chemotherapy Reduces the Level of Circulating MDSCs in BC Patients, but These MDSCs Remain Highly T Cell-Suppressive

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	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 true
  /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 true
  /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 true
  /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


