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Abstract

The immune microenvironment is crucial for epithelial
ovarian cancer (EOC) progression and consists of tumor-
associated macrophages (TAM) and T lymphocytes, such as
regulatory T cells (Treg) and T helper 17 (Th17) cells. In this
study, the Treg/Th17 ratio was significantly higher in EOC
in situ and in metastatic peritoneal tissues than in benign
ovarian tumors and benign peritoneum. The Treg/Th17 ratio
was associated with histologic grade and was an independent
prognostic factor for overall survival of EOC patients. On the
basis of microarray analysis of exosomes derived from TAMs,
we identified miRNAs enriched in the exosomes, including

Introduction

Epithelial ovarian cancer (EOC), the most common cause of
gynecologic cancer-related mortality, is characterized by high
recurrence and a lack of effective treatments (1). Unlike other
solid tumors, EOC cells metastasize to the peritoneal cavity by
forming numerous nodules, which is the main obstacle for EOC
treatment. An immunosuppressive microenvironment is found in
the peritoneum of EOC patients, which further exacerbates tumor
progression (2). Our previous studies have shown that the peri-
toneum of EOC patients contains abundant immune cells, 70% of
which are tumor-associated macrophages (TAM) and 25% are T
cells (3). TAMs could promote tumor progression by secreting
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miR-29a-3p and miR-21-5p. When the two miRNA mimics
were transfected into CD4" T cells, they directly suppressed
STAT3 and regulated Treg/Th17 cells, inducing an imbalance,
and they had a synergistic effect on STAT3 inhibition. Taken
together, these results indicate that exosomes mediate
the interaction between TAMs and T cells, generating an
immune-suppressive microenvironment that facilitates EOC
progression and metastasis. These findings suggest that target-
ing these exosomes or their associated miRNAs might pave
the way for the development of novel treatments for EOC.
Cancer Immunol Res; 6(12); 1578-92. ©2018 AACR.

IL10 to increase the frequency of regulatory T cells (Treg; ref. 4),
thus illustrating that the mechanisms of cross-talk between
tumor-associated immune cells and reversion of the immuno-
suppressive microenvironment might be an effective strategy for
EOC therapy.

TAMSs comprise a large proportion of the immune cells in the
cancer microenvironment and play significant roles in tumor
growth, invasion, angiogenesis, and metastasis (5), and TAM
patterns influence long-term outcomes in ovarian cancer
patients (6). Generally, TAMs are considered M2-like with an
anti-inflammatory and protumor phenotype (7). Some studies
have found that M2-like TAMs play an important role in
remodeling the tumor microenvironment (TME) by suppres-
sing the adaptive immune response (8). Other studies have
demonstrated that TAMs are able to produce exosomes, which
are membranous vesicles of endogenic origin, ranging in size
from 30 to 100 nm that shuttle biomaterials to adjacent cells
within the microenvironment (9, 10). Exosomes have been
found to be key players in intercellular communication
through horizontal transfer of information via their cargo,
which includes proteins, DNA, mRNAs, and miRNAs (11,
12). Exosome-mediated transfer of mRNAs and miRNAs is a
mechanism of genetic exchange between cells (13). However,
the functions of TAM-derived exosomes in the EOC-immuno-
suppressive microenvironment remain unknown.

T cells in the TME show less antitumor ability and exhibit an
immunosuppressive profile (14). Tregs and T helper 17 (Th17)
cells are two subsets of CD4" T cells. Tregs are known as sup-
pressor T cells and are a subpopulation of T cells that maintain
tolerance to self-antigen, modulate the immune system, and
abrogate autoimmune disease (15, 16). Th17 cells are CD4* T
helper lymphocytes that secrete IL17A and express the
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transcription factor RORyt, which regulates the activation of
cytotoxic CD8 T cells (11, 16).

A Treg/Th17 cell imbalance characterizes many diseases, such
as human systemic lupus, diabetes, and some tumors (17-19).
Tregs and Th17 cells share a reciprocal differentiation pathway
from uncommitted CD4" precursors (12). However, little is
known about the mechanisms affecting the imbalance between
Tregs and Th17 cells in the TME, especially in EOC. In this study,
we investigated the imbalance between Tregs and Th17 cells in
EOC patients and its clinical implications. Both in vitro and in vivo
studies showed that the imbalance between Tregs and Th17 cells
drove EOC progression and metastasis. We further illustrated
the communication between TAMs and T lymphocytes in the
TME of EOC.

In addition, we showed that TAM-derived exosomes transferred
miRNAs, including miR-29a-3p and miR-21-5p, to synergistically
induce the Treg/Th17 cell imbalance through direct targeting of
STAT3 in CD4 " T cells. This study reveals a functional mechanism
of TAMs in EOC progression. Targeting these exosomes or asso-
ciated miRNAs might serve as a therapeutic strategy for EOC
treatment.

Materials and Methods

Patients and specimens

Patients and healthy donors were included from Shanghai First
Maternity and Infant Hospital, Tongji University School of Med-
icine, Shanghai, China. Specimens included peripheral blood
(PB), ascites, benign ovarian tumors, EOC tissue, benign perito-
neum, and EOC peritoneum. PB was obtained from 150 patients
and 20 healthy donors, and ascites came from 27 EOC patients
with ascites. EOC tissues were from 124 EOC patients, 15 of
whom had peritoneal tissue collected at the same time. Benign
tumor tissues were from 26 benign ovarian tumors patients, 6 of
whom had peritoneal tissue collected at the same time. Specimens
are stored in the form of both frozen sections and formalin-fixed
paraffin-embedded (FFPE) samples. Patients with tumor histories
from other systemic sites were excluded, patients with recurrent
tumors were excluded, and none of the cancer patients received
any chemotherapy before specimens were obtained. EOC patients
were divided into two groups according to pathologic diagnosis,
thus serous ovarian cancer (SOC) and nonserous ovarian cancer
(NSOC). PB was collected preoperatively, and tissue samples and
ascites were collected intraoperatively. The objectives and impli-
cations of the results were explained, and institutionally approved
written informed consent was obtained from each participant.
The study protocol was reviewed and approved by the Institu-
tional Review Board of Shanghai First Maternity and Infant
Hospital, in accordance with the Declaration of Helsinki.

Cell culture

The mouse EOC cell line ID8 and the human monocyte cell line
THP-1 were obtained from Fuheng Bio at 2015 (FuHeng Cell
Center; FH1075 and FHO0113). The ID8 cells were cultured in
high-glucose DMEM (HyClone, SH30243.01B) with 10% fetal
bovine serum (FBS, Gibco, 10099141), and THP-1 cells were
cultured in RPMI-1640 (HyClone, SH30809.01B) with 10% FBS.
Cell lines were maintained in culture for no more than 10
passages. All the cell lines were authenticated using short tandem
repeat analysis every 6 months, with the latest test in August 2017.
Cells were also authenticated by morphology, phenotype,

www.aacrjournals.org

Exosomal miRNAs from TAM Inducing Treg/Th17 Imbalance in EOC

and growth and routinely screened for mycoplasma (Sciencell,
Mycoplasma PCR Detection Kit, 8208). Testing for mycoplasma
contamination in cell cultures was routinely performed at least
every 3 months, with the latest test in November 2017.

Generation of ID8-luciferase cells

ID8 cells were transduced with a lentiviral vector (PHY-024
lentivirus vector) containing a luciferase reporter (GenBank
NO:MF693179.1) together with the puromycin resistance gene
(ID8-Luc-pur). The production of a third-generation lentivirus
was provided by Hanyin Biotechnology Limited Company
(Shanghai), and we followed the lentiviral operation manual
they provided. First, the ID8 cells were seeded into 6-well plates
with the cell density being about 50% by the second day. Next, we
obtained MOI (multiplicity of infection) values according to
preliminary experiments (MOI = 3-5). The original cell culture
medium was then removed, and the lentivirus was added to the
cells and incubated overnight. After 24 hours of infection, the
culture medium containing the lentivirus was removed and
replaced with fresh culture medium. After 72 hours, the trans-
fected cells were grown in complete high-glucose DMEM with
puromycin (3 pg/mL; Shanghai MaoKang Biotechnology,
MS0011-25MG) for purity screening.

MO, M1, and M2 macrophages and the coculture system

MO0/M1/M2 macrophages were derived from human peripheral
blood mononuclear cells (PBMC). Fresh human PB CD14*
monocytes and CD4" T cells were provided by 10 healthy
donors and isolated using CD14 microbeads (Miltenyi Biotec,
130-050-201) and CD4 microbeads (Miltenyi Biotec, 130-045-
101). MO macrophages were induced with M-CSF (10 ng/mL;
R&D Systems, 416-ML-050). M1 macrophages were induced
with M-CSF (10 ng/mL), LPS (500 ng/mL; Sigma, L2880-25MG),
and IFNr (20 ng/mL; R&D Systems, 285-1F-100) for 3 days. M2
macrophages were induced with M-CSF (10 ng/mL) and IL4
(20 ng/mL; R&D Systems, 6507-IL-010) for 3 days (20). The
control group was untreated. CD4 " T cells (5 x 10°) were presti-
mulated with anti-CD3 (10 pg/mL; BD Pharmingen, 550368)
and anti-CD28 (5 ug/mL; BD Pharmingen, 555726) for 3 days.
The 5 x 10° T cells were then cocultured with the different
macrophages for 3 days, with a T-cell:macrophage ratio of 1:2.

For the coculture exosome and CD4" T-cell system, after
induction of CD14" monocytes into M1/M2 macrophages, the
culture medium was replaced with RPMI-1640. Exosomes were
isolated as described below. M1/M2 exosomes (50 pug/mL) were
added to 10° autologous CD4 ™" T cells and cocultured for 3 days.
The CD4" T cells were prestimulated with anti-CD3(10 pg/mL)
and anti-CD28 (5 pg/mL) for 3 days.

Exosome isolation

THP-1 cells, TAMs, M1 macrophages, and M2 macrophages
were cultured in RPMI-1640 for 24 hours. M1 and M2 macro-
phages were prestimulated as described above. To isolate
exosomes, supernatants were centrifuged two times (1,000 x g
for 10 minutes and 3,000 x g for 30 minutes to remove cells and
cellular debris), followed by addition of Total Exosome Isolation
Reagent (from cell culture medium,; Life Technologies, 4478359)
overnight and centrifugation for 10,000 x g for1l hour. Exosomes
were resuspended in PBS and stored at —80°C. The concentration
of exosomes was detected using a BCA Protein Assay Kit (Thermo
Scientific, 23225).
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Electron microscopy

Exosome pellets were resuspended in PBS and loaded onto a
carbon-coated copper electron microscope grid and then stained
with 2% uranyl acetate. The exosomes were observed under a
Tecnai G2 F20 ST Transmission electron microscope.

Transfection with miRNA mimics

Mimics were purchased from Shanghai GenePharma Co, Ltd.,
and the human sequences used in the in vitro experiment were
different from the mouse sequences used in the in vivo experiment.
The following oligonucleotide sequences aligned to the human
strains were 5 FAM-labeled, and fluorescence was observed
following successful transfection. "Hsa" indicates the logogram
of homo sapiens, "mmu" indicates the logogram of mus
musculus, and "NC" indicates negative control. Hsa-miR-
29a-3p mimic: uagcaccaucugaaaucgguua; hsa-miR-21-5p mimic:
uagcuuaucagacugauguuga; NC: uucuccgaacgugucacgudtdt. The
following oligonucleotide sequences aligned to mouse strains
were 5 FAM-labeled, and fluorescence was observed following
successful transfection. NC: uucuccgaacgugucacgutt; mmu-mir-21-
S5p-mimic:  uagcuuaucagacugauguugaaacaucagucugauaagcuauy;
mmu-mir-29a-3p mimic: uagcaccaucugaaaucgguuaaccgauuuca-
gauggugcuauu; mmu-mir-2 1-5p-inhibitor: ucaacaucagucugauaag-
cua; mmu-mir-29a-3p inhibitor: uaaccgauuucagauggugcua. "Both
mimics" indicates that the hmiR-21-5p mimic and miR-29a-3p
mimic were used simultaneously, and "both inhibitors" refers to
the use of the miR-21-5p inhibitor and the hsa-miR-29a-3p
inhibitor.

X-tremeGENE  siRNA  transfection reagent (Roche,
04476093001) was used to transfer mimics into T cells according
to the manufacturer's instructions. For the combination of
miR-21-5p and miR-29a-3p, we combined the concentration of
the single miRNAs used in the experiments, and thus the overall
concentration of miRNAs was doubled. CD4™ T cells (5 x 10°)
were transfected with 3.5 pug NC, 3.5 ug hsa-miR-21-5p
mimic, 3.5 pg hsa-miR-29a-3p mimic, both mimics (3.5 pg
hsa-miR-21-5p mimic and 3.5 pg hsa-miR-29a-3p mimic), or
both inhibitors (3.5 pug hsa-miR-21-5p inhibitor and 3.5 ug
hsa-miR-29a-3p inhibitor). For the in vivo experiment, we deter-
mined whether the transfection was successful by fluorescence
microscope after 6 hours. For the in vitro experiment, the five-
mimic transfection was determined by real-time PCR after
48 hours or Western blotting after 72 hours.

Western blots

The total proteins were lysed with RIPA (Beyotime, PO013E)
and separated on 10% SDS PAGE gels. The gels were then
transferred to polyvinylidene fluoride membranes (Millipore,
U650617). After blocking with 5% nonfat milk for 1 hour, the
membranes were incubated with primary antibody at 4°C over-
night. Anti-rabbit IgG (Cell Signaling Technology, 7074S) was
used as the secondary antibody. Exosome biomarkers were
detected by Western blotting using the following primary anti-
bodies: tetraspanin molecule CD9 (Abcam, Rabbit mAb,
ab92716), CD63 (Abcam, Rabbit pAb, ab216130), CD81
(Abcam, Rabbit mAb, ab109201), Tsg 101 molecules (Abcam,
Rabbit mAb, ab125011), and GAPDH (CST, Rabbit mAb, 5174).

CD4 " T cells were transfected with NC, hsa-miR-21-5p-mimic,
hsa-miR-29a-3p-mimic, both mimics, or both inhibitors, and the
cells were also simultaneously lysed in total protein lysis buffer
after 72 hours of transfection. Detection of STAT3 and actin was
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performed with anti-STAT3 (CST, Rabbit mAb, 12640) and anti-
B-actin (CST, Rabbit mAb, 8457) via Western blotting. Image] was
used for grayscale analysis in Western blotting.

Flow-cytometric analysis of T-cell subsets and cytokines in
CD4" T cells

After T-cell coculture with macrophages or exosomes from
macrophages, the proportion of Tregs (CD4 " FoxP3") and Th17
(CD4*1L17%) cells was detected by flow-cytometric analysis. For
IL17 detection, the cells were stimulated with T-cell stimulation
cocktail (2 uL/mL; eBioscience, 00-4975-93) for 4 hours before
staining. Cells (5 x 10°) were used as experimental samples. First,
cells were stained with fixable viability stain 780 (fvs780, BD
Pharmingen, 565388) for 15 minutes. Cells were stained extra-
cellularly with CD4-Pecy5.5 (eBioscience, 45-0049-42) for 30
minutes at 4°C in the dark. Subsequently, the cells were fixed
and permeabilized with Perm/Fix solution (eBioscience) for 45
minutes in the dark and then intracellularly stained with anti-
IL17-phycoerythrin (PE, eBioscience, 25-7177-82) and anti-
FoxP3-allophycocyanin (APC, eBioscience, 17-4776-42) for 30
minutes at 4°C in the dark. Flow-cytometric analysis was per-
formed using a BD FACSCanto II, and data were analyzed using
FlowJo V10.0.

To explore the STAT3 signal downregulation in T-cell subsets
after miRNA transduction into native CD4" T cells, and to
detect cytokines from Tregs and Th17 cells by flow-cytometric
analysis, NC, hsa-miR-21-5p-mimic, hsa-miR-29a-3p-mimic,
both mimics, or both inhibitors were transfected into native
CD4" T cells as described in the "Transfection with miRNA
mimics." After 48 hours, the IL17 Secretion Assay, Cell Enrich-
ment and Detection Kit (PE; Miltenyi, 130-094-542) was used
to isolate Th17 cells, and the CD4"CD25" Regulatory T-Cell
Isolation kit (Miltenyi, 130-091-301) was used to isolate Tregs.

According to the cytokine propensity of Tregs and Th17 cells,
we used flow cytometry to detect TGFB, IL10 (21), and IL4 for
Tregs (22), and TNFo and IL6 for Th17 cells (23). Similar to the
previous experiment, 5 x 10° cells stained with fvs780 for 15
minutes. Cells were also stained extracellularly with CD4-bb515
(BD Pharmingen, 564419) as described above. Subsequently, the
cells were fixed and permeabilized for 45 minutes in the dark,
and then Tregs were intracellularly stained with anti-TGF31-PE
(BD Pharmingen, 562339), anti-IL10-APC (BD Pharmingen,
554707), and anti-IL4-PerCP-cy5.5 (BD Pharmingen, 561234)
for 30 minutes at4°Cin the dark. At the same time, Th17 cells were
stained with anti-TNFo~PE-CY7 (BD Pharmingen, 557647) and
anti-IL6-APC (BD Pharmingen, 561441). Flow-cytometric anal-
ysis was also performed using BD FACSCanto II. Data were
analyzed using FlowJo V10.0.

Confocal microscopy

Detection of Tregs (CD4"FoxP3") and Th17 (CD4"IL17")
cells in frozen sections of benign ovarian tumors, EOC tissue,
benign peritoneum, and EOC peritoneum was performed using
mouse monoclonal CD4 antibodies (Abcam, ab846), rat
polyclonal anti-FoxP3 (Abcam, ab54501), and rabbit polyclonal
anti-IL17A (Abcam, ab79056). All cell nuclei were counterstained
with DAPI (D9542, Sigma). Alexa Fluor 488-conjugated
goat anti-mouse IgG (Jackson, 115-545-205) was used for
detection of anti-CD4, Cy3-conjugated goat anti-rat IgG (Jackson,
112-165-003) was used for detection of anti-FoxP3, and Alexa
Fluor 647-conjugated anti-rabbit secondary antibody (Jackson,
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111-605-003) was used for detection of anti-IL17. Images were
taken with a Zeiss LSM 510 laser scanning confocal microscope.
Quantitative analysis was performed in five random fields per
tumor by counting the number of cells at x 40 magnification.

To detect exosomes derived from macrophages acting on CD4*
T cells, M2 macrophages were derived from PBMCs. M2 macro-
phages were induced with M-CSF and IL4 as described above.
Macrophages (1 x 10°) were stained with 500 nmol/L SYTO
RNASelect Green Fluorescent Cell Stain [Life Technology,
$-32703, Green, ~490/530 nm) to label RNA, and DiIC16(3);
1:300 dilution; Invitrogen, D384, Red, ~589/617 nm| was added
to label membranes for 20 minutes at 37°C. The medium was
removed, and macrophages were washed three times with PBS.
RPMI-1640 and 1 x 10° CD4" T cells were then added. The cells
were cultured for 24 hours, and T cells were collected for confocal
microscopy to detect macrophage exosomes taken up by T cells.
Images were taken with a Zeiss LSM 510 laser scanning
confocal microscope.

In vivo experiments

Fresh mouse CD4" T cells were purified from spleens of
C57BL/6 mice (4-6 weeks old, female) with mouse CD4
(L3T4) microbeads (Miltenyi Biotec, 130-049-201) following the
manufacturer's instructions. In brief, 107 cells were cultured with
40 UL of anti-CD4 beads for 15 minutes protected from light at
4°C and then washed 3 times. Next, the cells were resuspended in
500 puL of buffer, and the cell suspension was applied to an LS
column (Miltenyi Biotec, Germany, 130-042-201). The percent-
age of the CD4 ™" T cells in total obtained cells was analyzed by flow
cytometry. The mouse CD4" T cells were cultured in complete
RPMI-1640 with 10% FBS and 1% penicillin-streptomycin (P/S,
Gibco, 15070063) and used within 2 weeks.

To induce a Treg/Th17 imbalance, CD4™" T cells were incubated
in a T25 culture flask (5 x 10° cells/flask). The T cells were then
divided into three groups. The Treg/Th17-low ratio (ratio = 0.3)
group was prestimulated with anti-CD3 (10 ug/mL coated in
advance; eBioscience, 16-0031) and anti-CD28 (5 pg/mL;
eBioscience, 16-0281). The control group was cultured with
complete RPMI-1640 medium for 3 days. The Treg/Th17-high
ratio (ratio = 1.7) group was cultured with trichostatin A
(5 nmol/L/mL, TSA, Sigma, T8552) for 3 days to induce a
Treg/Th17 imbalance (24).

Female C57BL/6 mice (6 weeks of age, 15-17 g) were pur-
chased from Shanghai Slac Laboratory Animal and bred under
SPF conditions in Tongji University School, Shanghai, China.
The 45 mice were randomly divided into 3 groups and injected
intraperitoneally with 0.5 mL of PBS containing 5 x 10° (25, 26)
ID8-Luc-pur cells. For the long-term experiments, additional
T-cell injections were started 14 days after the first injection in
the metastasis model. Each group (control group, Treg/Th17-low
group, and Treg/Th17-high group) was administered 0.1 mL
of PBS containing 1 x 10° T cells via intraperitoneal
injection once a week. The tumors in C57BL/6 mice were
examined for Luc expression using D-luciferin (100 mg/kg,
Invitrogen, Life Technologies), and images were captured with
a NightOWLIILB 983 instrument to assess tumor development
every week. Image analyses were carried out with IndiGo soft-
ware. At the time of sacrifice, ovary, peritoneum, mesentery, and
diaphragm were harvested from mice, and specimens are stored
as FFPE samples. The experimental endpoint was the time of
death due to disease.
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Another 50 mice were randomly divided into 5 groups and
injected intraperitoneally with 0.5 mL of PBS containing 5 x 10°
ID8-Luc-pur cells. CD4" T cells were transfected with NC, mmu-
miR-21-5p mimic, mmu-miR-29a-3p mimic, both mimics, or
both inhibitors for 72 hours. For the long-term experiments,
additional T cells were injected beginning at 14 days after the
first injection in the metastasis model. All groups were injected
intraperitoneally with 0.1 mL of PBS containing 1 x 10° T cells
once a week. The groups included the NC group, hsa-miR-29a-3p
group, hsa-miR-21-5p group, both mimics group, and both
inhibitors group. The tumor flux was recorded weekly to observe
Luc expression based on D-luciferin to assess tumor development.
All the animal experiments were approved by the Medical Animal
Care of Tongji University, and the animals were cared for accord-
ing to the recommended use of laboratory animals. At the time of
sacrifice, ovary, mesentery, and diaphragm were harvested and
stored as FFPE samples. All peritoneal tissues from the mice were
harvested and stored in 4% paraformaldehyde at 4°C. The exper-
imental endpoint was the time of death due to disease.

Agilent miRNA microarray

MiRNA microarray was performed by oeBiotech Limited Com-
pany. An Agilent miRNA microarray (860K, Design ID: 046064)
was used to profile miRNAs in the exosomes released by mono-
cytes (THP-1) and M2 macrophages (GEO number: GSE97467).
The M2 macrophages were induced with PMA (50 ng/mL; Sigma,
P1585) and IL4 (20 ng/mL), as described above. The culture
medium was then replaced with RPMI-1640, and the cells were
cultured for 24 hours. Exosomes were isolated as described above.
Total RNA was extracted using a mirVanaTM RNA Isolation Kit
(Applied Biosystem p/n AM1556), and 100 ng RNA per sample
was used on microarray.

Assessment of miRNA expression

CD14" monocytes were induced to develop into M2 macro-
phages, and the exosomes from CD14" monocytes and M2
macrophages were collected. Total RNA from exosomes and T
cells was isolated with TRIzol (Invitrogen, Life Technologies,
15596026) and reverse-transcribed into cDNA using a miScript
II RT Kit (Qiagen, 218161). Twenty nanogram templates were
used, and PCR detection with a miScript SYBR Green PCR Kit
(Qiagen, 218073) was performed. The miRNA primers for hsa-
miR-146b-5p, hsa-miR-660-5p, hsa-miR-24-3p, hsa-miR-29a-3p,
and hsa-miR21-5p were purchased from Shanghai GenePharma
Co, Ltd. (Proven custom gene RT-PCR primer kit, F3001). U6 was
used as control gene, and the sequences were 5-CAAGGATGA-
CACGCAAATTCG-3’. The miScript Universal Primer was supplied
in a kit. The fold change was calculated as 2724Ct where AACt =
ACt treatment — ACt control and ACt = Ct target gene — Ct U6.

Assessment of mRNA expression

To explore the STAT3 signal downregulation in T-cell subsets
after the miRNA transduction into native CD4™" T cells, CD4" T
cells were transfected with NC, hsa-miR-21-5p-mimic, hsa-miR-
29a-3p-mimic, both mimics, orboth inhibitors as described in the
"Transfection with miRNA mimics" section. After 48 hours, Th17
cells and Tregs were isolated as stated above. The parent CD4™"
T-cell population, Tregs (CD4 " FoxP3"), and Th17 (CD4IL17 ")
cells were also collected for RNA extraction with TRIzol. Total RNA
was then reverse-transcribed into cDNA and 20 ng cDNA template
used for PCR detection with a PrimeScript RT-PCR kit (Takara,
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DRRo014A). The real-time PCR primers used for STAT3 in humans
were (F) 5-CITTGAGACCGAGGTGTATCACC-3' and (R) 5'-
GGTCAGCATGTTGTACCACAGG-3’ and in mice were (F) 5'-
GGGCCATCCTAAGCACAAAG-3' and (R) 5'- GGTCITGCCACT-
GATGTCCIT -3'. B-Actin primers in humans were (F) 5'-
CCTGGCACCCAGCACAAT-3’, (R) 5-GGGCCGGACTCGTCA-
TACT-3’ and in mice were (F) 5- GTGACGTTGACATCCG-
TAAAGA -3/, (R) 5'- GCCGGACTCATCGTACTCC -3'.

The expression of cytokines IL4, IL6, IL10, and TNFo were
also detected using real-time PCR. The following primer oligo-
nucleotide sequences were used: IL4, (F) 5'-ATGGGTCT-
CACCTCCCAACT-3" and (R) 5- GATGTCITGITACGGITACG
GTCAACTCG-3'; IL6, (F) 5-ACTCACCTCITCAGAACGAATTG-
3’ and (R) 5'- CCATCTTTGGAAGGITCAGGITG-3’; IL10, (F)
5'- GACTTTAAGGGITACCT GGGTTG-3' and (R) 5'- TCA-
CATGCGCCITGATGTCTIG-3; TNFo, (F) 5-CCIC CTCTAAT-
CAGCCCTCTG-3' and (R) 5-GAGGACCTGGGAGTAGATGAG-
3’ The fold change was calculated as 272", where AACt = ACt
treatment — ACt control and ACt = Ct target gene — Ct B-actin.

Statistical analysis

Statistical analyses were performed with SPSS19.0 software
(SPSS Inc.). The data are expressed as the mean + SEM. All
experiments were repeated at least in triplicate. The Mann-
Whitney test, univariate analysis of variance (ANOVA, Least-
Significant Difference test, LSD test), and Student t test were two
tailed and used to determine P values. Receiver operating char-
acteristic (ROC) analysis was applied to determine optimal sen-
sitivity and specificity of the Treg/Th17 ratio. Overall survival (OS)
was calculated using the Kaplan-Meier method to determine the
univariate relationship between the Treg/Th17 ratio, age, histo-
logic subtype, and grade. Continuous variables in figures are
presented as the mean 4= SEM. P<0.05 was considered statistically
significant.

For The Cancer Genome Atlas (TCGA) database analysis, the
intersection of each top 20% high-expression samples was defined
as synergistic high, and the intersection of each bottom 20% low-
expression samples was defined as synergistic low to assess the
combinational effect of two miRNAs. The Treg/Th17 ratio was
calculated from the Treg and Th17 proportions. The top 40%
versus bottom 40% for prognosis assessment was chosen.
We restricted to the late-stage (III and IV) EOC patients who
had evidence of peritoneal invasion. For survival analysis,
Kaplan-Meier fitted survival curves were tested for differences
using the Mantel-Haenszel test. The corresponding hazards ratios
were, respectively, estimated with the Cox regression model.

Study approval

The human studies and animal protocols were approved by the
Institutional Review Board of Shanghai First Maternity and Infant
Hospital. Written informed consent was obtained from all study
participants or their guardians.

Results

Upregulated Treg/Th17 ratios in EOC patients

Ovarian tissue samples from 124 EOC patients and 26 benign
ovarian tumor patients were evaluated by immunofluorescence.
Tregs were identified as CD4" FoxP3™", whereas Th17 cells were
identified as CD4"IL17". Our previous work showed a signifi-
cantly greater number of Tregs in EOC tissue than in benign tumor
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tissue (4). In this study, we detected Tregs and Th17 cells in tissue
via immunofluorescent staining of frozen sections, including
benign ovarian tumors, EOC tissue, benign peritoneum, and EOC
peritoneum (Fig. 1A-D). Compared with the ratio for the benign
ovarian tumor tissues (1.04 + 0.25), the Treg/Th17 ratio was
significantly higher in EOC patient tumor tissues (P < 0.001,
Mann-Whitney test; 1.97 + 0.13; Fig. 1E). The Treg/Th17 ratio
was also significantly higher in EOC peritoneal tissues (1.58 +
0.32) than that in benign peritoneal tissues (P < 0.001, Mann-
Whitney test; 0.12 + 0.06; Fig. 1F). Because SOC is a typical
representative of EOC and high-grade SOC accounts for 70% to
80% of ovarian cancer deaths, we analyzed the Treg/Th17 ratio in
SOC and NSOC, and found that it was significantly higher in the
SOC group (2.21 £ 0.19) than in the NSOC group (P = 0.027,
Mann-Whitney test, 1.65 £ 0.15; Fig. 1G). The Treg/Th17 ratio
was also correlated with EOC historical grade (Table 1; and
Supplementary Table S1). The Treg percentage was significantly
higher in EOC patient blood and ascites than that in other Th17
cells (Supplementary Fig. S1A-S1C). However, no significant
difference in the Treg/Th17 ratio in EOC patient blood and ascites
was seen (Supplementary Fig. S1D-S1E). Thus, our results indi-
cate that the distribution and ratio of Tregs and Th17 cells in both
EOC primary tissue and metastatic peritoneal tissues were signif-
icantly higher than those in benign ovarian tumor patients.

Effect of the Treg/Th17 imbalance on growth and metastasis of
ovarian cancer

To investigate the influence of the Treg/Th17 imbalance on
EOC development, we established a metastasizing ovarian cancer
C57BL/6 model with the ID8 cell line to observe ovarian cancer
growth and metastasis (25). The ID8 cell line was obtained
through spontaneous transformation of normal ovarian surface
epithelial cells from C57BL6 mice by repetitive passage in vitro.
In vivo, intraperitoneally injected ID8 cells produce tumors very
similar to high-grade SOC (26). FOXP3 is a special transcription
factor in Tregs, and a histone deacetylase (HDAC) inhibitor can
alter the histone deacetylation of specific sites inFOXP3, specif-
ically, the CpG island, which stabilizes FOXP3 expression (24).
The histone deacetylase (HDAC) inhibitor trichostatin A (TSA)
was used to induce a Treg/Th17 imbalance (P < 0.01, ¢ test; Fig.
2A). Fresh CD4" T cells were purified from the spleens of C57BL/6
mice, and the CD4" T-cell purity was nearly 90% (Fig. 2B).

After injection of ID8-Luc-pur cells, we used a bioluminescence
imaging system to observe tumor growth every week until death.
The fluorescent signal from tumor cells can be detected in organs
after tumor cells were injected into the peritoneal cavity of
C57BL6 mice (26). The intensity of the bioluminescent signal
and the tumor load correlated. Small tumors can be detected by
imaging (27). The high Treg/Th17 ratio (ratio = 1.7) group
exhibited enhanced tumor load (tumor flux 18280.00 =+
4214.74 cps) at week 11 compared with the control group (tumor
flux 4612.80 + 471.73 cps, P = 0.002, ¢ test), whereas the low
Treg/Th17 ratio (ratio = 0.3) group (tumor flux2305.80 & 363.06
cps) showed subdued tumor load (P = 0.0047, ¢ test; Fig. 2C).
Tumor load in the high Treg/Th17 ratio group (n = 3) increased
morerapidly than in the control group (P=0.0125, t test), and the
tumor in the low Treg/Th17 ratio group exhibited slower growth
than the control group (P = 0.0031, ¢ test; Fig. 2D). These results
were consistent with the cumulative survival rate changes over
time. The low Treg/Th17 ratio group showed a longer cumulative
survival rate than the control group (P = 0.033, log-rank test),
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Figure 1.

Distribution of Tregs and Th17 cells in EOC patients. A and B, Tregs in benign ovarian tumor tissue and in EOC tissue were stained with DAPI (blue, nuclei)
and with antibodies targeting CD4 (green) and FoxP3 (red). Th17 cells in benign ovarian tumor tissue and in EOC tissue were stained with DAPI (blue, nuclei)
and with antibodies targeting CD4 (green) and IL17 (pink). The mean number of Tregs and Th17 cells was quantified in five high-powered fields (HPF) for each section.
C and D, Tregs in benign peritoneum tissue and in EOC peritoneum tissue were stained with DAPI (blue, nuclei) and with antibodies targeting CD4 (green)
and FoxP3 (red). Th17 cells in benign peritoneum tissue and in EOC peritoneum tissue were stained with DAPI (blue, nuclei) and with antibodies targeting CD4 (green)
and IL17 (pink). E, The Treg/Th17 ratio in EOC tissues (n = 124) compared with benign ovarian tumor tissues (n = 26). F, The Treg/Th17 ratio in EOC
peritoneal tissue (n = 15) compared with benign peritoneal tissue (n = 6). G, Treg/Th17 ratio in the SOC (n = 72) and NSOC groups (n = 52). Scale bar, 50 um.
Results were analyzed via Mann-Whitney test; P < 0.05 was considered statistically significant.
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Table 1. Association between the Treg/Th17 ratio and clinicopathologic
variables in EOC patients

Ratio < 1.02 Ratio > 1.02 Total P
n (%) n (%)
Age
<50 9 (17.0) 44 (83.0) 53 0.278
>50 19 (26.8) 52 (73.2) 71
Histologic subtype
SOC 14 (19.4) 58 (80.6) 72 0.386
NSOC 14 (26.9) 38 (73.1) 52
Histologic grade
Low grade 1 (55.0) 9 (45.0) 20 <0.001
High grade 14 (14.1) 85 (85.9) 99

and the high Treg/Th17 ratio group had a shorter survival time
(P = 0.037, log-rank test; Fig. 2E). The tumor flux (cps) was
recorded in the three groups every week, and typical images are
presented (week 11; Fig. 2F). The peritoneum, mesentery, and
diaphragm were harvested from mice and showed greater tumor
invasion. Hematoxylin-eosin (H&E) staining confirmed the pres-
ence of tumors (Fig. 2G).

After establishing the mouse model, time to tumor formation
and metastasis was monitored by living imaging. At the time of
sacrifice, tumors were accompanied by metastases throughout the
abdominal cavity, especially at peritoneum, mesentery, and dia-
phragm (Fig. 2G). These experiments demonstrated that an
imbalance in the Treg/Th17 ratio affects the growth of tumor
cells in vivo and that a higher Treg/Th17 ratio promotes ovarian
cancer metastasis, and thus reducing the Treg/Th 17 ratio may slow
tumor metastasis (Fig. 2).

Exosomes from M2 macrophages induce the Treg/Th17
imbalance

Due to the high proportion of TAMs in EOC tissues, we
examined the relationship between TAMs and T cells. We induced
human monocytes into two types of macrophages, M1 (M-CSF"
LPS*IFN-r) and M2 (M-CSF* IL4), and we used untreated mono-
cytes as a control (Supplementary Fig. S2A-C; ref. 20). Fresh
human PB CD14* monocytes and CD4™" T cells were isolated. The
purity of CD4"and CD14" cells reached 90% (Supplementary
Fig. S2D-S2E). After coculturing M1s, M2s, and monocytes with T
cells for 3 days, the Treg/Th17 ratio in the M2 group (1.44 £ 0.19)
was significantly higher than that in the other two groups
(P = 0.002, Mann-Whitney test, control: 0.46 =+ 0.05;
P < 0.001, Mann-Whitney test M1: 0.28 + 0.05; Fig. 3A and
B). This result indicated that TAMs might induce an imbalance in
the Treg/Th17 ratio in EOC.

Next, we collected the supernatants of monocytes and M1 and
M2 macrophages to purify the released exosomes. We used electron
microscopy to confirm the sizes of the exosomes and detected
exosome biomarkers, including the tetraspanin molecule CD9,
CD63, CD81, and Tsg 101 molecules (Fig. 3C and D). We also
examined whether exosomes released from macrophages could be
taken up by T cells. Labeled exosomes were cocultured with T cells.
After 24 hours, T cells were collected and observed by using
confocal microscopy. The RNAs in exosomes (green) and exosome
membranes (red) were observed in cocultured T cells (Fig. 3E).

Next, we used exosomes from monocytes and M1 and M2
macrophages to coculture with CD4" T cells. After 3 days, the
Treg/Th17 ratio in the M2 group (1.21 + 0.06) was significantly
higher than that in the other two groups (P = 0.037, LSD, control:
0.45£0.02; P=0.05,LSD, M1:0.28 + 0.07; Fig. 3F). These results
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indicated that exosomes released from TAMs induced an
imbalance in Treg/Th17 cells. The absolute counts and Treg/Th17
ratio in each experiment were also shown as Supplementary
Tables S2-S3.

Exosomal miRNAs induce imbalance of Tregs/Th17 cells by
targeting STAT3

Exosomes contain miRNAs that can mediate intercellular com-
munication (20, 28). Therefore, we used an Agilent miRNA
microarray to profile miRNAs in exosomes released by THP-1
and M2 macrophages (induced from THP-1 cells). Compared
with miRNAs in monocyte-secreted exosomes, 42 miRNAs were
upregulated and 10 miRNAs were downregulated in M2 macro-
phage-secreted exosomes (Fig. 4A). Among these, five upregulated
miRNAs and one downregulated miRNA were related to T-cell
differentiation (Fig. 4B). Thus, we collected the exosomes secreted
by primary monocytes and M2 macrophages (induced from
primary monocytes), and we found that hsa-miR-21-5p was
upregulated 87.79 + 9.0-fold (P = 0.001), hsa-miR-24-3p
increased 16.54 + 0.64-fold (P = 0.0037), hsa-miR-29a-3p was
upregulated 13.89 + 1.24-fold (P=0.037), hsa-miR-146b-5p was
upregulated 38.9 £ 0.81-fold (P = 0.037), and hsa-miR-660-5p
was upregulated 14.91 £ 6.60-fold (P = 0.032) in exosomes
secreted by primary human TAMs compared with monocytes
(Fig. 4C).

The miRNA mimics were transfected into CD4" T cells to
determine whether the balance in the CD4" T-cell subsets chan-
ged after transfection. We found that after transferring hsa-miR-
29a-3p and hsa-miR-21-5p, the Treg/Th17 ratio increased to a
much greater extent than that induced by other miRNAs (Fig. 4D;
Supplementary Table S4). This result indicated that hsa-miR-
29a-3p and hsa-miR-21-5p in exosomes could alter the ratio of
Treg to Th17 cells.

Analysis of the potential targets of these two miRNAs revealed
that they could bind to the STAT3 3'UTR (Supplementary Fig. S3A
and S3B). Considering that STAT3 is involved in CD4™" T-cell
differentiation into Treg or Th17 cells, we analyzed the ability of
hsa-miR-29a-3p and hsa-miR-21-5p to regulate STAT3. Western
blots showed that STAT3 protein was downregulated in both the
CD4" T-cell parental population (Supplementary Fig. S4A),
and in Tregs and Th17 cell subsets after transfection with hsa-
miR-29a-3p or hsa-miR-21-5p mimics. The effect was more pro-
nounced after transfection of CD4" T cells with both mimics
together (Fig. 4E). ImageJ analyzed the gray value of protein bands
from different groups in Tregs and Th17 cells (Fig. 4F). Real-time
PCR analysis revealed reduced STAT3 mRNA expression had a
similar trend to protein in the CD4 ™ T cell parent population and
the two subsets (Fig. 4G; Supplementary Fig. S4B). A luciferase
assay revealed binding of hsa-miR-29a-3p and hsa-miR-21-5p to
the STAT3 3'UTR (Fig, 4H and I).

We were also interested in the downstream effects after hsa-
miR-29a-3p and hsa-miR-21-5p combined with STAT3 in T cells.
We used RT-PCR to examine expression of IL4, IL6, and TNFo, and
IL10 in native CD4™" T cells. Forty-eight hours after transfection,
we found that the anti-inflammatory cytokine IL4 was reduced in
the hsa-miR-21-5p mimic, hsa-miR-29a-3p mimic transfection
group. The group transfected with both mimics had lower values
than the NC, whereas the group transfected with both inhibitors
showed a higher relative expression. A similar trend was observed
for IL6 and TNFa expression, whereas an opposite effect was
observed for IL10 expression (Supplementary Fig. S4C-F).
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Figure 2.

Effect of the Treg/Th17 imbalance on ovarian cancer in vivo. A, Trichostatin A (TSA, 5 nmol/L) was used to induce an imbalance in Treg/Th17. Results were
from three independent experiments; t test. B, The purity of CD4™ cells was nearly 90%, as detected by flow cytometry. Image shown on the left is the
negative control. Results were from three independent experiments. C, At 6 weeks of age, C57BL/6 mice were intraperitoneally injected with ID8-Luc-pur
cells (day 1). For the long-term experiments, additional CD4* T cells were injected beginning (day 15). Each group received 0.1 mL of PBS containing 1 x 10° T cells
by i.p. injection once a week. The Treg/Th17-low ratio group was prestimulated with 10 ug/mL anti-CD3 and 5 ug/mL anti-CD28. The Treg/Th17-high ratio
group was cultured with 5 nmol/L/mL TSA for an additional 3 days. A bioluminescence imaging system was used to observe the tumor flux (cps) on day 2
and the following weeks. Days 1to 8 were recorded as the first week. The tumor fluorescence intensity (cps) was analyzed in the three groups after

injection of ID8-Luc-pur cells at 11 weeks (n = 15 mice/per group); t test. D, Fluorescence intensity (cps) in the three groups after injection of ID8-Luc-pur
cells at 2-10 weeks (every 2 weeks); n = 15 mice/per group; t test. E, Kaplan-Meier curve showing the cumulative survival rate of the three groups (n =15 mice/group);
log-rank test. F, Typical images of the three groups at week 11. G, Hematoxylin-eosin (H&E) staining of the peritoneum, mesentery, and diaphragm tissue

from sacrificed mice. P < 0.05 was considered statistically significant.
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Figure 3.

M2 macrophages induce an imbalance in Tregs and Th17 cells via exosome delivery. A, CD4™ T cells were cocultured with control, M1, or M2 macrophages

for 3 days, and the proportion of Th17 cells and Tregs was detected by flow-cytometric analysis. Results were from 10 independent experiments. B, The Treg/Th17
ratio in the three groups, n = 10/group; t test. C, Transmission electron microscopy image of exosomes collected from the supernatants of M2 macrophages.
Results were from three independent experiments. Scale bar, 100 nm. D, Western blot analysis of CD9, CD 63, CD81, and Tsg 101 in exosomes using THP-1
cells as a control. Results were from three independent experiments. E, Exosomes secreted by M2 macrophages were labeled using SYTO RNASelect Green
Fluorescent Cell Stain (RNA was shown as bright green fluorescence) and a red fluorescent membrane stain and cocultured with T cells for 24 hours.

The T cells were collected for confocal microscopy to detect M2 macrophage-derived exosomes in T cells. RNA in exosomes (top left), exosome membranes
(top right), T cells under a light microscope (bottom left), and merged image (bottom right). Results were from two independent experiments. F, T cells

were cocultured with control or with exosomes from M1 or M2 macrophages for 3 days. The proportions of Th17 and Tregs were determined by flow-cytometric
analysis, and the Treg/Th17 ratio was calculated, n = 3/group; t test. P< 0.05 was considered statistically significant.

We used flow-cytometric analysis to detect cytokines from the
two T-cell subsets, including TGFp, IL10, and IL4 for Tregs and
TNFo and IL6 for Th17 cells. First, we confirmed that the purity of
Tregs and Th17 cells reached 85% (Supplementary Fig. SSA-S5B).
We found that IL4 in Tregs was reduced in the hsa-miR-21-5p
mimic and hsa-miR-29a-3p mimic transfection groups (P =
0.008, P = 0.016, t test), and the group transfected with both
mimics had lower values than the NC group (P = 0.001, t test).
The group transfected with both inhibitors showed a higher
relative expression (P =0.035, t test). A similar trend was observed
for TNFo and IL6 in Th17 cells. However, opposite effects were
observed for TGFf and IL10 in Tregs (Fig. 4] and K). These results
showed that after transfection, native CD4 ™" T cells with hsa-miR-
29a-3p, hsa-miR-21-5p, the cytokines 114, IL6, and TNFo were
downregulated and the anti-inflammatory cytokines TGFf§ and
IL10 were upregulated (Supplementary Fig. S5C-S5G; Supple-
mentary Table S5). These results indicated that the combined
effect of the two mimics was more pronounced than that of either
mimic alone. These factors together might be responsible for the
imbalance in the EOC immune microenvironment, ultimately
leading to tumor progression.

Cancer Immunol Res; 6(12) December 2018

Effect of mmu-miR-29a-3p and mmu-miR-21-5p on ovarian
cancer metastasis.

To explore the effect of mmu-miR-29a-3p and mmu-miR-21-5p
on the metastasis of ovarian cancer in vivo, we established a meta-
stasizing ovarian cancer C57BL/6 model as previously described.
The five groups were named according to the different T-cell treat-
ments. T cells were transfected with NC, mmu-miR-21-5p mimic,
mmu-miR-29a-3p mimic, both mimics, or both inhibitors. Before
in vivo experiments, mouse transfected CD4" T cells had the
Treg/Th17 ratio measured after 72 hours (Supplementary Fig.
S6A-SGE). The trend is consistent with in vitro experiments, we
found that the Treg/Th17 ratio was increased in the mmu-miR-
21-5p mimic and mmu-miR-29a-3p mimic groups. The group
transfected with both mimics had higher Treg/Th17 ratio than NC,
whereas the group transfected with both inhibitors showed a
lower Treg/Th17 ratio (Supplementary Fig. S6F). For every exper-
iment, we detected the transfection efficiency with a fluorescence
microscope 6 hours after transfection (Supplementary Fig. S7A).

In the in vitro experiment, the relative STAT3 expression (fold
change) in the five groups was examined using real-time PCR after
48 hours of transfection in three independent experiments. The
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Figure 4.

Hsa-miR-29a-3p and hsa-miR-21-5p from TAM-secreted exosomes induce a Treg/Th17 imbalance and alters cytokines by targeting STAT3. A, Heat map of
miRNAs expressed in THP-1 cells and THP-1-induced M2 macrophages. B, MiRNAs related to T-cell differentiation. C, The expression of five upregulated

miRNAs in primary monocytes and M2 macrophages. Three duplicate wells/per group. Results were from three independent experiments; ¢ test. D, Hsa-miR-21-5p
and hsa-miR-29a-3p mimics were transfected to CD4™ T cells for 3 days. The proportion of Th17 and Tregs was detected by flow cytometry. The Treg/Th17
ratio was calculated. Results were from three independent experiments; ¢ test. E, Western blot analysis was used to detect STAT3 protein in Tregs (the top images)
and Th17 cells (the bottom images) after CD4™" T cells were transfected with NC, hsa-miR-21-5p mimic, hsa-miR-29a-3p mimic, both mimics, or both inhibitors.
Results were from three independent experiments. F, ImageJ analyzed gray value of protein bands from different groups in Tregs and Th17 cells. n = 3/group, t test. *,
P < 0.05; **, P < 0.01; ***, P < 0.001. G, RT-PCR was used to detect the STAT3 mRNA in Tregs and Th17 cells after native CD4" T cells were transfected

with NC, hsa-miR-21-5p mimic, hsa-miR-29a-3p mimic, both mimics, or both inhibitors. Three duplicate wells/per group. Results were from three independent
experiments; t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. H, Prediction of the binding site of hsa-miR-21-5p and hsa-miR-29a-3p in the STAT3 gene
sequence by the target scan. I, Luciferase assay revealing binding of hsa-miR-29a-3p and hsa-miR-21to the STAT3 3’UTR. n = 3/group; t test. J and K, Expression
of cytokines TGFB, IL10, IL4 in Tregs, and TNFo. or IL6 in Th17 cells after native CD4™" T cells were transfected with NC, hsa-miR-21-5p mimic, hsa-miR-29a-3p

mimic, both mimics, or both inhibitors. Results were from three independent experiments; t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

mmu-miR-21-5p mimic, mmu-miR-29a-3p mimic, both mimics,
and both inhibitors groups showed a significant difference com-
pared with the NC group. The expression of STAT3 was decreased
in the mmu-miR-21-5p mimic and mmu-miR-29a-3p mimic
groups. The group transfected with both mimics had lower STAT3
expression than NC, whereas the group transfected with both
inhibitors showed a higher STAT3 expression (Fig. 5A, t test). We
did not set up a mmu-miR-21-5p inhibitor or mmu-miR-29a-3p
inhibitor group because the individual inhibitors did not have a
significant effect on improving STAT3 expression in vitro (Sup-
plementary Fig. S7B-S7C). STAT3 was detected by Western blot-
ting after 72 hours of transfection (Fig. 5B). The proportion of
Tregs and Th17 cells was tested at the same time after 72 hours of
transfection.

After injecting ID8-Luc-pur cells, we used the bioluminescence
imaging system to observe tumor growth. The mmu-miR-21-5p

www.aacrjournals.org

mimic (tumor flux 4882.60 £+ 99.14 cps, P=0.001, t test) and the
mmu-miR-29a-3p mimic group (tumor flux 4647.80 + 236.99
cps, P = 0.002, t test) showed an enhancement in tumor load on
week 10 compared with the NC group (3011.40 + 75.98 cps), and
the group with both mimics (tumor flux 8704.00 + 672.42 cps,
P=0.001, unpaired t test) showed even stronger flux, whereas the
group with both inhibitors (tumor flux 2150.60 & 97.25 cps, P =
0.001, t test) showed weak flux (Fig. 5C). Tumor load for the
mmu-miR-21-5p mimic group, the mmu-miR-29a-3p mimic
group, both mimics group increased more rapidly than that of
the control group (P = 0.001, P = 0.002, P < 0.001, respectively,
ttest), and the group with both inhibitors exhibited slower tumor
growth than that of the control (P = 0.008, n = 5, t test; Fig. 5D).
This result was also consistent with the cumulative survival rate
changes over time. The group with both inhibitors had a longer
median survival time than the control group (P = 0.034, log-rank

Cancer Immunol Res; 6(12) December 2018

220z ¥snbny ;g uo 3sanb Aq ypd-8/G1/1952GEZ/8LG L/ |/9/sPd-ajoNe/saijouNWIWLISoUED/BI0 S[eunolioee//:djy woly papeojumoq

1587



Zhou et al.

n
=
=
=

2
o
=1
a

5,000

7
o
)
E
“
£
g
E
k-3
8
=
o
8
@
g
o
2
w

IB:STAT3 '- -—— '

IB:Actin  —— ——

Raolative STAT3 expression (fold change)

10,000 -
P = 0.030]

Ni

Mmu-miR-21 miml'csE J

— Mmu-miR-28 mimics (P = 0.040,

—r Mmu-miR-21/29 mimics (P = 0.012)
1 Mmu-miR-21/29 inhibitor (P =0.034)

-

-8 Mmu-miR-21 mimics EP =0.002

—&— Mmu-miR-29 mimics (P = 0.001
8,000 %~ Mmu-miR-21/29 mimics (P < 0.001)
—+— Mmu-miR-21/29 inhibitor (P = 0.008)

6,000 4
4,000 4

2,000 4

Fluorescence intensity (cps) o

04

T T T T T T
8 9 10 11 12 13 14 15 16 17 18

Weeks

NC
Max = 3,228
Min = 2,842

Mmu-miR-21 mimics
Max = 5,169
Min = 4,655

Mmu-miR-28 mimics
Max = 5,204
Min = 4,123

Mmu-miR-21 mimics/
mmu-MIR-29 mimics
Max = 10,617

Min = 6,554

Mmu-miR-21 inhibitor/
mmu-MIR-29 inhibitor
Max = 2,484
Min = 1,970

Figure 5.

Effect of mmu-miR-29a-3p and mmu-miR-21 on the growth and metastasis of ovarian cancer in vivo. A, For T cells that received NC, mmu-miR-21-5p mimic,
mmu-miR-29a-3p mimic, both mimics, or both inhibitors after 48 hours, the relative STAT3 expression (fold change) in the five groups was examined using real-time
PCR; three duplicate wells/per group. Results were from three independent experiments; t test. B, After the T cells were transfected with NC, mmu-miR-21-5p
mimic, mmu-miR-29a-3p mimic, both mimics, or both inhibitors for 72 hours, STAT3 was detected via Western blotting in three independent experiments.

C, The tumor fluorescence intensity (cps) in the five groups after injection of ID8-Luc-pur cells for 10 weeks; n = 10 mice/per group, t test. D, At 6 weeks of
age, C57BL/6 mice were intraperitoneally injected with ID8-Luc-pur cells (day 1). For long-term experiments, additional T-cell injections were initiated (day 15).
Each group received 0.1 mL of PBS containing 1 x 106 CD4* T cells via i.p. injection once a week. The T cells were transfected with NC, mmu-miR-21-5p mimic,
mmu-miR-29a-3p mimic, both mimics, or both inhibitors for 72 hours. A bioluminescence imaging system was used to observe tumor flux (cps) on day 2

and each following week. Days 1to 8 were recorded as the first week. Tumor fluorescence intensity (cps) in the 5 groups after injecting ID8-Luc-pur cells for
2 to 10 weeks (every 2 weeks); n = 10 mice/per group, t test. E, Kaplan-Meier curve showing the cumulative survival rate of the five groups; n = 10 mice/per
group; log-rank test. F, Typical images of mice in the five groups are presented for week 10. P < 0.05 was considered statistically significant.
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test), and the group with both mimics was shortest (P = 0.012,
log-rank test; Fig. 5E). The tumor flux (cps) was recorded in the
three groups every week, and typical images are presented (week
10; Fig. 5F). We harvested the peritoneum, mesentery, and dia-
phragm from mice, and these tissues showed tumor metastases.
The peritoneum was cut to a similar size for comparison among
groups (Supplementary Fig. S7D). After observing and recording
the time to tumor formation and metastasis via live imaging, we
detected the effect of mmu-miR-29a-3p and mmu-miR-21-5p on
ovarian cancer in vivo. We concluded that mmu-miR-29a-3p and
mmu-miR-21-5p could bind STAT3 in T cells and induce an
imbalance in the Treg/Th17 cell ratio, which then enhanced the
growth and metastasis of tumor cells in vivo (Fig. 5).

The Treg/Th17 imbalance is associated with EOC grade and
patient survival.

The association between the Treg/Th17 ratio and clinicopath-
ologic variables in EOC patients is shown in Table 1 and Sup-
plementary Table S1. We also compared the sensitivity and
specificity of the Treg/Th17 ratio in EOC patients (Fig. 6A). Based
on the ROC curve, an applicable Treg/Th17 ratio of 1.02 yielded
the best predictive value for OS. When the applicable Treg/Th17
ratio cutoff value was used, the EOC patients with a Treg/Th17
ratio greater than 1.02 exhibited a significantly shorter OS
(40.16 + 1.94 months) than those with a Treg/Th17 ratio less
than 1.02 (51.00 £ 4.87 months, P = 0.043; Fig. 6B).

We also analyzed the relationship between the Treg/Th17 ratio
and EOC patients in the TCGA database. A heat map depicted the
relative abundances of related cells or molecules among the 467
patients (Supplementary Fig. S8A). The Treg/Th17 ratio was
associated with histologic grade and was an independent prog-
nostic factor for OS of EOC patients (P = 0.0369, Mantel-
Haenszel test; Fig. 6C). Simultaneous high expression of both
miR-29a-3p and miR-21-5p was associated with poor OS (P =
0.0459, Mantel-Haenszel test; Fig. 6D). However, no significant
difference between survival rates and M1/M2 proportion or IL4,
IL6, IL10, and TNFa expression was found (Supplementary Fig.
S8B-G). Taken together, we propose that exosomes released from
TAMs transfer hsa-miR-29a-3p and hsa-miR-21-5p to CD4" T
cells. A Treg/Th17 imbalance is then induced via STAT3 interac-
tion, leading to tumor progression in EOC (Fig. 6E).

Discussion

Research indicates that cancer is a system that includes both
cancer cells and the TME, which includes TAMs and T lympho-
cytes. Tregs and Th17 cells, two subtypes of CD4™ T cells, play
opposite roles in immune regulation, even though they share a
common differentiation pathway. It has been verified that
IL17" T-cell differentiation is accompanied by enhanced Treg
accumulation both in vitro and in vivo (29). Others have found
that the Th17/Treg ratio and related cytokines are also signif-
icantly higher in patients with non-small cell lung cancer
(NSCLC) and that the Th17/Treg ratio positively correlates
with the carcinoembryonic antigen concentrations in NSCLC
patients (30). The Treg/Th17 imbalance has also been observed
in colon cancer, bladder carcinoma, and breast cancer (17-19).
IL17A, 1L23, IL10, and TGFB1 expression significantly changes
after the Treg/Th17 imbalance (31). Given the competition
between these two cell types, studying the imbalance between
T-cell subsets in the TME might help understand tumor pro-
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gression. In addition to Treg and Th17 cell subsets, the TME
includes a complex network of immune T-cell subsets such as
Th1l and Th2 cells. Th1 cells had effects opposite to those of
Th17 cells on patient survival in colorectal cancer (32), perhaps
because of associated increased expression of CX3CL1 and
memory T-cell responses (33). However, other T-cell subsets
may not mediate direct tumor cytotoxic activity.

In this study, we found that the Treg/Th17 ratio was signifi-
cantly higher in ovarian cancer tissues and peritoneal tissues than
in benign patient tissues. The Treg/Th17 ratio was higher in SOC
than in NSOC, suggesting that the imbalance in T-cell subsets
might be associated with worse outcomes. The relationship
between Treg/Th17 ratio and EOC patients among 467 patients'
OS was evaluated in the TCGA database. The Treg/Th17 ratio was
associated with histologic grade and was an independent prog-
nostic factor for OS of EOC patients. We confirmed in vivo that a
high Treg/Th17 ratio facilitated tumor progression and metastasis
into the peritoneum. Thus, the Treg/Th17 imbalance promotes
EOC progression both in vivo and in vitro.

The upstream mechanisms of the Treg/Th17 imbalance in
tumor progression require further research. The interactions
between cells in the TME may be one of the underlying factors
inducing the Treg/Th17 imbalance. As the most abundant
immune cells in EOC, TAMs have many roles in regulating the
function of T cells. TAMs can recruit Tregs and promote colorectal
cancer development in mice (34). Our previous study also
showed that Tie2-expressing monocytes, a subtype TAMs, mod-
ulates angiogenesis and metastasis of EOC via cross-talk between
endothelial cells (35). The current results showed that M2 macro-
phages skewed the Treg/Th17 balance when cocultured with T
cells due to release of exosomes into the supernatant. Few studies
have examined the mechanism by which TAMs induce Treg and
Th17 differentiation and polarization. Our study provides
further insights into the upstream mechanisms of the Treg/Th17
imbalance.

Exosomes derived from multivesicular endosomes can shuttle
miRNAs into adjacent target cells and regulate cellular functions
within the microenvironment (36). To further illustrate the
factors involved in TAM exosome-mediated T-cell differentiation,
we explored the miRNAs in exosomes from the MO and M2
macrophages via microarray analysis. We chose 5 miRNAs to
study: hsa-miR-21-5p, hsa-miR-24-3p, hsa-miR-29a-3p, hsa-miR-
146b-5p, and hsa-miR-660-5p, reported to have a possible role in
T-cell differentiation (37). Further functional studies revealed that
hsa-miR-29a-3p and hsa-miR-21-5p were the key miRNAs in
exosomes that regulate T-cell differentiation and polarization
both in vivo and in vitro. Simultaneous high expression of
miR-29a-3p and miR-21-5p was associated with poor OS in the
TCGA database. The miR-29 family belongs to the list of key
miRNAs in the adaptive immune system (38). MiR-21, a tumor
onco-miRNA, is frequently overexpressed in various tumors,
including pancreatic cancer and EOC (39).

Our molecular mechanism studies showed that hsa-miR-
29a-3p and hsa-miR-21-5p directly targeted STAT3 in CD4" T
cells. Ithas been reported that various miRNAs can regulate STAT3
to affect downstream mechanisms. For example, miR-124 regu-
lates T cell-mediated immunosuppression in glioma by targeting
STAT3 (40). Hsa-miR-29a has been reported to target STAT3
in monocytes during sepsis (41), and miR-21 can target STAT3
in breast cancer (42). STAT3 plays a critical role in Treg and Th17
cell differentiation (43). One reported mechanism is that STAT3
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binds to intron1 of the RORc gene and activates Sox5t to stimulate
RORg, thus inducing Th17 cell differentiation (44). Our results
indicated that STAT3 may regulate the Treg/Th17 balance in the
EOC microenvironment. Inhibition of STAT3 signaling has

1590 Cancer Immunol Res; 6(12) December 2018

Treg/Th17 imbalance

revealed that it is a crucial pathway in the reciprocal regulation
of Th17 and Tregs (43, 45). We also found that hsa-miR-29a-3p
and hsa-miR-21-5p targeted STAT3 synergistically in CD4* T cells.
Our study reveals a function of miR-21-5p in tumor biology,
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specifically targeting STAT3 in CD4" T cells in TME, and thus
provides further evidence supporting miR-21-5p as a tumor
onco-miRNA.

As a member of the mammalian Janus kinase (Jak) family,
STAT3 mediates inflammatory immune responses by converting
cytokine signals into immune cell differentiation (46). Interac-
tions between cytokines and STAT3 have also been widely
reported. For example, STAT3-deficient follicular T helper cells
overexpress both IL4 and Bcl6 (47).1L22 and IL17 production has
to be controlled tightly and independently, and STAT3 and
retinoid orphan receptor yt (RORyt) drive the expression of both
IL22 and IL17 (48). Our study showed that after miR-29a-3p and
miR-21-5p bind with STAT3 in CD4™T cells, the cytokines 114,
IL6, and TNFo were downregulated and the anti-inflammatory
cytokine IL10 was upregulated. Generally, proinflammatory and
anti-inflammatory cytokine changes were responsible for the
imbalance of immune microenvironment, ultimately leading to
tumor progression. Th17-produced cytokines, such as IL6 and
TNFo, synergistically activate NF-kB to promote colorectal
cancer cell growth (23). IL4 and IL13 are anti-inflammatory,
immunoregulatory cytokines that can influence cancer-directed
immunosurveillance (49). In contrast, IL10 has been shown to
enhance the effector function of activated human CD8™ T cells by
increasing cytolytic activity (50). In conclusion, our study found
that TAM-derived exosomes transferred miRNAs targeting STAT3
to T cells and regulated T-cell subset polarization, resulting in a
Treg/Th17 imbalance that promoted tumor progression. Target-
ing exosomes or these miRNAs might represent an approach for
treating cancer.
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