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Objective: Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of cells
derived from bone marrow, which has a significant ability in inhibition of immune cell response.
In this study, the role of miR-6991-3p in regulating function of MDSCs was investigated.
Methods: MDSCs were isolated from different tissues of the control and hepatoma-bearing
mice, and then expression of miR-6991-3p was detected with gqPCR. Then, the miR-6991-3p
mimic and inhibitor were respectively transfected into MDSCs, and behaviors of MDSCs were
evaluated, including expansion, apoptosis, and production of inflammatory factors. Furthermore,
we explored the underlying mechanism from which miR-6991-3p regulated MDSC functions.
Results: Expression miR-6991-3p was markedly decreased in the MDSCs derived from spleen
and further decreased in the MDSCs derived from the tumor tissue. MiR-6991-3p mimic trans-
fection suppressed expansion and promoted apoptosis of MDSCs, accompanied by a significant
decrease in the production of IL-6 and GM-CSF that are identified as stimulators in MDSC
expansion. In contrast, miR-6991-3p inhibitor transfection displayed the opposite effect. miR-
6991-3p bound with and negatively regulated expression of LGALS9, a newly identified immune
checkpoint gene and activator of STAT3, suppressing production of multiple factors that were
customarily used to characterize the activation of MDSCs. MiR-6991-3p-accommodated MDSCs
displayed less suppression on T cells, while miR-6991-3p inhibitor enhanced the suppression
of MDSCs on T cells.

Conclusion: MiR-6991-3p is identified as a novel suppressor in the expansion and activation
of myeloid-derived suppressor cells, which may be regarded as a promising target for modulat-
ing the function of MDSCs.

Keywords: hepatoma, myeloid-derived suppressor cells, miR-6991-3p, immunosuppression,
galectin-9

Introduction

The occurrence and development of tumors are closely related to the dysfunction of
the immune system in recognizing and clearing cancer cells, including blockade of
proliferation and activation, increase of apoptosis, and impairment of functions in immune
effector cells, as well as abnormality in number and function of T lymphocyte subsets.'
Cancer cells can inhibit the effective recognition and killing by the immune system,
resulting in immune tolerance and thus promoting the occurrence and development of
tumors.? Tumor immunotherapy is a method of using immunological principles and meth-
ods to mobilize the natural defense mechanism or stimulate the body’s own antitumor
immune mechanism by artificial intervention, aiming to eliminate tumor cells in vivo.?
Immunotherapy for gastric cancer has attracted much attention because of its advantages
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such as low toxicity and good prognosis.* To find an effective
immunotherapy method is one of the main research directions
of gastric cancer treatment at present and even in the future.

Myeloid-derived suppressor cells (MDSCs) are a group
of heterogeneous cells derived from bone marrow, the pheno-
type of which, in mice, was CD11b*Gr1*.° They are immature
precursors of dendritic cells, macrophages, and granulocytes.
Under tumorigenesis and other pathological conditions, the
maturation of MDSCs is blocked by cytokines, turning into
immunosuppressive cells.® In cancer patients, MDSCs are
recruited, migrated, and amplified by proinflammatory cyto-
kines, and the number and proportion of peripheral blood,
immune organs, and cancer tissues are increased 10-fold or
even tens of times.” It is an important “umbrella” for tumor
cells to escape recognition and killing of epidemic system.
MDSCs mainly exert immunosuppressive function by pro-
ducing Arg-1, iNOS, and ROS.® Important premises for the
immunosuppressive effect of MDSCs are their expansion
and activation. Many factors could induce expansion and
activation of MDSCs, including IL-6, GM-CSF, VEGF,
1L-4/10/13, and TGF-beta, etc.>!®

MiRNAs are functional small non-coding RNAs that
regulate gene expression at the posttranscriptional level dur-
ing various physiological and pathological processes. Recent
evidence has revealed that miRNAs are involved in regula-
tion of expansion and activation of MDSCs. For example,
miR-30e was found distinctly upregulated in the MDSCs
from a B-cell lymphoma mouse model, and it increased the
differentiation capacity and immunosuppressive effect of
MDSCs through targeting SOCS3, a negative regulator of
the key regulatory pathway JAK2/STAT3 in expansion and
activation of MDSCs.!" Another example is that hypoxia-
inducible expression of miR-10a and miR-21 promoted
MDSC expansion and activation by targeting RORA and
PTEN, and in vivo experiments showed that fewer MDSCs
were generated in mice inoculated with miR-10a or miR-21
deficient glioma cells compared with those inoculated with
normal glioma cells.!? Exploring the role of more microRNAs
in expansion and function of MDSCs will be of great help in
the development of immunotherapy for cancer.

Here, we found that, compared with the MDSCs derived
from the blood of hepatoma-bearing mice, expression of
miR-6991-3p was markedly decreased in the MDSCs derived
from spleen and further decreased in the MDSCs derived
from tumor tissue. Gain- and loss-of-function experiments
were performed to investigate the role of miR-6991-3p in
the expansion and immunosuppressive function of MDSCs

in vitro. Then, we explored the potential mechanism from
which miR-6991-3p affected MDSC behaviors.

Materials and methods

Mice

Male C57BL/6 mice (approximately 6 weeks old) were
purchased from Beijing Animal Center (Beijing, China) and
maintained in a specific pathogen-free and controlled envi-
ronment. Mice were injected with Hepal-6 cells, which were
obtained from Shanghai Institutes for Biological Sciences
(Shanghai, China), using the high-pressure hydrodynamic
method through the caudal vein (2 mL of cell suspension
containing 10°¢ cells were injected). Procedures were con-
ducted 3 weeks later. All the procedures were conducted
according to Institutional Animal Care and Use Committee
of the Model Animal Research Center. The study was
approved by the Ethics Committee of Huaihe Hospital of
Henan University (China).

Preparation of MDSCs and cell

transfection

MDSCs (CD11b*Grl* cells) were isolated using the same
method reported elsewhere. Briefly, mice were euthanized
by cervical dislocation, blood, spleen or tumor tissue was
obtained, and then mononuclear cells were isolated by cen-
trifugation and filtration. Then, MDSCs were preliminarily
separated by density gradient centrifugation (orderly in
PBS, 50% Percoll, 60% Percoll, 70% Percoll, and 100%
Percoll). Subsequently, MDSCs were purified by stain-
ing with antibodies of CD11b and Grl followed by flow
cytometry.

MDSCs were cultured in RPMI-1640 medium plus 10%
FBS. MiR-6991-3p mimics, inhibitors, and their negative
controls (designed and synthesized by Ribobio Co., Ltd,
Guangzhou, China) were transfected into the cells by using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions.

Cell proliferation and apoptosis analyses
Cell proliferation was evaluated by using the Cell Counting
Kit-8 (CCK-8, Sigma-Aldrich Co., St Louis, MO, USA)
assay which was carried out according to the manufacturer’s
instructions.

Cell apoptosis was detected by using the PI/Annexin V
Cell Apoptosis Kit (Sigma-Aldrich Co.) according to the
manufacturer’s instructions.
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Real-time qPCR

Total RNA was isolated using Total RNA Isolation Kit
(Tiangen, Beijing, China). Real-time qPCR reactions were
carried out in a final volume of 25 uL and run in iQ™S5
Multicolor Real-Time PCR Detection System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The reactions were
initially denatured at 95°C for 1 minute followed by 30 cycles
of 95°C for 15 seconds and 55°C for 60 seconds. The data
were calculated using 2724 method. Primers for miR-
6991-3p and U6 RNA (internal reference) were designed
and produced by Ribobio Co., Ltd.

3’UTR luciferase reporter assay

The cDNA fragment corresponding to the LGALS9 mRNA
and the mutated (mut) fragment were respectively produced by
PCR and nest PCR. Then, they were respectively cloned into
psiCHECK™-2 Vectors (Promega Corporation, Fitchburg,
WI, USA). The constructs were confirmed by sequencing.
Transfections were performed using Lipofectamine 3000
Transfection Reagent (Thermo Fisher Scientific) in the
HEK293T cells. Either the wild type (wt) or the mut con-
struct was co-transfected with 20 nM of miR-6991-3p mimic
or negative control (NC) mimic. Cells were harvested at
48 hours and the luciferase activity was measured using the
DualGlo Luciferase Assay System (Promega Corporation).

Western blotting

Anamount of 25 |Lg of protein was separated by polyacrylamide
gel and then electro-transferred to polyvinylidene fluoride
membrane (EMD Millipore, Billerica, MA, USA) for
immunoblotting analysis. The LGALS9 antibody (1:600,
Abcam, Cambridge, UK), phosphorylated STAT3 (1:200,
Abcam), and GAPDH murine antibody (1:800, Abcam)
were respectively used to incubate with the membrane at
4°C overnight. After incubation with the appropriate HRP-
conjugate secondary antibody, the abundance of the proteins
was detected using a ChemiDoc XRS Imaging System
(Bio-Rad Laboratories Inc.).

ROS and NO detection

Oxidation-sensitive dye, DCFDA (Molecular Devices LLC,
Sunnyvale, CA, USA/Thermo Fisher Scientific), was used
to measure ROS production by MDSCs. Isolated MDSCs
were simultaneously cultured with 2.5 uM DCFDA and 30
ng/mL phorbol myristate acetate (Sigma-Aldrich Co.) for 30
minutes. Analyses were then conducted by flow cytometry
as described previously.

For NO production, the total NO in the cell lysate was
measured using the Nitrate/Nitrite Assay Kit. Equal volumes
of cell lysate (60 uL), 2 mM NADPH (5 uL), FAD (10 uL),
and Nitrate Reductase (5 uL) were incubated at 37°C for
30 minutes, followed by addition of 10 uL of LDH Buffer
and LDH solution. After incubation for 30 minutes at 37°C,
50 uL of Griess Reagent I and Griess Reagent 11 was added
and it was incubated at room temperature for 10 minutes,
absorbance was measured at 540 nm. Nitrite concentra-
tions were quantified by comparing the absorbance values
to a standard curve generated by serial dilution of 100 uM
sodium nitrite.

In vitro MDSC suppression assay

To measure immunosuppressive function of “different
treated” MDSCs, MDSCs transfected with various oligos
were cocultured with 200 nM OV A peptide (OVA257-264)
in 96-well plates at a ratio of 1:0, 1:1, and 1:4 for 48 hours.
The production of IFN-y was measured by IFN-y ELISA Kit
(4A Biotech, Beijing, China) according to the manufacturer’s
instructions.

Statistical analyses

Data were obtained from at least three independent experi-
ments in every assay. Values were expressed as mean + SEM.
Multiple comparisons were assessed by one-way ANOVA
followed by Dunnett’s tests with SPSS 23.0 software. Differ-
ence between groups was considered statistically significant
if P<0.05.

Results
MiR-6991-3p expression was regulated

by tumor microenvironment

To investigate the number change of MDSCs in response
to tumor microenvironment, MDSCs were respectively iso-
lated from the spleen of normal mice and hepatoma-bearing
mice. Our results showed that the proportion of MDSCs in
the spleen of hepatoma-bearing mice was approximately
ten times as high as that in the spleen of normal mice
(Figure 1A). Then, MDSCs were respectively isolated from
the blood, spleen, and tumor tissue, and the expression of
miR-6991-3p was detected with qPCR. The results showed
that compared with the blood, miR-6991-3p was signifi-
cantly downregulated in MDSCs from the spleen and further
downregulated in those from the tumor tissue (Figure 1B),
suggesting that miR-6991-3p might be associated with tumor
microenvironment.
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Figure | MiR-6991-3p expression was associated with tumor microenvironment.
Notes: MDSCs were respectively isolated from the spleen of normal mice and
hepatoma-bearing mice, and (A) the proportion of MDSCs occupied in the
mononuclear cells was detected. MDSCs were isolated from the different parts
of the hepatoma-bearing mice, and then (B), the expression of miR-6991-3p was
detected with gPCR. ¥***P<<0.001 compared with control; **P<<0.0] compared with
blood; #*P<<0.05 compared with spleen.

Abbreviation: MDSCs, myeloid-derived suppressor cells.

MiR-6991-3p suppressed expansion
of MDSCs

Then, to investigate the role of miR-6991-3p in the func-
tion of MDSCs, MDSCs were isolated and cultured
in vitro, and then different concentrations of miR-6991-3p
mimic or inhibitor were respectively transfected into the
MDSCs. After incubation for 48 hours, the overexpres-
sion and interference efficiencies were confirmed by gPCR
(Figure 2A and B). Amounts of 20 nM miR-6991-3p mimic
and 40 nM miR-6991-3p inhibitor were applied in the fol-
lowing experiments. Our data from CCK-8 assay showed
that miR-6991-3p mimic suppressed cell proliferation,
while miR-6991-3p inhibitor promoted cell proliferation
(Figure 2C). Moreover, miR-6991-3p mimic increased cell
apoptosis, while miR-6991-3p inhibitor suppressed cell
apoptosis (Figure 2D). Then, we detected the secretion of
GM-CSF and IL-6 which could promote the expansion
of MDSCs. The results showed that miR-6991-3p mimic

suppressed the secretion of GM-CSF and IL-6, while miR-
6991-3p inhibitor promoted their secretion (Figure 2E and F).

MiR-6991-3p directly targeted and
negatively regulated expression of
LGALS9, inhibiting the activation of STAT3

Furthermore, the mechanism from which miR-6991-3p regu-
lated the behavior of MDSCs was explored. We searched the
potential target genes using bioinformatic tool. The results
showed that the seed sequence of miR-6991-3p completely
matched with seven consecutive bases at the 3’'UTR of
LGALS9 mRNA (Figure 3A). A wt LGALS9-3'UTR and a
mut luciferase reporter vector was respectively constructed.
The detailed information for the mut sequence was shown
in Figure 3B. MiR-6991-3p significantly suppressed the
luciferase activity of wt LGALS9-3’UTR luciferase reporter
gene but could not change that of the mut LGALS9-3'UTR
(Figure 3C). Western blotting analysis showed that over-
expression of miR-6991-3p dramatically decreased and
knockdown of miR-6991-3p increased the expression of
LGALS9 protein (Figure 3D). Moreover, as an identified
target of LGALSD9, the activation of STAT3 was negatively
regulated by miR-6991-3p (Figure 3D).

MiR-6991-3p suppressed the activation

and immunosuppressive effect of MDSCs
Finally, the effect of miR-6991-3p on the activation and
immunosuppressive function of MDSCs was investigated.
Our results showed that the secretion of IL-10 and IL-4,
which could induce activation of MDSCs, was negatively
regulated by miR-6991-3p (Figure 4A and B). Moreover,
overexpression of miR-6991-3p significantly decreased and
knockdown of miR-6991-3p increased the production of
ROS and NO (Figure 4C and D). Finally, in order to deter-
mine the effect of miR-6991-3p on the immunosuppressive
function of MDSCs, we cocultured OV A-specific OT-I
T cells with naive MDSCs, miR-6991-3p mimic transfected
or miR-6991-3p inhibitor transfected MDSCs. The results
showed that miR-6991-3p mimic transfection attenuated
the suppressive effect of MDSCs on IFN-y secretion, while
miR-6991-3p inhibitor transfection enhanced the suppressive
effect of MDSCs on IFN-y secretion (Figure 4E).

Discussion
MiR-6991-3p was discovered by Ago2-based immunopre-
cipitation and RNA sequencing in 2012.3 Up to date, there
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compared with control.

Abbreviations: CCK-8, Cell Counting Kit-8; MDSCs, myeloid-derived suppressor cells; NC, negative control.

has been no report revealing the exact role of miR-6991-3p
in any biological process. In this study, we found that
miR-6991-3p was associated with tumor microenvironment,
manifested by decrease in MDSCs from the spleen and further
decrease in MDSCs from the tumor tissue. Then, gain- and

loss-of-function experiments revealed that miR-6991-3p neg-
atively regulated the expansion, activation, and immunosup-
pressive effect of MDSCs. Furthermore, we demonstrated that
miR-6991-3p could directly target the immune checkpoint
gene LGALS9 and suppressed LGALS9-mediated activation
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Abbreviations: MDSCs, myeloid-derived suppressor cells; mut, mutated; NC, negative control; wt, wild type.

of STAT3. To our knowledge, this is the first report on the
role of miR-6991-3p.

LGALSY gene encodes the LGALS9 protein which is
a 36 kDa beta-galactoside lectin protein."* LGALS9 has
been demonstrated to be upregulated in various hema-
tological malignancies and solid tumors, including liver
carcinoma.'>'* LGALS9 has been identified as an immune
checkpoint molecule in many types of cancer.'>!” It has been
shown that LGALS9 was regulated by Tim-3 and impaired
the anticancer activity of natural killer cells. LGALS9
was also demonstrated to suppress the cytotoxic CD8(+)
T cells, memory CD8(+) T cells, and helper T cells." "
In this study, we reported that LGALS9 was targeted and
negatively regulated by miR-6991-3p, resulting in increased
activation of STAT3, enhanced expansion and activation
of MDSCs, and augmented immunosuppressive effect of
MDSCs. Moreover, upregulation of LGALS9 by inhibition
of miR-6991-3p displayed the opposite effects. There is
several research on the effects of LGALS9 (an LAGLS9
encoding protein) in MDSCs?*! and T cells.?*** LGALS9
induces T cell apoptosis through the CASP1 signaling path-
way. Furthermore, LGALS9 may induce the expansion of

CD11b+Ly-6C+MDSCs in hearts of CVB3-infected mice.
Hence, it has been confirmed that LGALS9 induces the
expansion of MDSCs. Consistent with our results, previous
studies also showed that LGALS9 upregulation activated
STAT3 and enhanced the immunosuppressive effect of
MDSCs. 5%

The JAK/STAT pathway is quite an important signaling
chain involved in processes such as immunity, cell division,
cell death, and tumor formation. The JAK2/STAT3 path-
way was recently shown to be involved in expansion and
activation of MDSCs.?”” STAT3-targeted siRNA abrogated
the immunosuppressive function of MDSCs and decreased
Arg-1 activity.?® Blockade of the JAK2/STAT3 pathway has
been regarded as an effective measurement for suppression
of MDSCs, tumor growth, and tumor-induced angiogenesis.”
Studies found that LGALS9 partly mediates the activation of
the JNK and p38 MAPK pathways,” and ERK and/or p38
MAPK can mediate IL-6 gene and GM-CSF gene expres-
sion.**3! Therefore, miR-6991-3p may regulate the expres-
sion of GM-CSF or IL-6 through the LGALS9-p38MAPK
axis. Many factors induce expansion and activation of
MDSCs, including IL-6, GM-CSF, VEGF, 1L-4/10/13, and
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Figure 4 MiR-6991-3p suppressed the activation and immunosuppressive effect of MDSCs.

Notes: Amounts of 20 nM miR-6991-3p mimic and 40 nM miR-6991-3p inhibitor were transfected into MDSCs. After incubation for 48 hours, the secretion of IL-10
(A) and IL-4 (B) was detected with ELISA Kit, and the production of ROS (C) and NO (D) were detected with corresponding kits. An amount of 200 nM OVA257-264 was
co-cultured with MDSCs transfected with various oligos in 96-well plates at a ratio of 0:1, I:1, and 1:0.25 for 48 hours. (E) The production of IFN-y was measured by IFN-y

ELISA Kit. *P<0.05, **P<<0.01 compared with control.
Abbreviation: MDSCs, myeloid-derived suppressor cells.

TGF-beta, etc.’*** On the other hand, our results showed
that miR-6991-3p mimic obviously increased cell apopto-
sis. Therefore, we think that miR-6991-3p influences the
expansion and activation of MDSCs by regulating multiple
cytokines’ expression, not only IL-6. Thus, overexpressing
miR-6991-3p and coculturing with hepatocellular carcinoma
cells would still block the expansion of MDSCs. In this study,

we found that miR-6991-3p negatively regulated LGALS9-
mediated activation of STAT3 and the immunosuppressive
effect of MDSCs.

Conclusion
miR-6991-3p was downregulated by tumor microenvi-
ronment, it targeted the LGALS9/STAT3 pathway, and
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negatively regulated the expansion, activation, and immu-

nosuppressive effect of MDSCs.
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