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Tumor-induced immunosuppressive microenvironment in which myeloid-derived
suppressor cells (MDSCs) plays an important role, remains an obstacle for effective
oncotherapy currently. Inducing MDSCs into maturation was confirmed as an effective
method to reduce the tumor-bearing host's immunosuppression. Traditional Chinese
medicines (TCM) possess characteristics of alleviating immunosuppression of cancer
patients and low toxicity. Jianpi Huayu Decoction (JHD) was an experienced formula of
TCM for oncotherapy based on TCM theory and clinical practice. We previously observed
that JHD attenuated the expression of interleukin-10 (IL-10) and transforming growth
factor beta (TGF-B) in tumor. IL-10 and TGF-B were found to be cytokines positively
related to immunosuppression induced by MDSCs. Here, our study was designed to
further investigate the regulation of JHD on the immune system in the Hy, liver-cancer
mouse model. Mainly, flow cytometry was used to detect the proportion of immune cells,
to analyze the apoptosis, differentiation and reactive oxygen species of MDSCs. We found
that JHD significantly reduced the destruction of spleen structure, reduced the proportion
of regulatory T cells (Treg) and T helper 17 cells (Th17), and increased the proportion of
cytotoxic T lymphotes (CTL), Dendritic cells (DC) and CD11b*Gr-1*cells in spleen, but
with no significant change of T helper 1 cells (Th1), T helper 2 cells (Th2) and
macrophages. In vitro experiments showed that apoptosis of MDSCs was decreased
as the time of JHD stimulation increased, which partly explained the increase of
CD11b*Gr-1"cells in the spleen. Meanwhile, JHD could promote the differentiation of
MDSCs into macrophages and dendritic cells, attenuate expression of ROS in MDSCs
and reduce its inhibition on the proliferation of CD4™ T cells, in vitro. Therefore, that the
proportion of CD11b™Gr-1* cells increased in the spleen of tumor-bearing hosts may not
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Xie et al.

Attenuation of HCC-Bearing Mice Immunosuppression

be villainy after treatment, when these drugs suppress the immunosuppressive ability of
CD11b*Gr-1" cells and promote it mature to replenish dendritic cell, at the same time.
Generally, JHD may be a complementary and alternative drug for attenuating the
immunosuppressive status induced by hepatocellular carcinoma, possibly by promoting
differentiation and inhibiting the immunosuppressive activity of MDSCs.

Keywords: Jianpi Huayu decoction, hepatocellular carcinoma, immunosuppression, myeloid-derived suppressor
cells, maturation, immunotherapy, traditional Chinese medicines

INTRODUCTION

Tumor-elicited immunosuppression remains a key obstacle for
the immunotherapy of hepatocellular carcinoma (HCC) (Xie
et al, 2018). Myeloid-derived suppressor cells (MDSCs) is a
group of immature immunosuppressive cells, and could be
divided into monocytic and granulocytic subsets according to
surface marker and morphological characteristic (Safari et al.,
2019). But its process to differentiate into antigen-presenting
cells (APC) was inhibited under the conditions of tumorigenesis
and chronic inflammation. MDSCs played many important
roles, e.g. promoting tumor angiogenesis, mediating resistance
of chemotherapeutic agents, and especially participating in
immunosuppression (Park and Youn, 2019).

Finding out effective ways to inhibit tumorigenic effect of
MDSCs was of great significance in ameliorating the progression
and relapse of tumor (Rivoltini et al., 2019). Inhibiting activation,
inducing differentiation into maturation, promoting apoptosis
and reducing infiltration into tumor were found to be the main
methods (Anani and Shurin, 2017). However, drugs for inducing
MDSCs to mature received more researches, e.g. oxaliplatin
(Kim and Kim, 2019), all-trans retinoic acid (Tobin et al.,
2018), resveratrol (Zhao et al., 2018a).

Pharmacological and clinical researches had confirmed that
traditional Chinese medicines (TCM) were capable of inhibiting
progression of tumor, ameliorating immunosuppression and
chemotherapeutic agents resistance, and improving the quality of
life and prolonging survival time of cancer patient (Yan et al., 2017).
TCM intervention could be an appropriate choice for advanced liver-
cancer patients who could not undergo radical surgery. Jianpi Huayu
Decoction (JHD), which was clinically used for the alternative and
complementary therapy of liver-cancer, consists of Citrus medica L.,
Curcuma phaeocaulis Valeton, Atractylodes macrocephala Koidz.,
Sophora flavescens Aiton, Wolfiporia cocos (Schwein.) Ryvarden et
Gilb., and Hedyotis diffusa Willd. JHD had been confirmed with anti-
hepatoma effects that reduced the viability of liver-cancer cells and a
high dose of JHD provided the best curative effects (Lin et al., 2017).
We also observed that JHD attenuated the expression of interleukin-
10 (IL-10) and transforming growth factor-beta (TGF-f) in hepatic
tumour. IL-10 and TGF-3 were found to be cytokines involved in
MDSCs-induced immunosuppression. However, the regulatory effect
of JHD on immunosuppressive cells such as MDSCs remained
unclear. Therefore, this study was designed to further investigate
the effects of JHD on the immune system in a liver-cancer
mouse model.

MATERIALS AND METHODS

Cells and Culture

The H,, hepatoma carcinoma cell line was kindly provided
by Stem Cell Bank, Chinese Academy of Sciences (Shanghai,
China) and were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) at 37°C
in a 5% CO, atmosphere. MDSCs, which were isolated from
the bone marrow and spleens of H,, hepatoma carcinoma-
bearing mice, were cultured in RPMI-1640 medium
supplemented with 10% FBS and 20 ng/mL recombinant
mouse granulocyte-macrophage colony-stimulating factor
(GM-CSF, PeproTech). The purity of the MDSCs was up to
94% (Supplementary Material 1).

Preparation of Jianpi Huayu
Decoctionextracts

Dried Citrus medica L. (Citrus medica Linn. var. sarcodactylis
(Noot.) Swingle, Rutaceae, batch number: 180902031), Curcuma
phaeocaulis Valeton (Curcuma zedoaria (Christm.) Rosc,
Zingiberaceae, batch number: 181202941), Atractylodes
macrocephala Koidz. (Atractylodes macrocephala Koidz,
Compositae, batch number: 181003941), Sophora flavescens
Aiton (Sophora flavescens Alt, Leguminosae, batch number:
181003011), Wolfiporia cocos (Schwein.) Ryvarden et Gilb.
(Poria cocos (Schw.) Wolf, Polyporaceae, batch number:
18110671) (Wei et al,, 2016; Gao et al.,, 2019), and Hedyotis
diffusa Willd. (Hedyotis diffusa Willd. Var. Longipes Nakai,
Rubiaceae, batch number: 181103361) purchased from
Guangdong Provincial People's Hospital (supplied by
KANGMEI PHARMACEUTICAL CO., LTD (Guangdong,
China, Drug GMP certificate: GD20180882, Drug
Manufacturing Certificate: GD20160335)) were added together
at a ratio of 3:3:3:5:5:5, respectively, to generate solutions of JHD
extracts. Above herbs had been authenticated and confirmed to
the quality standards of Chinese pharmacopoeia (2015 version),
which included the morphological identification, microscopic
identification, chemical identification and thin-layer
chromatography (Supplementary Material 2). To prepare
water extracts of JHD, the herb mixture was blended into
double-distilled water (1:10, Weight/Volume) for 30 min and
then heated for 1 hour. Then water extracts were evaporated to
4g/ml herb water extract. Partial water extract was processed into
lyophilized powder. All the extracts were stored at -80°C
until used.
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Animal Model and Treatment

Twenty (20) male BALB/c mice (six to eight weeks-old, 18~22g) were
purchased from Animal Center of Southern Medical University
(Guangzhou, China), and maintained under specific pathogen-free
(SPF) conditions, at 25 + 1°C, relative humidity of 55 + 5%, and a
12h/12h light/dark cycle. To establish subcutaneous tumor-bearing
mice, 8 x 10" H,, hepatoma carcinoma cells suspended in 50l of
phosphate buffer solution (PBS) were injected into the right flank of
ten mice, and the mice were randomly divided into JHD-treated
(n=5) and PBS-treated (n = 5) groups. Mice in the JHD-treated group
were orally administered JHD extract [24.96g/kg (Lin et al., 2017)]
per day continuously for 12 days after the second day of injection,
and mice in the PBS-treated group were treated with an equal volume
of PBS as a control. The length and width of the subcutaneous
tumors were measured, and the mice were weighed daily. Besides, ten
male BALB/c mice were used to establish an in situ hepatocellular
carcinoma-bearing model. Briefly, the mice were anaesthetized and
operated in aseptic conditions. Approximately 1 x 10"® Hy,
hepatocellular carcinoma cells suspended in 5ul of PBS were
injected into the edge of the right lobe of the liver. After suturing
the abdominal muscles and skin, the mice were fed in SPF conditions
for 15 days. All animal procedures were approved by the Institutional
Animal Care and Use Committee of Southern Medical University
(Guangzhou, China).

HPLC Analysis of JHD

To evaluate the quality and stability of the extracts of JHD, high-
performance liquid chromatography (HPLC) analysis was performed
by Agilent 1260 HPLC system (Agilent Technologies). The mobile
phase system was composed of water with 0.05% phosphoric acid (A)
and methanol (B). The gradient elution profile was: 0~20min,
5%~21% B; 20~55 min, 21%~88% B; 55~65 min; 88% B. The
extracts of JHD were separated by Agilent ZORBAX SB-C18 column
(4.6 x 250 mm, 5 um) at 30°C, with 1.0 ml/min of mobile phase flow
rate. The UV spectrum was set at 283nm. Hesperidin (HPLC, > 98%
purity, CAS:520-26-3), p-coumaric acid (HPLC, > 98% purity, CAS:
501-98-4), ferulic acid (HPLC, > 98% purity, CAS: 1135-24-6), 5,7-
dimethoxycoumarin (HPLC, > 98% purity, CAS: 487-06-9) and
bergapten (HPLC, > 98% purity, CAS: 484-20-8) were purchased
from Chengdu Chroma-Biotechnology Co., Ltd (Chengdu, China).
The reference substances were detected under the same condition of
JHD. HPLC chromatograms of JHD is shown at Figure 1. Besides,
the methodology analysis of JHD, which was included linear relation,
stability, repeatability, precision and recovery test, was also
performed, and the results were shown at Supplementary
Material 3. Concentration of the identified monomer was the
weight in the lyophilized powder per gram.

Analyzing the Effect of JHD on MDSCs
Viability Using Cell Counting kit-8

MDSCs from the spleen of in situ hepatocellular carcinoma-
bearing mice were purified by magnetic-activated cell sorting
(MACS, Miltenyi Biotec). The cells were counted, and 2 x 10"
MDSCs in 99ul of culture medium were seeded into 96-well
plates. And then 1ul of JHD extracts (Opg/ml, 62.5ug/ml, 125ug/
ml, 250pg/ml, or 5001g/ml) were added. Each concentration was

tested in three wells, and the control group was treated with 1ul
of plain medium. After 24 hours of culture, 10ul of cell counting
kit-8 (CCK-8) reagent (Glpbio) was added, and the cells were
incubated for 30 min. A Multiscan Spectrum (Thermo Scientific)
at a 450nm wavelength was used to detect absorbance values
(OD values) (Zhao et al., 2019). Cell survival rate was equal to the
value of [(OD of the JHD group - OD of the blank group)/(OD of
the control group - OD of the blank group)] x 100%. The effect of
viability of JHD on H,, cells was detected following the
method above.

Flow Cytometry (FCM)

To prepare single-cell suspensions from mouse spleens, half of
each spleen was placed on a 70-um cell filter, and rinsed with
PBS while gently grinding the tissues with the inner core of a 1ml
syringe. To obtain single-cell suspensions from mouse bone
marrow, we used a 1ml syringe to flush the bone marrow cells
from the femur and filtered them through a 70-um cell filter.
After centrifugation, the erythrocytes were lysed with Red Blood
Cell Lysis Buffer (Solarbio) at 4°C for 5 minutes and washed once
with 5% bovine serum albumin (BSA). Fc-receptor blocking
reagent (Miltenyi Biotec) was used to block the Fc-receptors
on cells, and a Percp/Cy5.5-CD45.2 antibody (Biolegend)
marked nucleated hematopoietic cells, following the
manufacturer's instructions (Yap et al,, 2018). Allophycocyanin
(APC)-CD11b, fluorescein isothiocyanate (FITC)-Gr-1,
phycoerythrin (PE)-ly6G, FITC-Ly6C antibody (eBioscience)
were used to identify MDSCs and their subgroups. FITC-
CDl1lc and PE-F4/80 antibodies (Biolegend) were used to
detect dendritic cells and macrophages, respectively. Cytotoxic
T lymphotes (CTL) were detected with APC-CD8a and PE-
interferon-y (IFN-y), Th1 were detected with APC-CD4 and PE-
IFN-vy, Th2 were detected with APC-CD4 and PE-interleukin-4
(IL-4), Th17 were detected with APC-CD4 and PE-interleukin-
17a (IL-17a), and Treg were detected with APC-CD4 and PE-
forkhead box p3 (Foxp3). All samples were detected with Flow
cytometry (Beckman Coulter cytoflex) using a gate of CD45.2"
cells. The data were analyzed by CytExpert software (Beckman).
Blank and single staining tubes were set up for all tests, and the
fluorescent compensation matrix was generated using
CytExpert software.

Analyzing the Effect of JHD on MDSCs
Apoptosis Using Annexin-V-FITC/PI

MDSCs, which were isolated from the spleens of in situ H,,
hepatocellular carcinoma-bearing mice by MACS technique
(Miltenyi Biotec), were cultured in 24 well culture-plate and
treated with either JHD (250pg/ml, 500ug/ml) or oxaliplatin
(1pg/ml, Solarbio). After 24 hours or 36 hours of incubation, the
cells were collected for Annexin-V-FITC/PI (KeyGEN
BioTECH) staining following the manufacturer's instructions
and detected by Flow cytometry (Beckman Coulter Cytoflex).
Meanwhile, cells without fluorescence staining were used in the
blank tube, and cells stained with Annexin-V-FITC or PI were
used in single staining tubes. The fluorescent compensation
matrix was conducted by CytExpert software.
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FIGURE 1 | High-performance liquid chromatography (HPLC) analysis of Jianpi Huayu Decoction (JHD). HPLC chromatogram of mixed reference substance was
shown at (A) and that of JHD extracts was shown at (B). The term and concentration of five monomers in JHD extraction were identified and shown: 1. p-coumaric
acid (602.3419ug/g); 2. ferulic acid (187.500pg/g); 3. hesperidin (341.3894ug/9g); 4. 5,7-dimethoxycoumarin (433.4916u9/9); 5. bergapten (555.2405ug/g).

Analyzing the Effect of JHD on MDSCs
Differentiation With FCM

MDSCs from the spleens of orthotopic H,, liver cancer-bearing
mice were isolated by MACS technique (Miltenyi Biotec).
Approximately 1 x 10"® MDSCs were cultured in 24-well
culture-plate and stimulated by JHD (250ug/ml, 500pg/ml) and
oxaliplatin(1pg/ml, Solarbio) (Kim and Kim, 2019), respectively.
After stimulating for 36 or 48 hours, cells were collected and their
Fc-receptors were blocked with Fc-receptor blocking reagent
(Miltenyi Biotec). The cells were then stained with APC-CDlIc,
PE-F4/80, FITC-CD80, and Percp/Cy5.5-MHCII antibodies
(Biolegend) following the manufacturer's instructions and
detected with Flow cytometry (Beckman Coulter Cytoflex). Cells
not bound to fluorescent antibodies and cells bound to one
fluorescent antibody were used for the fluorescent compensation
which was performed by CytExpert software.

Detection of Reactive Oxygen Species in
MDSCs In Vitro

To detect the expression of Reactive Oxygen Species (ROS) in
MDSC:s cells, bone marrow cells from healthy BALB/c mice were
isolated and co-cultured with recombinant mouse GM-CSF
(10ng/ml, PeproTech), recombinant mouse interlrukin-6
(10ng/ml, PeproTech) and recombinant mouse IL-4 (10ng/ml,
PeproTech) for 4 days, and collected. The cells were then
exposed to JHD (Oug/ml, 250ug/ml, 500ug/ml) for 36 hours,
collected, and incubated with 2’-7’-dichlorodihydrofluorescein
diacetate (DCFH-DA, Beyotime). Then, Fc-receptor blocking
reagent (Miltenyi Biotec) was used to block the Fc-receptor of
cells at 4°C for 10min. Finally, the cells were stained with APC-
CD11b and PE-Gr-1 antibodies (Biolegend) with reference to
reagent specification and detected with Flow cytometry
(Beckman Coulter Cytoflex). Cells without fluorescence
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staining were used in the blank tube, and cells stained with one
fluorescent antibody were used in single staining tubes. The
blank tube and single staining tubes were used for
fluorescent compensation.

Analysis of CD4" T Lymphocyte
Proliferation In Vitro

Naive CD4"T cells were obtained from the spleens of healthy
BALB/c mice using a naive CD4"T cells isolation kit (Miltenyi
Biotec) following the manufacturer's instruction. The cells were
then labelled with carboxyl fluorescein diacetate succinimide
(CFSE) and cultured in 24-well plates that were coated with
anti-CD3 (10ug/ml, BioGems) and anti-CD28 (2ug/ml,
BioGems) antibodies for 12 hours. Meanwhile, MDSCs were
isolated from the spleen of in situ H,, hepatocellular carcinoma-
bearing mice using MACS technique (Miltenyi Biotec) and
pretreated with JHD (500pg/ml) or isochoric PBS for 36 hours.
Subsequently, CD4" T cells and MDSCs were collected
respectively, and co-cultured at ratios of 1:land 1:2. For the
positive group, naive CD4" T cells were co-cultured with DCs
(CD11b"CD11c") which were obtained by fluorescence-
activated cell sorting (FACS). Naive CD4™T cells, which were
activated by anti-CD3 and anti-CD28 antibodies, were used as
the negative control. After 48 hours of culture, the cells were
collected and Fc-receptor blocking reagent (Miltenyi Biotec) was
used to block the Fc-receptor of cells at 4°C for 10min. Finally,
cells were incubated with a Percp/Cy5.5-CD4 antibody
(eBioscience) at 4°C for 10min. The percentage of CFSE was
detected by Flow cytometry (Beckman Coulter Cytoflex), with
gate of Percp/Cy5.5-CD4" cells.

Hematoxylin and Eosin Staining of Spleen
Freshly-obtained mouse spleens were fixed in 4%
paraformaldehyde, embedded into paraffin, cut into 4pum-thick
slices. The slices were baked at 60°C for 2 hours. The slices were
then dewaxed by dipping them into xylene, anhydrous ethanol
and alcohol orderly. Next, the slices were dipped into
hematoxylin reagent (Sangon Biotech) for 5 min, rinsed with
distilled water for 5 min, and dehydrated with anhydrous ethanol
for 5 min. Finally, the slices were dipped into an eosin dye
solution (Sangon Biotech) for 5 min, dehydrated with anhydrous
ethanol for 5 min, and sealed with neutral gum. All slices were
observed under an inverted microscope and images
were collected.

Immunohistochemistry of Tumours

and Spleens

Fresh tumor and spleen tissues were fixed in 4% paraformaldehyde at
room temperature. After paraffin-embedding, the tissues were cut
into 5um-thick sections for immunohistochemistry staining. First,
sections were deparaffinized, processed with an AutoFluo Quencher
(Solarbio) and blocked with 5% BSA. Next, the sections were
incubated with anti-CD11C, anti-F4/80, anti-inducible nitric oxide
synthase (INOS), and anti-STAT3 (signal transducer and activator of
transcription-3) antibodies (Cell Signaling Technology) at 4°C
overnight, and incubated with anti-IgG-Horseradish peroxidase

(HRP) for 2 hours at room temperature. Finally, a DAB
Immunohistochemistry Color Development kit (Sangon Biotech)
was used for chromogenic reaction.

Statistical Analysis

GraphPad Prism 5 was used for data statistics and mapping. Data
is presented as the mean * sem. Student's t-test was used to
compare data between two groups. Statistically significant
difference is assumed at p-value of <0.05.

RESULTS

HPLC Chromatograms and Quality Control
of JHD

HPLC analysis was conducted to evaluate the quality and
stability of JHD. The methodology results, which included
linear relation, stability, repeatability, precision and recovery
test, showed that JHD had good repeatability and stability
(Supplementary Material 3). HPLC chromatograms of mixed
reference substance and was shown at Figure 1A and that of JHD
extracts was shown at Figure 1B. Here, we identified five known
monomers and its concentration in JHD lyophilized powder,
including hesperidin (341.3894ug/g), p-coumaric acid
(602.3419ug/g), ferulic acid (187.500ug/g), 5,7-
dimethoxycoumarin (433.4916ug/g) and bergapten
(555.2405ug/g). However, we did not detect the presence of
atractylenolide-I, atractylenolide-III, curcumenol, oxymatrine
and ursolic acid in the water extract of JHD (data not show).

JHD Inhibited the Growth of Subcutaneous
H22 Hepatocellular Carcinoma

Our previous studies had demonstrated that a high-dose (24.96g/
kg/day) of JHD could delay the progression of liver cancer, and
reduce the expression levels of IL-10 and TGF-B in tumor
(Supplementary Data 4). After 12 days of gavage, the growth
of subcutaneous tumor was significantly delayed in JHD-treated
group (Figure 2A), and tumor weight was lower than that of the
PBS-control group (Figure 2B). The results of
immunohistochemical staining of PCNA (Figure 2D) and
CCK-8 cytotoxicity assay (Figure 2E) showed that the
proliferation of H,, hepatocellular carcinoma cells was
inhibited in vivo and in vitro. Besides, JHD could reduce the
weight of spleen (Figure 2C) and the damage of spleen tissue
structure (Figure 2F).

JHD Increases the Proportion of CD11c*
and CD11b*Gr-1*Cells in Spleen

Many antitumor drugs exhibited the abilities to reduce the
accumulation of CD11b*Gr-1" cells and immunosuppression
of a tumor-bearing host (Kim and Kim, 2019). However,
gemcitabine increased CD11b*Ly6C"¢" cells infiltration in
bladder cancer tissues (Mu et al., 2019) and lenvatinib was
associated with increased tumor-infiltrating and circulating
CD11b*Gr-1" cells (Gunda et al,, 2019). In our research, we
observed changes in the proportion of CD11b"Gr-1" cells and
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FIGURE 2 | Jianpi Huayu Decoction (JHD) inhibited the growth of subcutaneous Ho, hepatocellular carcinoma. 8 x 10™° H,, hepatocellular carcinoma cells were
injected subcutaneously into right flank of male BALB/c mice. Mice were randomly divided into PBS-group and JHD-group (n = 5). One day after injection, JHD
(24.96 g/kg per day) were administered orally and the same volume of PBS was used as the control. (A) Volume of subcutaneous tumor were measured every day
(n = 5). (B) Picture of subcutaneous tumor and its weight were shown (n = 5). (C) Spleen and its weight of mice were shown. (D) Representative pictures of PCNA
immunohistochemical staining in tumor (x400 magnification, n = 5). (E) CCK-8 was used to detect the cell viability of Hoo cells (n = 3). (F) Representative pictures of
H&E staining of spleen (x400 magnification, n = 5). Scale bar = 50um. *: p< 0.05; **: p < 0.01.

subsets in the spleen and bone marrow, which were most
relevant to recruitment and generation of MDSCs. In spleen,
the proportion of both CD11b*Gr-1" cells and its two subsets
up-regulated after JHD treatment (Figures 3A-C). The
proportion of CD11b*Gr-1" cells and CD11b"Ly6G Ly6C*cells
showed insignificantly difference in bone marrow, but
CD11b"Ly6G Ly6 cells up-regulated after treated by JHD
(Figures 3A-C). MDSCs were precursor cells of macrophage,
dendritic cell and granulocyte. Here, we observed increased
proportion of CD11c" cells (Figure 3D), and insignificantly
different proportion of CD11b"F4/80" and Gr-1"CD11b" cells
(Figures 3D, G) in spleen of JHD-treated mice, which were also
confirmed by immunohistochemistry (Figures 3E and F).

JHD Reverses Imbalance of T
Lymphocytes in Spleen of HCC-Bearing
Mice

The imbalance of T lymphocytes subsets played a crucial role in
tumor development. As tumor progressed, MDSCs induced the
expansion of T helper type 17 cell (Th17), T helper type 2 cell
(Th2), regulatory T cell (Treg) and inhibited the proliferation
and activation of cytotoxic T lymphocyte (CTL) and T helper
type 1 cell (Th1), by secreting cytokines and immunosuppressive
molecules (Sun et al,, 2019). In this study, we found that JHD
increased the percentage of CTL (Figure 4A) and decreased the
percentage of Treg (Figure 4B) and Th17 (Figure 4C) cells, but

did not affect that of Th1 (Figure 4D) and Th2 cells (Figure 4E)
and Th1/Th2 ratio (Figure 4F). In general, JHD alleviated
immunosuppression in H,, tumor-bearing mice.

JHD Regulates Apoptosis of CD11b*Gr-1*
Cells In Vitro

The mechanism of increased splenetic CD11b*Gr-17 cells after
JHD treatment with JHD was not clear. CCL9 released by
macrophages could recruit MDSCs from bone marrow to
spleen (Li et al., 2019), but the percentage of CD11b" F4/80"
macrophages in spleen was decreased after JHD treatment
(Figure 3D). Therefore, we speculated that JHD might regulate
the cell viability or apoptosis of MDSCs. In vitro, cell viability
assay results demonstrated that when concentration was more
than 250pg/ml, JHD began to inhibit MDSCs viability, and
showed the opposite effect at less than 250pg/ml dose (Figure
5A). In addition, the IC50 value of JHD value was 653.9ug/ml.
After 24h stimulation, JHD and oxaliplatin significantly induced
early apoptosis of MDSCs (Figure 5C), meanwhile, the
percentage of late apoptotic cells increased (Figure 5D) and
that of living cells decreased (Figure 5E). Surprisingly, at 36
hours, 500ug/ml JHD significantly decreased apoptosis in
cultured cells, compared with control group (Figures 5F-I). In
general, the percentage of CD11b"Gr-1" phenotypic cells in the
JHD-treated group increased in vivo, possibly because of
reduced apoptosis.
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(n = 5). (D) The percentage of CD11c* cells and CD11b*F4/80" cells in spleen were analyzed, and shown by flow cytometry data and statistical diagram,
respectively (n = 5). (E, F) Representative pictures of F4/80 and CD11c immunohistochemical staining in spleen were shown (x400 magnification, n = 5). (G)
Statistical diagram of the percentage of Gr-1* CD11b™ cells among CD45.2* cells was shown (n = 5). *: p< 0.05; **: p < 0.01; ns, not significant.

JHD Promotes the Differentiation of
MDSCs In Vitro

As the stimulation time of JHD increased in vitro, the apoptosis of
MDSCs decreased, suggesting that MDSCs might change in cell
properties or type. MDSCs had been proved to be an immature
heterogeneous cell population that could continue to differentiate
into macrophages, dendritic cells and neutrophils. Here, MDSCs
were treated with JHD and oxaliplatin in vitro, respectively. After
36h intervention with JHD (500ug/ml), the percentage of F4/
80"cells increased (Figure 6A), but showed no significant
difference in the expression of MHCII, CD80 and CDllc
molecule (Figures 6B-D). Meanwhile, oxaliplatin increased

expression of CD80 (Figure 6B) and decreased expression of
MHCII (Figure 6D), but had no significant effect on F4/80 and
CD11c molecule (Figures 6A and C). When the stimulation time
of JHD was up to 48h, the percentage of CD11c" and F4/80" cells
increased significantly (Figures 6A and C).

JHD Weakens the Immunosuppressive
Ability of MDSCs

MDSCs were characterized by strong immunosuppressive and
angiogenic ability. Aforesaid results suggested that JHD could
change the surface molecular markers and reduced apoptosis of
MDSCs, but its effect on the immunosuppressive function of

Frontiers in Pharmacology | www.frontiersin.org

February 2020 | Volume 11 | Article 16


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

Xie et al.

Attenuation of HCC-Bearing Mice Immunosuppression

A . B

8 2
& 3
g 8’
8 2
> o4
< o
g £
@ S 3
3 3
A o2
z 3

3
. 9
S B
Q o
o o
5 50
® =

% of CD4" IR\ *cell among CD45.2*cells
% of CD4" IL-4"cell among CD45.2"cells

p < 0.01; **: p < 0.001; ns, not significant.

I
o

»n
°

-
o

-
o

[
o

=4
o

% of CD4* IL-17A*cell among CD45.2"cells
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MDSCs remains unclear in vitro. Here, we found that JHD could
reduce expression of ROS in MDSCs after 36 hours stimulation
by JHD (500pg/ml) in vitro (Figure 7A). Meanwhile, in vitro
CD4" T cells proliferative inhibition experiments showed that
MDSCs pretreated with JHD (500ug/ml) had been reduced the
inhibition on the proliferation of CD4" T cells (Figure 7B).
Besides, JHD could inhibit the expression of STAT-3 and iNOS
in spleen (Figures 3C, D).

DISCUSSION

Hepatocellular carcinoma (HCC) is still one of deadly
malignancies in human. The efficacy of transarterial
chemoembolization, chemotherapy, radiotherapy and immune-
checkpoint therapy for malignant HCC are still unsatisfactory
(Eggert and Greten, 2017). Though the immunosuppressive
environment formed by liver reduced the antigen recognition
by immune cells (Jakab, 2015), but on the contrary, hindered the
recognition of mutational cells. Homoplastically, tumor-induced
MDSCs could significantly promote progression of tumor, by
elaborately establishing immunosuppressive environment (Deng
etal, 2017). According to surface markers, MDSCs in mice could
be divided into the granulocytic and monocytic MDSC, both
which possessed strong immunosuppressive ability (Fleming
et al., 2018).

Under the condition of chronic inflammation and
tumorigenesis, the differentiation of MDSCs was inhibited by a
variety of factors, e.g. GM-CSF, IL-6, VEGF (Musolino et al.,
2017). Pharmacological research of promoting MDSCs

maturation or reducing its immunosuppressive ability was still
less, although curcumin, B-glucan, all trans-retinoic acid had
been studied. Traditional Chinese medicine (TCM) therapy had
been confirmed as a complementary and alternative method for
the treatment of various types of cancer, especially for advanced
liver-cancer patient (Wang et al., 2018). JHD was a extract of
herbs for oncotherapy based on TCM theoretical system and
clinical practice, and here we continued to explore its mechanism
based on our previous results that JHD attenuated the expression
of interleukin-10 (IL-10) and transforming growth factor-beta
(TGF-B) (Supplementary Material 4). IL-10 and TGF-3 were
found to be cytokines positively related to immunosuppression
(Rouas et al,, 2019). We speculated that JHD might attenuate
HCC induced immunosuppressive microenvironment.

Firstly, we established a subcutaneous liver cancer mouse
model and treated it daily with high dose of JHD (24.96g/kg) for
twelve days. Results showed that JHD not only inhibited the
growth of subcutaneous tumor (Figures 2A, B), but also reduced
the structure destruction of spleen which was confirmed by H&E
staining (Figure 2F) and significantly increased CD45.2" cells in
spleen (data not show). Also observed in the mouse model of H,,
liver cancer, the splenic structure would be gradually destroyed
with the progression of tumor, and that phenomenon was
connected with the infiltration of MDSCs (Li et al., 2019).
Combined with the above results, we considered that JHD
might have regulatory effects on MDSCs. Unexpectedly, we
found that the percentage of CD11b"Gr-1" phenotypic cells
and its subsets in the spleen and bone marrow of JHD-treated
mice up-regulated (Figures 3A-C), rather than down-regulated
like other studies (Nefedova et al., 2007; Kim and Kim, 2019).
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FIGURE 5 | Jianpi Huayu Decoction (JHD) regulates apoptosis of CD11b*Gr-1* in vitro. (A) The effect of JHD on cell viability of Myeloid-derived suppressor cells
(MDSGCs) which isolated from Ha, hepatocellular carcinoma bearing mice was detected by Cell Counting Kit-8 (CCK-8) method (n = 3). Statistical diagram is shown.
(B-E) MDSCs which isolated from Ha, hepatocellular carcinoma bearing mice were stimulated by JHD (250pg/ml, 500ug/ml) or oxaliplatin (1ug/mi) in vitro, and the
percentage of apoptosis cells was detected by flow cytometry at 24h (n = 3). Representative flow cytometry data and statistical diagrams are shown. And the
percentage of non-apoptotic cell was shown at € (n = 3). (F-l) MDSCs were stimulated by JHD as above up to 36 hours, and the apoptosis cells was detected by
flow cytometry (n = 3). And the percentage of non-apoptotic cell was shown at (I) (n = 3). *: p< 0.05; **: p < 0.01; ns, not significant.

However, our results also demonstrated significantly increased
percentage of DC (Figure 3D) and CTL (Figure 4A), and
significantly decreased percentage of Th17 and Treg (Figures 4B,
C) in spleen of JHD-treated mice. Previous studies had shown that
Th17 and Treg played an important role in promoting hepatocellular
carcinoma development (Gomes et al., 2016). In general, JHD could
weaken the immunosuppressive status of H,, tumor-bearing mice,
possibly by promoting MDSCs into maturation and inhibiting the
immunosuppressive activity of MDSCs.

Subsequently, we further investigated the in vitro effects of
JHD on HCC-induced MDSCs. Interestingly, when the
concentration was lower than 250ug/ml, JHD could enhance
cell viability of CD11b"Gr-1" cells, but showed inhibitive effect

when it was more than 250ug/ml dose (Figure 5A). After 24h
stimulation, both JHD (250ug/ml, 500ug/ml) and oxaliplatin
(1ng/ml) promoted apoptosis of MDSCs (Figure 5B).
Surprisingly, at 36 hours, we observed that JHD (250ug/ml,
500pg/ml) decreased apoptosis in cultured cells, and oxaliplatin
show the opposite effect (Figure 5C). Our previous and current
studies also demonstrated that high concentrations of JHD
exerted the best anti-tumor effect. Therefore, the proportion of
CD11b"Gr-1" cells in the JHD-treated group increased in vivo,
possibly because of reduced apoptosis.

The plasticity of MDSCs and its characteristic of further
differentiation into APC had been demonstrated (Tcyganov
et al., 2018). In vitro, JHD significantly increased percentage of
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F4/80, CD11c, CD80 and MHCII positive cells in HCC-induced
MDSCs, with time and concentration dependence (Figure 5C),
which suggested that differentiation of CD11b"Gr-1" cells were
promoted by JHD. We then tested the expression of ROS in
MDSCs treated with JHD or not for 36h, and found that JHD
could reduce expression of ROS (Figure 7A). Meanwhile, we
continued to co-culture CD4'T cells with MDSCs which were
pretreated with JHD (500ug/ml) or not, and the result proved
that JHD-pretreated MDSCs were weakened the proliferative
inhibition ability on CD4" T cells (Figure 7B). ROS has been
proved to be a molecule that MDSCs play a role in inhibiting
proliferation of CD4"T cells (Ohl and Tenbrock, 2018). Finally,
we observed downregulated expression of both STAT-3 and
inducible nitric oxide synthase (iNOS) in the spleen of JHD
treated group, which was measured by immunohistochemical
staining (Figures 7C, D). Previous studies have confirmed that
STAT-3 and iNOS was related to the immunosuppressive ability
of MDSCs (Diao et al., 2015; Zhao et al., 2018b).

Therefore, a comprehensive analysis of our above results
suggested that increased CD11b"Gr-1" cells in spleen of JHD-
treated group appeared to have less immunosuppressive ability
and could differentiate into DC. Besides, JHD could affect the
apoptosis, differentiation and immunosuppressive ability of
MDSCs, possibly through multiple molecule signaling pathways,
e.g. NF-xB (Flores et al, 2017), STAT-3 (Guha et al, 2019),
HMGBI1, AMPK (Salminen et al., 2019), microRNAs (Ren et al.,
2019). However, we suspected that JHD plays multiple roles by
regulating STAT-3, which was involved in processes such as cell
transformation, expansion and activation of MDSCs (Panni et al,
2014; Pan et al., 2016). Here, we have not yet studied the specific
signaling pathways of above effect made by JHD, and based on our
results, subsequent researches will be continued to explore definitely
functional molecules and signaling pathways involved, to provide
evidence for broadening the application of JHD.

Many antineoplastic drugs studies had shown reduced
proportion of CD11b"Gr-1" cells in tumor-bearing mice after
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drug treatment (Fleming et al., 2018), in addition to lenvatinib
(Gunda et al.,, 2019) and gemcitabine (Mu et al., 2019).
Frequency of CD11b*Gr-1" cells was considered as an
important factor to promote tumor progression and tumor cell
resistance, and as an independent factor to evaluate the efficacy
and prognosis of anti-tumor therapy (Ai et al, 2018). For
comprehensive analysis, we considered that higher or lower
proportion of MDSCs after antineoplastic drugs intervention
still depended on the tumor type, and its direct effects on
MDSCs. The increased CD11b and Gr-1 molecule did not
entirely represent the immunosuppressive ability of MDSCs.
Coincidentally, Safari et al. also pointed out that the
proportion change of MDSCs depended on the results of
systematic treatment (Safari et al., 2019).

Finally, we highlighted that JHD could weaken the
immunosuppressive ability of MDSCs, promote MDSCs
differentiation, increase systematic anti-tumor immune
response and finally inhibited the growth of subcutaneous H,,

hepatocellular carcinoma. Synthetically, we hold the opinion
that, under condition of antineoplastic drugs administration,
the increased CD11b"Gr-1"cells may not be villainy, when these
drugs could suppress immunosuppressive ability of CD11b"Gr-
1"cells and promote it mature to replenish dendritic cell, at the
same time.
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