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Cucurbitacin IIa promotes the immunogenic cell
death-inducing effect of doxorubicin and modulates
immune microenvironment in liver cancer
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Abstract. The immunogenic cell death (ICD) has aroused
great interest in cancer immunotherapy. Doxorubicin (DOX),
which can induce ICD, is a widely used chemotherapeutic
drug in liver cancer. However, DOX-induced ICD is not
potent enough to initiate a satisfactory immune response.
Cucurbitacin I1a (CUIla), a tetracyclic triterpene, is a biologi-
cally active compound present in the Cucurbitaceae family.
The present study assessed the effects of the combination of
DOX and CUIIa on the viability, colony formation, apoptosis
and cell cycle of HepG2 cells. In vivo anticancer effect was
performed in mice bearing H22 tumor xenografts. The hall-
mark expression of ICD was tested using immunofluorescence
and an ATP assay kit. The immune microenvironment was
analyzed using flow cytometry. The combination of CUIla and
DOX displayed potent apoptosis inducing, cell cycle arresting
and in vivo anticancer effects, along with attenuated cardio-
toxicity in H22 mice. The combination of DOX and CUIla
also facilitated ICD as manifested by elevated high-mobility
group box 1, calreticulin and ATP secretion. This combination
provoked a stronger immune response in H22 mice, including
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dendritic cell activation, increment of cytotoxic T cells and
T helper 1 cells. Moreover, the proportion of immunosup-
pressive cells including myeloid-derived suppressor cells,
T regulatory cells and M2-polarized macrophages, decreased.
These data suggested that CUIla is a promising combination
partner with DOX for liver cancer treatment, probably via
triggering ICD and remolding the immune microenvironment.

Introduction

The liver, the largest internal organ in humans, plays a vital
role in the organism's physical function (1,2). Currently,
chemotherapy remains the primary treatment option for liver
cancer (3). However, the benefits of chemotherapy are highly
limited in patients with tumor metastasis, tumor recurrence,
multi-drug resistance or toxic side effects (4).
Immunosuppressive immune cells assemble in the liver
cancer microenvironment and are associated with a poor
prognosis. Immunogenic cell death (ICD) has provoked
extensive interest in the field of cancer immunotherapy,
and several clinical studies have shown that some chemo-
therapy agents induce ICD (5). Doxorubicin (DOX), is a
broad-spectrum antineoplastic agent that induces ICD (6-9).
DOX has been confirmed to effectively inhibit the topoisom-
erase Ila-mediated DNA replication by the intercalation into
nuclear DNA strands in cancer cells (10,11). ICD is charac-
teristic of danger-associated molecular patterns (DAMP),
such as exposure to calreticulin (CRT) on the cell surface,
the release of high-mobility group box 1 (HMGBI) and
secretion of ATP, which recruits innate immune cells such
as dendritic cells (DCs), and then triggers tumor specific
immune responses such as cytotoxic T lymphocytes (CTLs)
to eliminate residual cancer cells (12,13). However, ICD is
typically limited by the intrinsic immunosuppressive tumor
microenvironment (TME) (14), including regulatory T
(Treg) cells, myeloid-derived suppressor cells (MDSCs) and
tumor-associated macrophages (TAMs). These immunosup-
pressive cells in the TME directly or indirectly suppress
effector cells by inhibiting DCs differentiation, migration
and antigen presentation (15). The degree of functional
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impairment of CTLs and other immunocompetent cells is
closely related to the prognosis of cancer (16). In addition,
CTLs dysfunction reduces the effect of ICD.

However, studies have revealed that DOX alone cannot
induce sufficient ICD to initiate a satisfactory anticancer
immune response by itself (17,18). Therefore, the combina-
tion of Chinese herbs and DOX to enhance the effect of ICD
has become a research focus. A previous study demonstrated
that the combination of low-dose icaritin and DOX exhib-
ited a synergistic effect on ICD induction (19). Wu ef al (18)
found that ginsenoside Rg3 nanoparticles strengthened the
DOX-induced ICD effect. These studies indicated that it is
feasible to enhance the ICD effect by combining traditional
Chinese medicine with DOX.

Cucurbitacin IIa (CUIIa) is a biologically active tetracyclic
triterpenoid found in Cucurbitaceae. CUlla has attracted
considerable attention because of its anti-inflammatory
and antiviral properties (20,21). Although the anticancer
mechanisms of several cucurbitacins have been elucidated,
the anticancer activity is rarely been reported. Studies have
demonstrated that CUIIa induces cell cycle arrest, and
inhibits the proliferation and migration of tumor cells in
prostate, lung and liver cancer (22-25). CUIla was found to
induce caspase-3-dependent apoptosis, whereas ICD was
caspase-dependent. However, whether CUIla regulates the
ICD requires further investigation.

In the present study, it was demonstrated that the combi-
nation of CUIla and DOX activated ICD biomarkers in liver
cancer, and induced an effective immune response. These
findings provided a promising approach to assist tumor
chemoimmunotherapy against liver cancer.

Materials and methods

Cells and reagents. The human liver cancer cell lines HepG2
and Hep3B cells and the mouse liver cancer cell line H22 cells
were cultured in DMEM medium containing 10% v/v FBS
(Gibco; Thermo Fisher Scientific, Inc.), as well as 100 mg/ml of
streptomycin and 100 units/ml penicillin at 37°C in a humidi-
fied environment with 5% CO, supply. DOX hydrochloride was
obtained from Zhejiang Hisun pharmaceutical Co., Ltd. CUIla
(cat. no. HAO62805198) was purchased from Baoji Herbest
Bio-Tech Co., Ltd. 4',6-diamidino-2-phenylindole (DAPI) was
obtained from Shanghai Aladdin Biochemical Technology Co.,
Ltd. CD31 (cat. no. ab28364), Ki-67 (cat. no. ab15580), CRT (cat.
no. ab92516), Caspase-3 (cat. no. ab184787) and HMGBI (cat.
no. ab79823) antibodies were all obtained from Abcam.

MTT assay. The in vitro cytotoxicity of CUIla and DOX
was determined using MTT assay. HepG2 and Hep3B cells
(1x10* per well) were seeded within 96-well plates, respec-
tively. Subsequently, CUIla and DOX (concentration=0.6, 1.8,
5.4, 16.2 and 48.6 uM) was added to cells for 24-h incuba-
tion. Cells were then added with MTT reagent (5 mg/ml in
PBS) at 37°C for 4 h, and the purple precipitate was dissolved
by DMSO (200 ul) before measurement at 570 nm. ICy, was
calculated using the GraphPad Prism software.

Colony formation. Colony formation assay was initiated by
seeding cells in 6-well plates. HepG2 and Hep3B cells (2,000

cells per well) were seeded within 6-well plates for 6 days.
The colony is defined to consist of at least 50 cells. Then,
the colony-forming cells were treated with drugs at indicated
concentration for another 4 days. At the end, the cells were
fixed with 4% paraformaldehyde for 30 min and stained with
0.1% crystal violet for 20 min at room temperature. The number
of colonies was quantified by ImagelJ software (version 1.53f;
National Institutes of Health).

Apoptosis detection and cell cycle analysis. HepG2 and
Hep3B cells (2x10° per well) were seeded within 6-well plates
and treated with drugs at indicated concentrations for 24 h.
The apoptotic ratio was determined by flow cytometry using
Annexin V Apoptosis Detection kit (cat. no. AT101C), which
was obtained from MultiSciences Biotech Co., Ltd. The cell
cycle was determined by flow cytometry using the cell cycle
analysis kit. Experimental data were analyzed by FlowJo and
GraphPad Prism software.

Immunofluorescence staining. HepG2 cells (5x10* per well)
were seeded within 24-well plates and treated with drugs at
indicated concentrations for 24 h. Afterwards, cells were fixed
with 4% paraformaldehyde for 20 min, and washed three times
in PBS. The cells were incubated in blocking buffer [1% (w/v)
BSA (Gibco; Thermo Fisher Scientific, Inc.) in PBS] for 30 min
and subsequently incubated overnight at 4°C with primary
antibodies (HMGBI or CRT) diluted (1:1,500) in the blocking
buffer. The sample was washed three times in PBS and incu-
bated overnight at 4°C with secondary antibodies in the blocking
buffer. The nuclei were counterstained with DAPI (5 pg/ml).

Hoechst 33342 staining. The apoptosis detection was evaluated
by Hoechst 33342 staining assay kit (cat. No. P0133), which
was obtained from Beyotime Institute of Biotechnology. After
24 h incubation with DOX or/and CUIIa, cells were further
stained with Hoechst 33342 for 15 min at 37°C. Then the
stained cells were observed under a fluorescence microscope.

ATP release assay. After 24 h incubation with DOX or/and
CUlIla, extracellular ATP level of HepG2 cells was detected
with an ATP Assay Kit (cat. no. S0026; Beyotime Institute
of Biotechnology) by employing firefly luciferase-catalyzed
oxidation of D-luciferin to produce light in the presence of
ATP. The fluorescence was detected with the multiscan spec-
trum (Synergy H1; BioTek Instruments, Inc.).

Animal study. In total, 45 specific pathogen-free male ICR
mice (age, 4 weeks-old; weight, 18-22 g) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). Mice were housed in a specific pathogen-free envi-
ronment at a constant temperature of 22+1°C and 55+5%
humidity, and provided with standard laboratory diet and
drinking water ad libitum in a 12/12-h dark/light cycle. The
mouse liver cancer cell line H22 cells were cultured in DMEM
medium, and 1x107 cells in PBS (500 p1) were injected into the
abdominal cavity of each mouse. After seven days, the mice
were sacrificed and ascites were collected, then diluted with
PBS, and subcutaneously injected into the right flank of mice.
After three days, the mice were then randomly divided into
4 groups, including the control group (0.9% NaCl solution)
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and CUIIa groups (30, 60 and 90 mg/kg). Mice in CUIla
groups were gavaged once a day, and all the mice were sacri-
ficed at day 12. For the anticancer study of CUIla and DOX
combination, mice were then randomly divided into 4 groups,
including the control group, CUIla group (90 mg/kg), DOX
group (3 mg/kg) and the combined group. DOX was injected
intravenously once every 3 days. Mice in CUIla groups were
gavaged once a day, and all the mice were sacrificed at day
12. At experimental endpoint, all mice were euthanized by
intravenous injection of pentobarbital sodium.

Hematoxylin-eosin staining (H&E) and immunohistochem-
ical staining. All tumor tissues were fixed in 10% neutral
formalin for 48 h at room temperature, embedded in paraffin
wax, and cut into 4-pym thick serial sections. Tissue slices
(heart, liver, spleen, lung and kidney) were stained with H&E
to assess the toxicity of drugs. And tumor tissues were stained
immunohistochemically with primary anti-Ki-67 (1:1,000),
Caspase-3 (1:1,500) and CD31 (1:2,000) antibodies according
to the manufacturers' instructions. In details, tissue sections
were deparaffinized in xylene and ethanol series (anhydrous
ethanol, 95% alcohol, 95% alcohol, and 80% alcohol) and
subjected to antigen retrieval in citrate buffer. The sections
were incubated with primary antibodies overnight at 4°C. The
secondary antibody against HRP-conjugated Goat Anti-Rabbit
IgG (1:1,000) was obtained from Abcam (cat. no. ab6721) and
incubated at room temperature for 50 min. The sections were
further stained with DAB and hematoxylin. The expression of
Ki67, Caspase-3 and CD31 was observed under a light micro-
scope (Nikon Corporation).

Enzyme-linked immunosorbent assay (ELISA). The
levels of TNF-a, IFN-y, IL-12, IL-4, IL-10 and CCL2
in the homogenate supernatant of tumor tissue were
evaluated by ELISA kits according to the manufacturer's
instructions. TNF-a (cat. no. E-MSEL-M0002), IFN-y (cat.
no. E-MSEL-MO0007), IL-12 (cat. no. E-MSEL-M0004), IL-4
(cat. no. E-MSEL-MO0008), IL-10 (cat. no. E-MSEL-M0031)
and CCL2 (cat. no. E-EL-M3001) ELISA kits were purchased
from Elabscience Biotechnology Co. Ltd.

Evaluation of immune cells in mice bearing H22 xenografts
by flow cytometry. Tumor-draining lymph nodes and spleens
from mice bearing H22 tumor were harvested and processed
into single cell suspensions through a 200-mesh sterile filter.
Spleen was then treated with ACK lysis buffer to remove red
blood cells. Anti-mouse CD16/32 Fc receptor block antibody
(BioLegend, Inc.) were used to block the non-specific antibody
binding. To evaluate the antigen presentation ability of DCs
cells, single cell suspensions were stained with Fixable Viability
Dye eFluor 780 (eBioscience; Thermo Fisher Scientific,
Inc.), anti-CD11c-APC, anti-CD80-PE, anti-CD86-BV421
and anti-MHCII-FITC antibodies or an isotype IgG control
(BioLegend, Inc.) according to the manufacturers' instruction.
Samples were collected on BD FACS Verse Flow Cytometer
(BD Biosciences), and data were analyzed using FlowJo V.10.1
software (Tree Star, Inc.).

To assess the abundance of CTLs (CD4-CDS8*IFN-vy*)
and THI cells (CD4*CD8-IFN-y*), single cell suspensions
were stained with Fixable Viability Dye eFluor™ 780
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(eBioscience; Thermo Fisher Scientific, Inc.), anti-CD3-PE
cy7, anti-CD4-APC, anti-CD8-FITC, and anti-IFN-y-PE anti-
bodies (BioLegend, Inc.). For intracellular cytokine staining,
1x10° cells were stimulated with complete RPMI-1640
containing activation cocktail and brefeldin A for 6 h
(BioLegend, Inc.). For analysis of Treg cells, the antibodies
used included APC-labeled anti-mouse CD4 antibody,
PE cy7-labeled anti-mouse CD3 antibody and PE-labeled
anti-mouse Foxp3 antibody (18).

For analysis of M1/M2 macrophages, the acquired
suspendedcells were stained with anti-Gr1-PE,anti-F4/80-APC,
anti-MHCII-FITC and anti-CD206-PE-Cy7 antibodies
(BioLegend, Inc.). Cells were stained with anti-CD11b-APC
and anti-Gr-1-PE antibodies (BioLegend, Inc.) to examine
the ratio of MDSCs. Moreover, cells were stained with
anti-CD11b-FITC, anti-Ly6G-PE, anti-Ly6C-Cy5 antibodies
(BioLegend, Inc.) to detect the proportion of M-MDSCs.

Statistical analyses. All experiments were performed at least
three times. All data were analyzed using GraphPad Prism 8.0
(Dotmatics) by unpaired Student's t-test and one-way analysis
of variance (ANOVA) with Bonferroni correction. Data were
presented as the mean + SD. "P<0.05 was considered to indi-
cate a statistically significant difference.

Results

CUlla suppresses liver cancer tumor growth. The MTT assay
was used to evaluate the inhibitory effect of CUIIa on the
proliferation of liver cancer cells. The results revealed that
the inhibitory potential of CUIla depended on its concentra-
tion, and a more powerful effect was achieved by CUIIa at
a higher concentration. IC,, of CUIla on HepG2 and Hep3B
cells were 31.5 and 28.1 uM, respectively (Fig. 1A). Therefore,
the concentration of 30 M was selected for subsequent
experiments. CUIla almost blocked the colony formation in
both HepG2 and Hep3B cells (Fig. 1B). As demonstrated in
Fig. 1C, CUlIla clearly promoted the apoptosis in both HepG2
and Hep3B cells, and the apoptotic rate increased to 41.9 and
26.00%, respectively. Cell cycle analysis by flow cytometry
revealed that CUIIa significantly decreased the percentage
of cells in the GO/G1 phase and S phases and increased the
percentage of cells in the G2/M phase (Fig. 1D). These results
suggested that CUIIa might inhibit liver cancer cells growth
by maintaining cells in the G2/M phase.

Next, the anticancer effect of CUIla on H22 cells-bearing
mice was examined. Most mice in the control group were in
poor health, and became lethargic, listless and indulged in sleep.
Fur withered as tumor size increased. The tumor growth curves
of H22 xenografts are depicted in Fig. 1E. The average volume
was 651.53 mm?® in CUIIa low-dose group and 513.66 mm?® in
CUlIIa medium-dose group. The average tumor volume in the
CUTIIa high-dose group was 453.76 mm?, significantly smaller
than that of the control group (998.02 mm?) at day 11. In
addition, no pathological changes were observed in the major
organs (heart, liver, spleen, lungs and kidneys) of the control and
high-dose CUIla groups by H&E staining (Fig. 1F).

CUlla promotes the anticancer effect of DOX in vitro. Dox is
widely used in liver cancer chemotherapy treatment. However,
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Figure 1. The inhibitory effects of CUIla on liver cancer in vitro and in vivo. (A) Viability of HepG2 and Hep3B cells after 24 h exposure to CUIIa. (B) Colony
formation of HepG2 and Hep3B treated with CUIla (30 xM). (C) Apoptosis and (D) cell cycle of HepG2 and Hep3B cells after 24 h CUIla exposure (30 xM).
(E) Tumor volume of mice bearing H22 xenografts. (F) H&E staining of major organs from H22 mice in the CUIla group (90 mg/kg). Scale bar, 100 yzm. Data
are presented as the mean + SD. "P<0.05 and “P<0.01. CUIla, cucurbitacin Ila.

DOX-induced cardiotoxicity greatly limits its clinical thera-  used to evaluate the combined effect of DOX plus CUIlIa (27),
peutic utility (26). In the present study, it was examined whether ~ namely, synergistic (CI<1), additive (CI=1) or antagonistic
CUIla strengthened the anticancer effect of DOX and lowered  (CI>1) effects (28). The ICy, of DOX monotherapy was 1.1 yM
cardiotoxicity. As revealed in Fig. 2A, CUIla promoted DOX  for HepG2 cells, while the IC,, of CUIla monotherapy was
cytotoxicity in HepG2 cells. The combination index (CI) was  31.5 M. When used in combination, the inhibition rate
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Figure 2. Combination of CUIla and DOX suppresses viability and induces apoptosis in HepG2 cells in vitro. (A) Viability of HepG2 cells treated DOX with/
or CUIla at different molar ratio and the corresponding CI vs. Fa plots. (B) Hoechst staining of HepG2 cells (white arrows indicating apoptosis). (C) Apoptosis
of HepG2 cells treated with DOX (0.29 xM), CUlla (2.86 M) or their combination by flow cytometry. Data are presented as the mean + SD. “P<0.01. CUIla,

cucurbitacin ITa; DOX, doxorubicin; CI, combination index.

reached 50% in CUlIIa (2.85 uM) plus DOX (0.28 uM) group
(10:1 ratio), and meanwhile the calculated CI was equal to 0.36
(Fig. 2A). Low doses with a pleasant treatment efficacy shall
reduce the side effects of DOX. Therefore, the concentration
of CUIIa (2.86 uM) plus DOX (0.29 uM) was chosen for the
following in vitro study.

Hoechst staining and flow cytometry verified that this
combination induced apoptosis in HepG2 cells. As demon-
strated in Fig. 2B, the majority of nuclei in the control, CUIla
and DOX groups exhibited round and uniform light blue
fluorescence, whereas apoptotic nuclear staining in the combi-
nation group was enhanced, and the fluorescence was brighter.
The structures were either condensed or clumpy. Moreover,
the number of cells in the field of vision was significantly
reduced in the combination group. Accordingly, FITC-annexin
V-PI flow cytometry identified a significantly higher rate of
apoptosis in the combination group compared with the control
group (Fig. 2C).

Combination of CUlla and DOX displays potent inhibi-
tory effect on H22 tumor growth. After confirming the
anticancer effect of the combination in vitro, it was further
examined the anticancer effect in vivo. A significant reduc-
tion in the tumor volume was observed after the application

of combination therapy to mice with subcutaneous tumors
in vivo (Fig. 3A and C). H&E staining revealed necrosis,
vacuolar cardiomyocyte and inflammatory cells in
DOX-treated tumor-bearing mice, consistent with a previous
study (29). After the combinatory treatment, the pathological
status of heart was improved obviously (Fig. 3B). Therefore,
CUlIlIa ameliorated DOX-induced myocardial toxicity. No
body weight loss was observed in any of the treated groups
(Fig.3D). The combination therapy significantly promoted the
level of immuno-stimulatory cytokines (TNF-a, IFN-y and
IL-12) and inhibited the secretion of the immunosuppressive
cytokines (IL-4, IL-10 and CCL2) in tumor tissues (Fig. 3E).
H&E staining was also used to observe the morphology of
the tumor tissue in each group and evaluate the therapeutic
effect of the combinatory treatment (Fig. 3F). The tumor
cells in the control group were densely arranged with a high
nuclear-to-cytoplasmic ratio. In both DOX group and CUIla
group, cells and nuclei were more irregular in shape with
a low nuclear to cytoplasmic ratio. The combination group
had the lowest nuclear-to-cytoplasmic ratio among the four
groups. The cells were thinly arranged and the cytoplasm
was broken and dissolved. To further investigate the prolif-
eration and apoptosis of tumor cells, the expression of the
proliferation marker Ki67, the apoptosis marker Caspase-3
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Figure 3. Combination of CUIla and DOX represses tumor growth of H22-bearing mice. (A) Representative tumors of mice in each group 12 days after treat-
ment. (B) H&E staining of heart in mice. (C) Tumor volume and (D) weight of mice in each group. (E) The level of immuno-stimulatory cytokines (TNF-a,
IFN-y and IL-12) and immunosuppressive cytokines (IL-4, IL-10, IL-6 and CCL2) in tumor tissues. (F) H&E staining of tumor sections. Scale bar, 20 ym.
(G) Ki67, Caspase-3 and CD31 expression in tumor sections. Scale bar, 50 ym. Data are presented as the mean + SD. "P<0.05 and “"P<0.01. CUIla, cucurbitacin

ITa; DOX, doxorubicin.

and the endovascular epithelial marker CD31 in xenograft
tumors was evaluated by immunohistochemistry (Fig. 3G).
The results revealed that combination therapy inhibited
tumor growth as well as the expression of Ki67 and CD31
in H22 mice, and meanwhile promoted the expression of
Caspase-3.

CUlla strengthens the ICD induced by DOX. Exposure of
CRT on the cell membrane as well as the release of ATP and
HMGBI into the extracellular compartment occur during
ICD (30). Immunofluorescence staining demonstrated that
the combination of CUIla and DOX induced a strong ICD
response in HepG2 cells, as evidenced by enhanced CRT
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exposure and HMGBI release from tumor cells, which are
key biomarkers of ICD (Fig. 4A). In addition, the combina-
tion of CUIla and DOX significantly promoted the secretion
of ATP into the extracellular compartment of HepG2 cells
(Fig. 4B).

DCs play a key role in initiating immune responses and
maintaining immune tolerance (31). Activation of DCs is an
important part of ICD. Flow cytometry showed a significant
increase in the levels of the costimulatory molecules CD80
and CD86 on the surface of DCs in the spleen and lymph
nodes of H22 mice subjected to the combined treatment
(Fig. 4C and D). These results suggested that the combinatory
treatment stimulated the maturation of DCs.

The combination of CUIlla and DOX remolds the immune
microenvironment. To further explore whether the combi-
nation facilitated an immunoregulatory effect, the ratio
of immune cells in the spleen and draining lymph nodes
was measured by flow cytometry. Research has shown
that CD8* T cells can be specifically activated to become
tumor-specific cytotoxic lymphocytes that generate an
antitumor response (32). T helper 1 cells (TH1) are the
subpopulation of CD4* T helper cells that improve the

immune response and enhance antitumor effects and other
roles primarily through the secretion of cytokines (33,34).
Although no statistical significance was observed, the
percentage of splenic TH1 (IFN-y*CD4*T) cells was
increased in the combination group, and exhibited the
highest proportion (Fig. 5A). Both CUIla and DOX mono-
therapy presented partial effect on proportion of TH1 and
CTLs cells. The proportion of CTLs (IFN-y*CD8* T) cells
in the spleen was significantly increased in the combined
group compared with the control group. The combination
treatment also increased the numbers of TH1 and CTLs
cells in the draining lymph nodes (Fig. 5B). Furthermore,
the combination therapy also considerably decreased the
frequency of Treg cells in the spleen (Fig. 5C) and draining
lymph nodes (Fig. 5D) of H22 mice.

MDSCs and M2-polarized macrophages play a central role
in tumor immune evasion and tumor metastasis. Moreover,
increased numbers of MDSCs and M2 macrophages are posi-
tively associated with poor prognosis and reduced survival in
cancer patients (35,36). The combination therapy significantly
decreased the frequencies of MDSCs in both the spleen and
lymph nodes (Fig. 6A and B). In detail, there was no signifi-
cant change for M-MDSCs ratio between the DOX group and
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the control group in the spleen; however, M-MDSCs decreased
significantly after the combination treatment (Fig. 6C). In the
lymph nodes, single CUIla treatment, as well as in combination
with DOX, all increased the proportion of M1 macrophages
and decreased the proportion of M2 polarized macrophages
(Fig. 6D).

Discussion

The ICD in tumor cells is expected to provide new opportuni-
ties for immunotherapy. These ICD-inducing chemotherapy
drugs can function both via the chemotherapy role and via
ICD-triggered cell-eliminating immune responses, thus
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attaining more pleasant curative effects (3,10). However,
the immunosuppressive TME and feeble antigen presenta-
tion capacity has greatly limited DOX-stimulated immune
responses. In the present study, it was investigated whether
CUlIIa and DOX combination therapy would provoke a stronger
ICD effect and reshape the immune microenvironment in liver
cancer. Insights were also provided into the anticancer effects
of the combination on liver cancer growth and the underlying
mechanisms were explored.

The induction of apoptosis and autophagy, and cell cycle arrest
have been reported to be involved in the anticancer mechanism of
CUIIa (20,23,24). Consistently, CUIla significantly inhibited the
viability and colony formation of liver cancer cells in the present
study. CUlla also promoted the apoptosis of HepG2 and Hep3B
cells and induced cell cycle arrest at the G2/M phase. Moreover,
CUlIIa considerably repressed tumor growth in H22 mice, without
causing obvious damage to the major organs. Thus, CUIla is a
promising drug for the treatment of liver cancer. It is noteworthy
that cucurbitacins displayed unique advantages when combined
with chemotherapeutic drugs. For instance, the synergistic anti-
tumor effects of Cucurbitacin E and Dox have been demonstrated
on gastric cancer both in vitro and in vivo (37). Cucurbitacin B
enhanced the inhibition ability of cisplatin on resistant ovarian
cancer cells, and played an important role in eliciting antitumor
immunity (38). In the present study, as expected, the ICs, of DOX
on HepG2 cells was significantly decreased after the co-admin-
istration with CUIIa. Particularly, the strongest antitumor effect
was attained when the molar ratio of CUIla to DOX was 10:1.
Hoechst staining and flow cytometric analysis also verified that
CUlIlIa promoted DOX-induced apoptosis in HepG2 cells. Mice
bearing H22 subcutaneous xenograft were used to evaluate the
combined effect of CUIIa and DOX in vivo. The combination
group significantly inhibited tumor growth and the expression
of Ki67 and CD31 in mice. More importantly, DOX-induced
myocardial toxicity was alleviated after combinatory treatment.
Therefore, the combined administration can bring down the
dosage of DOX chemotherapy while simultaneously ensuring
an anticancer effect at the same time, inferring that CUIla might
potentially function as a chemotherapy adjuvant in treating liver
cancer.

Notably, DOX can also stimulate ICD and thus triggering
an immune response, although the immunogenicity induced
by DOX is not strong enough to eliminate cancer cells. It was
found that CUIlIa promoted DOX-induced apoptosis and that
ICD was caspase-dependent. The upregulation of various
DAMPs can serve as markers of ICD occurrence. Therefore,
expression of DAMPs was next detected to examine whether
the combination of CUIla and DOX could reinforce ICD.
During the ICD process, CRT is exposed on the membrane
of dying cells, which is considered as an ‘Eat Me’ signal,
attracting and activating DCs (39). HMGBI is released from
the nucleus during the late stages of apoptosis, promoting
chemotaxis of DCs and antigen presentation to T cells (40,41).
ATP, which acts as a find-me signal, induces migration of DCs
to tumor cells (42). In the present study, the combination of
CUlIIa and DOX induced ICD with the upregulation of various
DAMPs, indicating that when combined with CUIla, DOX
provokes a satisfactory ICD effect, even at a low dose.

In the liver cancer microenvironment, the inflammatory
cell infiltrate is unbalanced towards an immunosuppressive

phenotype, with a prevalence of Tregs, regulatory B cells (Bregs),
M2 macrophages and MDSCs, over M1 macrophages, DCs, TH1
and CTLs. DAMPs excreted by dying cells can initiate an immune
response, followed by the maturation of the antigen-presenting
DCs. However, the immunosuppressive TME hinders the anti-
cancer immune response triggered by DCs (43). MDSCs, Tregs
and tumor cells secrete suppressive cytokines, that can inhibit
CTLs (44,45). Bregs were shown to facilitate liver cancer progres-
sion by promoting IL-10 and TGF-f3 secretion. Bregs cells also
inhibit T cell antitumor immune response by converting naive
CD4* T cells to Treg cells in the TME (46). Accumulation of
monocytic MDSCs (M-MDSCs) in fibrotic livers is meaningfully
associated with abridged tumor-infiltrating lymphocytes and
amplified tumorigenicity in mice (47). Hormone divergences play
an important part in modifying the TME. In the future precision
therapies, gender-specific medicine will become a significant
modality. As male-female differences might affect the TME (48),
only male mice were chosen for the present study. It was found
that CUIla combined with DOX improved the immune micro-
environment of mice bearing H22 tumor. Immuno-surveillance
cells including TH1, CTLs, M1 macrophages and activated DCs,
increased, whereas the number of immunosuppressive cells,
including M2 macrophages, Tregs, MDSCs and M-MDSCs,
declined. Concerning the important role of Bregs in liver cancer
progression, the role of Bregs in DOX-induced ICD will be evalu-
ated in the authors' future studies.

CUlIIa has been reported to increase levels of LC3-II
conjugates and formation of LC3 puncta of RAW 264.7 cells,
suggesting that autophagy can be triggered by CUIIa (49).
Autophagy was regarded as an inducer of ICD. DAMPs
released by dying cells including autophagic cells bind to
the receptor on phagocytic cells and subsequently trigger an
immune response (19). It was assumed that CUIla enhanced
DOX-induced ICD via triggering autophagy, and it was found
that CUIIa promoted LC3 expression in HCC cells (data not
shown). To verify the hypothesis and explore the specific
mechanism by which CUIIa enhances DOX-induced ICD,
more profound work needs be performed in the future such
as colocalization of autophagosome and mitochondria, and
expression of mitophagy biomarkers. Moreover, Bafilomycin
Al, an autophagy inhibitor, will be used to verify the associa-
tion of autophagy and ATP release.

In conclusion, the present findings demonstrated the capa-
bility of CUIIa to potentiate the anticancer effect of DOX in
liver cancer, probably by inducing apoptosis and ICD, as well
as by reprogramming the immune microenvironment. This
suggested the feasibility and safety of using CUIla as an adju-
vant drug for DOX in liver cancer therapy to improve therapy
responsiveness, reduce unwanted cardiotoxicity, and overcome
the adverse effects of the TME.
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