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ABSTRACT
Background Immunotherapy for hepatocellular 
carcinoma (HCC) exhibits limited clinical efficacy due 
to immunosuppressive tumor microenvironment (TME). 
Tumor- infiltrating macrophages (TIMs) account for the 
major component in the TME, and the dominance of M2 
phenotype over M1 phenotype in the TIMs plays the pivotal 
role in sustaining the immunosuppressive character. 
We thus investigate the effect of bufalin on promoting 
TIMs polarization toward M1 phenotype to improve HCC 
immunotherapy.
Methods The impact of bufalin on evoking antitumor 
immune response was evaluated in the immunocompetent 
mouse HCC model. The expression profiling of 
macrophage- associated genes, surface markers and 
cytokines on bufalin treatment in vitro and in vivo were 
detected using flow cytometry, immunofluorescence, 
western blot analysis, ELISA and RT- qPCR. Cell signaling 
involved in M1 macrophage polarization was identified via 
the analysis of gene sequencing, and bufalin- governed 
target was explored by immunoprecipitation, western blot 
analysis and gain- and- loss of antitumor immune response. 
The combination of bufalin and antiprogrammed cell 
death protein 1 (anti- PD- 1) antibody was also assessed in 
orthotopic HCC mouse model.
Results In this study, we showed that bufalin can function 
as an antitumor immune modulator that governs the 
polarization of TIMs from tumor- promoting M2 toward 
tumor- inhibitory M1, which induces HCC suppression 
through the activation of effector T cell immune response. 
Mechanistically, bufalin inhibits overexpression of 
p50 nuclear factor kappa B (NF-κB) factor, leading to 
the predominance of p65- p50 heterodimers over p50 
homodimers in the nuclei. The accumulation of p65- p50 
heterodimers activates NF-κB signaling, which is 
responsible for the production of immunostimulatory 
cytokines, thus resulting in the activation of antitumor 
T cell immune response. Moreover, bufalin enhances 
the antitumor activity of anti- PD- 1 antibody, and the 
combination exerts synergistic effect on HCC suppression.
Conclusions These data expound a novel antitumor 
mechanism of bufalin, and facilitate exploitation of a new 
potential macrophage- based HCC immunotherapeutic 
modality.

BACKGROUND
Hepatocellular carcinoma (HCC) is the 
second leading cause of cancer- related death 
worldwide.1 Local or systemic therapy such 
as surgery and chemotherapy alone or in 
combination only show clinical efficacy in a 
minority of patients.2 3 Although immune 
checkpoint blockade achieved encouraging 
results in patients with HCC, the remis-
sion rate is <20%.4 Increasing studies have 
evidenced that immunosuppressive tumor 
microenvironment (TME) is responsible 
for such insufficient response to immuno-
therapy.5 6 The composition of immune cells 
infiltrated in the TME plays the critical role 
in manipulating the immunosuppressive 
characters, which induce tumor proliferation 

WHAT IS ALREADY KNOWN ON THIS TOPIC?
 ⇒ Tumor microenvironment (TME) plays a critical 
role in the development of hepatocellular carcino-
ma (HCC) and greatly influences the outcome of 
immunotherapy.

 ⇒ Bufalin exerts anti- HCC effect via the inhibition of 
cancer cell proliferation, while the impact on the 
TME remains elusive.

WHAT THIS STUDY ADDS?
 ⇒ Bufalin promotes the transition of macrophage in 
TME from M2 to M1 phenotype by activating nuclear 
factor kappa B signaling, which leads to the stim-
ulation of immune response and synergizes with 
antiprogrammed cell death protein 1 antibody to 
suppress HCC.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE AND/OR POLICY?

 ⇒ This study explored the anti- HCC mechanism of bu-
falin from immune- regulation aspect and provides 
a promising macrophage- based immunotherapeu-
tic strategy that enriches the knowledge of HCC 
treatment.
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and recurrence, and affect efficacy of immunotherapy.7 8 
Therefore, the targeting of potential immune cells for 
remodeling of the TME may be a promising strategy for 
the improvement of immunotherapy.

Macrophages are the major immune component abun-
dantly accumulated in the TME, and significantly impact 
the immunosuppressive characters of tumor lesions.9 
They demonstrate functional plasticity and can be polar-
ized to two distinctive phenotypes for the governing of 
HCC development.10 One is classically activated M1 
phenotype that exhibits the tumor- inhibitory activity by 
producing pro- inflammatory cytokines such as interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α.11 The other 
is alternatively activated M2 phenotype that nurtures 
tumor growth via the expression of anti- inflammatory 
cytokines such as interleukin (IL)- 10 and transforming 
growth factor (TGF)-β.12 Tumor- infiltrating macrophages 
(TIMs) are mainly represented as immunosuppressive 
M2 that plays the central role in immune evasion of 
cancer cells. The accumulated M2- TIMs upregulate the 
expression of PD- L1 and generate anti- inflammatory cyto-
kines such as IL- 10, transforming growth factor (TGF)-β 
and Prostaglandin E2 (PGE2), leading to the exhaustion 
of T cell antitumor immunity.13 Depleting M2- TIMs or 
transforming M2- TIMs to M1 phenotype can effectively 
reduce the production of protumorigenic cytokines and 
signaling proteins, which ameliorates immunosuppres-
sion and reinvigorates antitumor immune response.14 
Therefore, M2- TIMs serve as a good target used to exploit 
the feasible immunotherapy for refractory HCC cases.

Bufalin, a derivative of steroid, is the major active 
component of traditional Chinese medicine Chansu, 
which is extracted from the skin and parotid venom 
glands of toad. Studies have shown that bufalin exhibits 
antitumor activity on many cancers including HCC.15–17 In 
mouse model of hepatitis B virus- associated HCC, bufalin 
downregulated the expression of androgen receptor and 
cell cycle- related kinase in the β-catenin/TCF signaling, 
leading to the direct killing of cancer cells.18 More-
over, bufalin was also found to induce the apoptosis of 
human HCC cell via the targeting of JNK activation and 
Fas- mediated pathway.19 20 Recent studies have indicated 
an association of bufalin- suppressed HCC proliferation 
and metastasis with the modulation of immune cells.21 
However, the mechanism that bufalin acts on immune 
cells within the TME and the type of cells that are involved 
in this process remain to be elucidated.

In present study, we evaluated the function of bufalin 
on the activation of antitumor immune response in 
the immunocompetent orthotopic HCC mouse model 
compared with nude mice. Subsequently, we identi-
fied TIM as the target of bufalin in the immune elimi-
nation of tumor cells. Further research showed that 
bufalin promoted the TIM conversion from M2 to M1 
by activating nuclear factor kappa B (NF-κB) signaling, 
which stimulated antitumor T cell immune response 
through the expression of pro- inflammatory cytokines. 
Furthermore, we also verified that bufalin enhanced the 

antitumor activity of antiprogrammed cell death protein 
1 (anti- PD- 1) antibody, and the combination synergized 
to suppress HCC proliferation. Therefore, our find-
ings reveal an important role of bufalin as an immune 
modulator in promoting M1 polarization, and exploit a 
novel macrophage- based therapeutic approach for the 
improvement of HCC immunotherapy.

MATERIALS AND METHODS
Cell lines and reagents
Murine HCC cell line Hepa1- 6 and Hepa1- 6- luciferase 
(Luc) were cultured in high glucose Dulbecco’s Modi-
fied Eagle medium (Gibco) supplemented with 10% fetal 
bovine serum (Hyclone), 1% penicillin and streptomycin 
(Hyclone) at 37°C in 5% CO2- containing humidified 
incubator. Reagents used in the study are mentioned in 
online supplemental table S1.

Animal experiment
Six- week- old male C57BL/6 mice and BALB/c athymic 
nude mice were ordered from Shanghai SLAC Labora-
tory Animal Co., Ltd. (Shanghai, China) and received 
appropriate care.

The orthotopic HCC model was established through 
the hemisplenic injection of Hepa1- 6 cells into the liver. 
Briefly, the spleen was exposed, tied in the middle and 
cut into two parts with intact vascular pedicle at both 
sides; 1×106 Hepa1- 6 or Hepa1- 6- Luc cells were inocu-
lated into the liver via vascular vessel in the half spleen, 
and the other half was returned to abdomen to keep 
the immune systems competent. One week later, mice 
were randomly divided into different groups and treated 
with vehicle or 10 μg/kg bufalin intraperitoneally every 
other day in 3 weeks. Tumor weight was measured and 
tumor volume was calculated with length×width×width/2. 
To destroy systemic immunity, tumor- bearing C57BL/6 
mice were exposed to sublethal dose of 700 cGy γ-irradi-
ation or deprived of the spleen, respectively. For in vivo 
depletion of macrophages, tumor- bearing C57BL/6 mice 
were injected intraperitoneally with 100 μL clodronate 
liposomes (CL, 10 mg/mL) every 4 days, accompanied 
by treatment of bufalin or vehicle. In the salvage exper-
iment, p50 NF-κB- packaging lentivirus was given by tail 
vein injection. To monitor tumor growth on different 
treatments such as vehicle, anti- PD- 1 antibody, bufalin 
and the combination, tumor- bearing mice were injected 
with D- luciferin (Alameda) at the indicated time and 
examined by fluorescent imaging using IVIS imaging 
system (Perkin- Elmer).

Macrophage isolation and gene expression profiling
Tumor tissues isolated from C57BL/6 mice on treatment 
were cut into small pieces and digested with 1 mg/mL 
collagenase (Sigma- Aldrich), 2 units/mL hyaluronidase 
(Sigma- Aldrich) and 0.1 mg/mL DNase (Sigma- Aldrich). 
Single cells were sorted with anti- F4/80 microbeads 
(Miltenyi Biotec) to get TIMs with >95% of purity. For gene 
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expression profiling, RNA were extracted with RNeasy 
MiniElute kit (Qiagen), converted into complementary 
DNA (cDNA) and sequenced using next- generation 
sequencing (Illumina). Differential expression anal-
ysis was performed using the program edgeR at p<0.05 
with a twofold change. The gene expression level across 
different samples was normalized and quantified using 
the function of counts per million (cpm). Gene set 
enrichment analysis (GSEA) was performed with GSEA 
by false discovery rate (FDR) q value <0.05. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis 
was performed using the bioinformatics database in David 
Bioinformatics Resources (https://david.ncifcrf.gov/).

Flow cytometry
Single cells were isolated from fresh liver and tumor 
tissues by gentle MACS Dissociators (Miltenyi Biotec). 
Fc receptors were blocked by antimouse CD16/32 (BD 
Pharmingen), and cells were stained with antimouse 
surface marker antibodies (online supplemental table 
S2). Flow cytometry was performed on FACSAria Fusion 
platform (BD Biosciences), and data were analyzed using 
FlowJo software (Tree Star). The expression of surface 
markers was detected to identify different immune cell 
subsets (online supplemental table S3). Absolute numbers 
were calculated by multiplying frequencies obtained from 
flow cytometry with the total live mononuclear cell count, 
and then divided by liver weight. For identification of 
different macrophage phenotypes, surface markers were 
referred to online supplemental table S4.

Generation of bone marrow-derived macrophages and 
macrophage polarization
Bone marrow- derived macrophages (BMDMs) were 
isolated from the femurs of C57BL/6 mice and cultured 
with 20 ng/mL recombinant M- CSF (Invitrogen) in the 
medium for 7 days. Conditioned medium (CM) culturing 
Hepa1- 6 cells for 48 hours was mixed with BMDMs in the 
presence of bufalin or vehicle for 48 hours, or CM in the 
absence of bufalin was cultured with naïve BMDMs for 48 
hours first, followed by the addition of bufalin for another 
48 hours. Supernatants were collected at the indicated 
time for ELISA analysis of cytokines.

Enzyme-linked immunosorbent assay
Tissue samples and cell supernatant on different treat-
ments were collected and indicated cytokines were exam-
ined using ELISA kit (R&D systems) according to the 
manufacturer’s instruction.

Quantitative RT-PCR
RNA was extracted from cells or tumor tissues using 
TRIzol reagent (Invitrogen), and reverse- transcribed 
to cDNA using Reverse Transcription Master kit (Invi-
trogen). The cDNA was amplified to detect transcript 
levels using SYBR Premix Ex Taq kit (TaKaRa) and 7500 
real- time PCR system (Applied Biosystems). The mRNA 
levels were normalized by Gapdh, and expressed as fold 

change with respect to the control. The primer sequences 
are shown in online supplemental table S5.

Immunohistochemistry
Fresh liver tumor tissues isolated from C57BL/6 mice 
were fixed in 10% formalin, dehydrated, embedded in 
paraffin and sliced. The sections were then deparaffin-
ized in xylenes and rehydrated by a gradient of alcohols, 
followed by antigen retrieval and blockage of endoge-
nous peroxidase activity. Tissue sections were then incu-
bated with primary antibodies antimouse CD206 (1:500, 
PA5- 46994, Invitrogen) and CD86 (1:200, PA5- 114995, 
Invitrogen) for 2 hours. Chromogen development was 
automatically accomplished with EnVision Detection 
system (Agilent Dako) and images were obtained by 
Nikon microscope.

Immunofluorescence
BMDMs were treated with or without bufalin, or with 
bufalin in the presence of JSH- 23, followed by fixa-
tion with 3% paraformaldehyde and permeabilization 
with 0.1% Triton X- 100. Non- specific binding sites were 
blocked with 1% bovine serum albumin. Cells were incu-
bated with primary antibodies (online supplemental table 
S6), and then correspondingly incubated with fluores-
cein isothiocyanat- conjugated or rhodamine- conjugated 
secondary antibodies. Nuclei were counterstained by 
4′,6- diamidino- 2- phenylindole (Invitrogen) and images 
were captured by confocal microscope (Olympus).

T cell isolation and proliferation assay
Fresh murine spleen isolated from C57BL/6 mice was 
torn apart and passed through a 70 μm nylon strainer 
(BD Falcon) to obtain single cell suspensions. CD4+ and 
CD8+ T cells were isolated using MagCellect Mouse CD4+ 
and CD8+ T cell isolation kit (MAGM202 and 203, R&D 
systems), respectively. For T cell proliferation assay, CD4+ 
or CD8+ T cells were labeled with carboxyfluorescein 
succinimidyl ester (CFSE, Invitrogen) and co- cultured 
with bufalin- primed BMDM (1:1) or bufalin- treated TIM 
(1:1) in the presence or absence of 2.5 μg/mL anti- CD3 
(Invitrogen) and 5 μg/mL anti- CD28 (Invitrogen) for 3 
days. CD3, CD4, CD8 and CFSE signals on T cells were 
detected by flow cytometry and proliferative percentage 
of CD4+ and CD8+ T cells were calculated by FlowJo soft-
ware (Tree Star).

Immunoblotting
Cell lysates were separated by 10% sodium dodecyl 
sulfate- polyacrylamide gel electrophoresis, transferred 
into nitrocellulose membranes and immunoblotted with 
specific antimouse primary antibodies (online supple-
mental table S7), and with horseradish peroxidase- 
conjugated secondary antibodies. The proteins were 
visualized by ECL western blot analysis reagent (Thermo 
Pierce). The nuclear/cytosol fractionation kit (BioVi-
sion) was used to extract and separate the cytoplasmic 
and nuclear proteins.
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Immunoprecipitation and ubiquitination assay
Macrophages were incubated with proteasome inhib-
itor MG132 (Sigma- Aldrich) for 30 min before harvest, 
and lysed in radio immunoprecipitation assay (RIPA) 
buffer supplemented with 20 μM N- ethylmaleimide and 
1×protease/phosphatase inhibitor cocktail (Roche). 
Equal amounts of protein were precleared with Protein 
G Dynabeads (Invitrogen), and immunoprecipitated 
(IP) with an anti- p50 antibody (D- 17, Santa Cruz Biotech-
nology). For examination of p50 ubiquitination, the IP 
lysates were immunoblotted with anti- Ub antibody (P4D1, 
Santa Cruz Biotechnology). Input was used as loading 
control for the expression of p50 and β-actin.

Statistics
Statistical significance was determined by unpaired two- 
tailed Student’s t- test or by one- way analysis of variance 
(with Bonferroni correction). Survival curves were gener-
ated using the Kaplan- Meier method, and compared 

using the log- rank Mantel- Cox test. Data were presented 
as mean±SEM of three independent experiments. All 
statistical analyses were conducted using Prism V.8.0 
software (GraphPad). The p value <0.05 was considered 
statistically significant.

RESULTS
Bufalin elicits anti-HCC immune response through the 
recruitment of macrophages
To understand the role of bufalin in immune response 
against HCC, we compared its antitumor effect in orthot-
opic models between nude mice and immunocompetent 
C57BL/6 mice (figure 1A). Bufalin reduced tumor volume 
and growth rate more efficiently in C57BL/6 mice than 
in nude mice (p<0.05; Figure 1B,C). Notably, the destruc-
tion of systemic immunity via irradiation or splenectomy 
could markedly impair the suppressive effect of bufalin on 

Figure 1 Bufalin induces antihepatocellular carcinoma (anti- HCC) immunity through the recruitment of macrophages. (A) 
Schematic diagram showed different treatments of HCC- bearing nude mice and C57BL/6 mice. (B) Nude mice and C57BL/6 
mice treated by irradiation or splenectomy were given bufalin or vehicle after 1 week of the inoculation of Hepa1- 6 cells in the 
liver (n=5 per group). Representative liver images are shown, and tumor growth was monitored on bufalin treatment. Scale 
bar=10 mm. (C) Inhibitory rates of tumor growth by bufalin in nude mice or C57BL/6 mice were calculated relative to vehicle 
treatment. (D) Pro- inflammatory and anti- inflammatory cytokines in the liver were measured by ELISA analysis. (E) The subsets 
of liver- infiltrating immune cells were measured. (F) Tumor growth was detected in HCC- bearing C57BL/6 mice treated with 
vehicle, liposomes, bufalin, clodronate liposomes (CL) and the combination of bufalin and CL, respectively. All data are shown 
as mean±SEM. NS, no significant; *p<0.05, **p<0.01, ***p<0.001.

 on S
eptem

ber 26, 2023 by guest. P
rotected by copyright.

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2021-004297 on 20 M
ay 2022. D

ow
nloaded from

 

http://jitc.bmj.com/


5Yu Z, et al. J Immunother Cancer 2022;10:e004297. doi:10.1136/jitc-2021-004297

Open access

HCC growth, suggesting the antitumor activity of bufalin 
is dependent on immune response (figure 1B,C). In addi-
tion, bufalin remarkably increased the pro- inflammatory 
cytokines including IL- 23, IL- 12, TNF-α and IFN-γ, while 
decreased the anti- inflammatory cytokines including IL- 4, 
IL- 13, IL- 10 and TGF-β (figure 1D). Moreover, the obser-
vation that depletion of T cells with anti- CD4 or anti- CD8 
neutralizing antibodies could impair the tumor- inhibitory 
effect of bufalin also demonstrated the involvement of 
immune response in its antitumor activity (online supple-
mental figure S1). Analysis of tumor- infiltrating immune 
cell subsets on bufalin treatment showed a prominent 
accumulation of macrophages, CD4+ T and CD8+ T cells 
in the liver, whereas no changes were found in other 
immune subsets such as B cell, natural killer, regulatory 
T cell and myeloid- derived suppressor cells (figure 1E). 
We further investigated the function of bufalin on 
priming recruitment of diverse immune cells. Splenic 
CD4+ or CD8+ T cells treated with bufalin showed no 
effect of proliferation (online supplemental figure S2A), 
suggesting that bufalin does not directly stimulate T cell 
immune response. In contrast, bufalin could promote 
macrophage proliferation, concomitant with increase of 
macrophage- generated IL- 12 and TNF-α and decrease 
of IL- 10 and TGF-β (online supplemental figure S2B,C). 
In HCC- bearing mice, macrophage deprivation by CL 
could effectively disrupt the inhibitory effect of bufalin 
on HCC growth (figure 1F), further indicating bufalin 
stimulates antitumor effect in a macrophage- dependent 
manner. These data suggest that bufalin stimulates 
anti- HCC immune response by priming the accumulation 
of macrophages.

Bufalin induces the polarization of macrophages toward M1 
phenotype
We next investigated how bufalin tuned macrophages to 
exert antitumor effect. Flow cytometry analysis revealed 
bufalin recruited macrophage in tumor, and altered 
the composition of TIMs (figure 2A). Compared with 
CD206+ M2 predominance in TIMs on vehicle treatment, 
bufalin was able to convert the majority of macrophages 
into CD86+ M1 phenotype. The expression of M1- specific 
markers CD11c and CCR7, and costimulatory molecules 
CD80 and major histocompatibility complex (MHC)- 
II, and reduction of immunosuppressive marker PD- L1 
further indicated bufalin- provoked M1 maturation and 
activation (figure 2B and online supplemental figure 
S3).22 At the transcriptional level, RNA sequencing 
profiling of TIMs demonstrated that bufalin treatment 
caused significant upregulation of aforementioned mole-
cules and M1- associated functional markers Ccl5, Cxcl9 
and Cxcl10, but marked downregulation of M2- associated 
functional molecules such as Ccl2, Ccl22, Arg1 and Cd163 
(figure 2C). Moreover, the expression of genes associated 
with macrophage polarization was assayed by quantitative 
PCR. On bufalin treatment, the levels of M1- associated 
genes Nos2, Tnf, IL12b and Ccr7 were remarkably upregu-
lated, while those of M2- associated genes Arg1, Mgl1, Fizz1 

and Ym1 were downregulated (figure 2D). Immunohisto-
chemistry also showed the decrease of CD206 expression, 
but the increase of CD86 expression in TIMs on bufalin 
treatment, further confirming the effect of bufalin on 
polarizing macrophages toward M1 (figure 2E). Taken 
together, these findings demonstrated that bufalin is 
capable of polarizing macrophages to active M1.

Bufalin reprograms M2 macrophages to M1
Apart from in vivo study, we further evaluated the regu-
lation of bufalin on macrophage polarization ex vivo. 
Mouse BMDMs were incubated with bufalin or vehicle in 
the Hepa1- 6 CM for 48 hours (figure 3A). Flow cytometry 
analysis showed Hepa1- 6 CM could mimic HCC micro-
environment to polarize BMDMs toward pro- tumor M2 
macrophages. However, bufalin was able to block the 
effect of Hepa1- 6 CM and switch the BMDMs to anti-
tumor M1 macrophages, concomitant with upregula-
tion of CD80, CD11c, MHC- II and CCR7 (figure 3B and 
online supplemental figure S4). Immunofluorescence 
confirmed the effect of bufalin- polarized M1 macro-
phages, displaying CD86 expression and CD206 decrease 
(figure 3C). The IL- 12/IL- 10 ratio increased from 0.3 to 
8 indicated the promotion of M1 polarization on bufalin 
treatment (figure 3D). Gene expression analysis further 
demonstrated that bufalin upregulated the transcription 
levels of M1- associated immunostimulatory cytokines 
Il12 and Tnfa, but downregulated those of M2- associated 
immunosuppressive factors Il10 and Tgfb (figure 3E). We 
then examined the influence of bufalin on polarized M2 
macrophages. BMDMs were cultured in Hepa1- 6 CM for 
48 hours first, and then treated with bufalin for another 
48 hours. M1- associated genes including Tnfa, Il12, 
Cxcl10 and Nos were increased, while M2- associated genes 
including Arg1, Fizz1, Ym1 and Tgfb were downregulated 
(figure 3F). Consistently, flow cytometry revealed upregu-
lation of CD80, CD11c, MHC- II and CCR7, but downreg-
ulation of CD163 and ARG1 (figure 3G). Moreover, flow 
cytometry assay revealed the significant increase of the 
apoptotic number of Hepa1- 6 co- cultured with bufalin- 
primed BMDM, while inhibition of Nitric oxide (NO) 
production in the BMDM could abrogate its cytotoxic 
effect (online supplemental figure S5). In HCC xenograft 
nude mice, the delivery of bufalin- primed BMDMs could 
effectively suppress HCC progress, while blockage of NO 
production abrogated the tumor- inhibitory effect (online 
supplemental figure S6). Collectively, these data mani-
fested the overwhelming effect of bufalin on governing 
the polarization to M1 macrophages.

Bufalin stimulates T cell activation via M1 polarization
We next explored how bufalin stimulated T cell activa-
tion. CFSE- labeled splenic CD4+ and CD8+ T cells were 
co- cultured with bufalin- primed BMDMs in the pres-
ence or absence of anti- CD3 and anti- CD28 antibodies 
(figure 4A). Vehicle- primed BMDMs reduced the number 
of anti- CD3/anti- CD28- stimulated CD4+ and CD8+ T cells, 
and their production of immunostimulatory cytokines 
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IFN-γ and TNF-α. Conversely, bufalin markedly induced 
BMDMs to promote T cell proliferation and immuno-
stimulatory cytokines production by driving M1 polar-
ization (figure 4B,C). Similarly, bufalin- treated TIMs 
isolated from tumor tissues provoked T cells proliferation 
and their production of immunostimulatory cytokines 
IFN-γ, TNF-α, IL- 12 and IL- 23 compared with vehicle- 
treated ones. Importantly, bufalin- treated TIMs provoked 
the proliferation of CD4+ and CD8+ T cells in the absence 
of anti- CD3 and anti- CD28 antibodies, suggesting these 
antibodies did not affect the stimulatory effect of bufalin- 
treated TIMs on T cell proliferation (online supple-
mental figures S7 and S8). In parallel, the transcription 
factor T- bet in effector CD4+ and CD8+ T cells, essential 
for the production of IFN-γ and TNF-α,23 was found to 

be activated at the transcriptional and translational levels 
(figure 4D,E). The expression of costimulatory factor 
inducible T cell costimulator (ICOS) and granzyme B in 
CD8+ T cells was increased (figure 4F), suggesting bufalin- 
primed BMDMs promoted the proliferation of CD8+ T 
cells, and activated them into effector cells. Cell apoptosis 
assay further demonstrated that bufalin- primed BMDMs 
significantly enhanced the effect of CD8+ T cell on killing 
HCC cells compared with vehicle group either in the pres-
ence of anti- CD3 and anti- CD28 antibodies or not (online 
supplemental figure S9). Meanwhile, the upregulation of 
T helper (Th)1- associated antitumor cytokines IL- 2 and 
IFN-γ, and the downregulation of Th2- associated pro- 
tumor cytokines IL- 4 and IL- 13 in CD4+ T cells co- cultured 
with bufalin- primed BMDMs (figure 4G), indicated that 

Figure 2 Bufalin drives the polarization of the recruited macrophages to M1 phenotype. (A) Tumor- infiltrating macrophages 
(TIMs) were isolated from the liver of hepatocellular carcinoma (HCC)- bearing C57BL/6 mice treated with vehicle or bufalin. 
The proportion of M1 and M2 macrophages were determined by flow cytometry (FACS). (B) The expression of M1- assocated 
costimulatory molecules of CD80, CD11c, major histocompatibility complex (MHC)- II and CCR7 on the surface of macrophages 
was detected by FACS. (C) Different regulation of M1- associated and M2- associated genes from HCC tissues on vehicle or 
bufalin treatment was shown in hierarchical cluster heatmap. (D) Quantitative RT- PCR analysis was performed to examine 
the mRNA level of M1- associated and M2- associated molecules from HCC tissues on vehicle or bufalin treatment. (E) 
Representative histopathology and immunohistochemistry of resected HCC tissues were presented to show HCC development 
and tumor- infiltrating macrophages (TIMs) polarization. Scale bar=20 µm. Data are presented as mean±SEM. **P<0.01.
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Figure 3 Bufalin drives the conversion of M2 to M1 macrophages. (A) Schematic diagram showed the polarization of 
macrophages affected by bufalin. (B) Bone marrow- derived macrophages (BMDMs) were treated with common medium or 
Hepa1- 6 conditioned medium (CM) in the presence of bufalin or vehicle. The proportion of M1 and M2 macrophages were 
determined by flow cytometry (FACS). (C) Representative immunofluorescence images (×200- fold) show the expression of 
CD206 and CD86 in the BMDMs on vehicle or bufalin treatment. 4′,6- Diamidino- 2- phenylindole was used to counterstain the 
nuclei. Scale bar=50 µm. (D) The levels of interleukin (IL)- 12 and IL- 10 in the supernatant of vehicle- primed or bufalin- primed 
macrophages were measured by ELISA, and the IL- 12/IL- 10 ratio was calculated. (E) The transcription level of M1- associated 
and M2- associated cytokines was detected in the BMDMs on bufalin treatment. (F) The transcription level of M1- associated 
and M2- associated molecules was detected in Hepa1- 6 CM- treated BMDMs followed by bufalin treatment. (G) FACS was 
performed to detect the expression of M1- associated and M2- associated molecules in Hepa1- 6 CM- treated BMDMs followed 
by bufalin treatment. Data are shown as mean±SEM. *P<0.05, **p<0.01, ***p<0.001.
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Figure 4 Bufalin provokes T cell activation and hepatocellular carcinoma (HCC) suppression via driving M1 polarization. (A) 
Schematic diagram showed the activity of CD4+ or CD8+ T cells affected by bufalin- primed macrophages or control. (B) The 
isolated CD4+ or CD8+ T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) and co- cultured with vehicle- 
primed or bufalin- primed bone marrow- derived macrophages (BMDMs) or alone in the presence or absence of anti- CD3 and 
anti- CD28 antibodies. The percentage of CFSElow proliferative CD4+ and CD8+ T cells were determined by flow cytometry 
(FACS). (C) The secretion of interferon (IFN)-γ and tumor necrosis factor (TNF)-α from CD4+ or CD8+ T cells was examined 
by ELISA. (D) The mRNA level of T- bet in CD4+ and CD8+ T cells co- cultured with bufalin- primed BMDMs was detected by 
quantitative RT- PCR. (E) The protein level of T- bet in CD4+ and CD8+ T cells co- cultured with bufalin- primed BMDMs was 
detected by western blot analysis. (F) The protein level of ICOS and granzyme B in CD8+ T cells co- cultured with bufalin- primed 
BMDMs was detected by western blot analysis. (G) The expression of IL- 2, IFN-γ, IL- 4 and IL- 13 released by CD4+ T cells co- 
cultured with bufalin- primed BMDMs were determined by ELISA. Data are shown as mean±SEM. *P<0.05, **p<0.01, ***p<0.001.
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M1 macrophages exclusively stimulated CD4+ Th1 cells to 
facilitate adaptive antitumor immunity. In HCC xenograft 
C57BL/6 mice, bufalin treatment promoted the migra-
tion and accumulation of T cells into tumor lesions as 
evidenced by immunofluorescence (online supplemental 
figure S10). In the gain- and- loss function experiment, 
replenishment of bufalin- primed BMDMs efficiently 
induced HCC regression in tumor- bearing mice, which 
was disrupted by the depletion of T cells via the delivery 
of anti- CD4 or anti- CD8 neutralizing antibodies (online 
supplemental figure S11). These results corroborated 
that bufalin- primed BMDM has the ability to recruit T 
cells into tumor lesions and provoke their anti- HCC 
cytotoxic effect. Together, these data demonstrated that 

bufalin activates T cell immune response against HCC via 
M1 polarization.

Bufalin induces M1 polarization by reducing p50 NF-κB
We next explored the molecular mechanism underlying 
bufalin- induced M1 macrophages. NF-κB plays the pivotal 
role in the production of inflammatory cytokines associ-
ated with the regulation of macrophage function.24 The 
functional analysis for bufalin- primed BMDMs by KEGG 
and GSEA showed the enrichment of bufalin- regulated 
genes on NF-κB signaling pathway (figure 5A,B). NF-κB 
inhibition by cardamonin could abrogate bufalin- driven 
switch of M2 macrophages to M1, showing the downregu-
lation of immunostimulatory cytokines IFN-γ and TNF-α 

Figure 5 Bufalin inhibits p50 nuclear factor kappa B (NF-κB) expression to drive M1 polarization. (A) Signaling pathway 
enrichment analysis of different expressed genes in bufalin- primed bone marrow- derived macrophages (BMDMs) was 
performed by KEGG. (B) Gene set enrichment analysis showed the positive significant connection of NF-κB signaling activation 
with bufalin treatment compared with vehicle control. (C) The transcription level of pro- inflammatory and anti- inflammatory 
cytokines was detected in the vehicle- treated or bufalin- treated BMDMs in the presence or absence of cardamonin (CA). (D) 
Representative immunofluorescence image (×200- fold) show the expression and distribution of p65 and p50 NF-κB in vehicle- 
treated or bufalin- treated BMDMs in the presence or absence of JSH- 23. Scale bar=50 µm. (E) The expression of p50 and p65 
NF-κB in the nuclei and cytoplasm of the BMDMs on vehicle or bufalin treatment was detected by western blot analysis. Lamin 
and β-actin were used as loading control in the nuclei and cytoplasm, respectively. (F) Ubiquitination of p50 in vehicle- treated or 
bufalin- treated BMDMs were detected by western blot analysis. Equal amount of protein was immunoprecipitated by anti- p50 
antibody and immunoblotted by anti- ubiquitin antibody. Data are shown as mean±SEM. *P<0.05, **p<0.01, ***p<0.001.
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while the upregulation of immunosuppressive cytokines 
IL- 10 and TGF-β (figure 5C). Moreover, inhibition of 
NF-κB activity also impaired the effect of bufalin- primed 
BMDMs on promoting T cell proliferation (online supple-
mental figure S12). Thus, NF-κB activation is required for 
the function of bufalin on M1 polarization. To elucidate 
the regulation of bufalin on NF-κB activity, we assessed 
the impact of bufalin on the regulators controlling NF-κB 
signaling. Analysis of MyD88- dependent pathway, the 
upstream regulators of NF-κB signaling,25 showed no 
detectable change in the expression of MyD88, IRAK and 
TRAF in bufalin- primed BMDMs (online supplemental 
figure S13A), suggesting bufalin could not influence 
this pathway. The modulation of bufalin on other nega-
tive regulators of NF-κB signaling such as SIGIRR, ST2, 
SOCS1 and SHIP was also assessed,26 27 and no alteration 
was found on bufalin treatment (online supplemental 
figure S13B). Inhibitor of NF-κB alpha (IκBα) degrada-
tion is the key event in the process of NF-κB activation; 
however, the level of IκBα in bufalin- primed BMDMs was 
similar to that in vehicle group (online supplemental 
figure S13C), indicating IκBα was not yet the target of 
bufalin.

The entry of p65- p50 heterodimer into the nucleus is the 
hallmark of NF-κB activation to produce immunostimula-
tory cytokines, whereas p50 homodimer serves as a repressor 
to block NF-κB activity in the nucleus.28 29 We thus examined 
the distribution of p65- p50 and p50- p50 in BMDMs, and 
found bufalin promoted the transfer of p65 into the nucleus 
but decreased p50 localization in the nucleus (figure 5D). 
However, bufalin- driven p65 entry could be blocked by JSH- 
23, a p65 NF-κB inhibitor, implying that bufalin might indi-
rectly tune p65 nuclear translocation. Western blot analysis 
of cytoplasmic and nuclear fractionation further revealed 
unchangeable expression of p65 on bufalin treatment, but 
reduction of p50 expression in line with their decrease in 
the nucleus (figure 5E), supporting that bufalin promoted 
p65 predominance in the nucleus by decreasing p50 in 
the BMDMs. However, gene expression analysis showed no 
significant alteration of p50 mRNA levels after bufalin treat-
ment (online supplemental figure S14), indicating bufalin 
could not affect p50 expression at the transcriptional level. 
As p50 ubiquitination and degradation is the key event associ-
ated with p50 DNA- binding affinity,30 we examined whether 
bufalin affects p50 ubiquitination. The significant increase 
of p50 ubiquitination on bufalin treatment confirmed the 
role of bufalin in decreasing p50 homodimer via p50 degra-
dation (figure 5F). These data demonstrate that p50 is the 
target of bufalin to govern macrophage polarization toward 
M1.

p50 overexpression abrogates bufalin-induced M1 
macrophage-mediated T cell immunity
We further elucidated the role of p50 in mediating bufalin- 
induced M1 polarization using ectopic expression approach. 
Bufalin activated NF-κB signaling, leading to the upregula-
tion of IFN-γ and TNF-α. In contrast, constitutive overexpres-
sion of p50 in the BMDMs counteracted the effect of bufalin, 

thus decreasing the expression of M1- associated genes such 
as Ifng, Tnfa, Il12b, Cxcl10, Nos (figure 6A). Consistently, 
the number of CD163+CD206+ M2 macrophages increased 
sharply as evidenced by flow cytometry, reversing the predom-
inance of bufalin- primed M1 macrophages (figure 6B). The 
data confirmed that bufalin indeed promotes M1 polariza-
tion via p50 suppression. We then validated the results in vivo. 
In HCC- bearing mouse models, p50 overexpression remark-
ably impaired the tumor- inhibitory effect of bufalin, showing 
the promotion of tumor formation and the reduction of 
overall survival (figure 6C,D). In parallel, the proportion of 
tumor- promoting M2 macrophages greatly dominated the 
TIMs in bufalin- treated tumors after p50 overexpression 
(figure 6E). The accumulation of bufalin- induced CD4+ 
and CD8+ T cells in the TME was also abrogated by p50 
overexpression, concomitant with downregulation of CD4+ 
Th1- associated chemokine receptor CXCR3 and chemokine 
CCR5, and of CD8+ T cell- associated chemokine receptor 
CXCR6 and chemokine CCL5 (figure 6F,G). In addition 
to the chemokines, we also found the marked reduction 
of antitumor cytokines IFN-γ and IL- 2 in CD4+ T cells, and 
of stimulatory molecules ICOS and granzyme B in CD8+ T 
cells as well (figure 6H), indicating the exhaustion of T cell 
antitumor activity. Together, these data suggest that bufalin 
drives M1 polarization for the activation of anti- HCC T cell 
immunity by inhibiting p50 expression.

Bufalin enhances the anti-HCC effect in combination with 
anti-PD-1 antibody
In order to overcome drug resistance and maximize 
therapeutic effect, combination of immunomodulatory 
drugs dealing with diverse immune cells is a common 
approach in the treatment of such refractory solid cancer 
as HCC. Therefore, we assessed the effect of bufalin 
combined with low- dose immune checkpoint inhibitor 
anti- PD- 1 antibody (anti- PD- 1 Ab) in HCC- bearing mouse 
models. Hepa1- 6- Luc cells were inoculated into the livers 
of C57BL/6 mice, followed by the treatment of vehicle, 
bufalin, anti- PD- 1 Ab and combination, respectively. 
Luminescent intensity analysis showed that compared 
with bufalin treatment, anti- PD- 1 Ab alone exhibits less 
efficacy on suppressing tumor growth (figure 7A,B), 
partially due to the lower expression of PD- 1 on the 
surface of T cells in immunosuppressive HCC micro-
environment.31 In contrast, combination therapy of 
bufalin and anti- PD- 1 Ab generated best effect on tumor 
suppression, and significantly prolonged overall survival 
of tumor- bearing mice compared with individual treat-
ment, as evidenced by the survival rate of four out of five 
in combination, two out of five in bufalin treatment, none 
in anti- PD- 1 Ab and vehicle, in the end of 30 days obser-
vation (figure 7C). In agreement with augmentation of 
HCC suppression, combination therapy markedly upreg-
ulated immunostimulatory cytokines IFN-γ and TNF-α 
while downregulated immunosuppressive cytokines IL- 10 
and TGF-β at both transcriptional and translation levels 
(figure 7D,E), confirming their higher ability to mobilize 
macrophage and T cells for the synergistic stimulation of 
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Figure 6 Overexpression of p50 nuclear factor kappa B (NF-κB) blocks the macrophage- dependent T cell activation induced 
by bufalin. (A) The transcription level of M1- associated pro- inflammatory cytokines and stimulatory factors was detected in the 
vehicle- treated or bufalin- treated bone marrow- derived macrophages (BMDMs) transfected with p50- expressing plasmid or 
vector control. (B) Flow cytometry (FACS) was performed to detect the effect of p50 overexpression on reversing bufalin- driven 
M1 polarization to M2 macrophage. (C) Tumor volumes were detected in the hepatocellular carcinoma (HCC)- bearing C57BL/6 
mice on vehicle or bufalin treatment with or without p50 NF-κB delivery for 5 weeks (n=5). (D) Overall survival of the above 
mice with different indicated treatment was assessed. (E) The effect of p50 overexpression on the proportion of M1 and M2 
macrophages in the liver tumor was determined by FACS in HCC- bearing mice with different treatments. (F) The effect of p50 
overexpression on the percentage of CD4+ and CD8+ T cells in the liver tumor was examined by FACS in HCC- bearing mice with 
different treatments. (G) The transcription level of the chemokines Cxcr3, Ccr5, Cxcr6 and Ccl5, or (H) of antitumor cytokines 
Ifng and Il2, and stimulatory molecules Icos and Gzmb was detected by quantitative RT- PCR in the liver tumor on vehicle or 
bufalin treatment with or without p50 overexpression. Data were presented as mean±SEM. *P<0.05, **p<0.01, ***p<0.001.
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antitumor immunity. Taken together, these data suggest 
that combining anti- PD- 1 Ab and bufalin can further 
potentiate their beneficial effect on anti- HCC activity.

DISCUSSION
Bufalin, the major active component of Chansu, has been 
used in the treatment of various cancers in China and eval-
uated in clinical trials for potential anti- HCC therapy.32 
Its antitumor mechanism has been ascribed to its stimula-
tory effect on the apoptosis and autophagy of HCC cells.33 
However, these studies selectively focused on the function 

of bufalin on directly suppressing cancer cells, ignoring 
its immunomodulatory role in mobilizing immune cells 
for the antitumor effect. In the present study, we demon-
strate that immune elements actually dominate the anti-
tumor efficacy of bufalin, and provide clear evidence that 
bufalin conducts antitumor effect through the immune- 
regulating function.

Consistent to previous studies, we confirmed the 
anti- HCC efficacy of bufalin in HCC- bearing mouse 
models. However, such antitumor effect was spoiled 
in macrophage- deficient condition, suggesting that 

Figure 7 Bufalin enhances the antitumor efficacy in the combination with antiprogrammed cell death protein 1 (anti- PD- 1) 
antibody (Ab). (A) Hepatocellular carcinoma (HCC)- bearing C57BL/6 mice were treated with vehicle, bufalin, anti- PD- 1 Ab 
and the combination. Bioluminescence images of livers in various groups are shown at day 19 after HCC cell inoculation 
(n=5). (B) Tumor volume in various groups was measured at the end of the experiments. (C) Overall survival of HCC- bearing 
mice in various groups was assessed. (D) The transcription level and (E) the expression of inflammatory cytokines interferon 
(IFN)-γ, tumor necrosis factor (TNF)-α, interleukin (IL)- 10 and transforming growth factor (TGF)-β in the liver tumor with different 
treatment were measured by quantitative RT- PCR and ELISA, respectively. Data are presented as mean±SEM. *P<0.05; 
**p<0.01; ***p<0.001.
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bufalin activates antitumor immunity in a macrophage- 
mediated manner. Generally, macrophages exhibit 
immunomodulatory plasticity as represented by M1 and 
M2 phenotypes, which mediate pro- inflammatory and 
anti- inflammatory functions, respectively.34 In HCC, the 
immunosuppressive microenvironment specificity can 
efficiently favor the polarization of macrophages toward 
M2, which dominate in the population of immune cells 
to exacerbate tumor progress.10 Therefore, M2 macro-
phages in the TME are an ideal target in HCC therapy 
and current studies mostly concentrate on the strategies 
of depleting M2 macrophages, for instance, by blocking 
CCL2/CCR2 pathway.35 In our study, we also found the 
inhibitory effect of bufalin on M2 macrophage recruit-
ment and activation; however, the number of TIMs failed 
to decrease on bufalin treatment. On the contrary, the 
population of macrophages increased in the tumor on 
bufalin treatment, suggesting the regulation of bufalin 
on macrophages is not merely restricted in the depletion 
of M2 macrophages. Further analyses showed that the 
increased macrophages predominantly express M1- asso-
ciated markers and immunostimulatory cytokines, which 
confirmed the immunomodulatory effect of bufalin on 
governing macrophage differentiation to M1. Beyond 
inducing the de novo polarization to M1 subpopulation 
from BMDMs, bufalin reprogramed local M2 to M1 in the 
TME rather than depleting them. The latter regulation 
showed great advantage on the HCC immunotherapy 
because bufalin converted tumor accomplices into tumor 
killers, relatively increasing the number of stimulatory 
immune cells. After bufalin treatment, M2 macrophages 
were mostly reprogrammed to M1. Subsequently, CD8+ T 
and CD4+ Th1 were significantly recruited and activated 
to reconstruct antitumor immune microenvironment. 
This undoubtedly relieved the immunosuppressive state 
and reinvigorated the antitumor immunity against HCC. 
Thus, our findings provide new evidence of the anti- HCC 
mechanism of bufalin and identify bufalin as a tumor 
immunotherapeutic agent.

NF-κB is a master regulator of inflammation and immu-
nity, and its activation in the TIM is linked with tumor-
igenesis. Previous studies suggested a tumor- promoting 
role for NF-κB activation in TIMs, and inhibition of 
NF-κB activity through IKKβ deletion or IκBa overex-
pression resulted in a marked reduction of tumor forma-
tion.36 37 Additionally, TIM- elicited NF-κB signal has been 
reported to provoke PD- L1 expression in cancer cells, 
while the treatment combining anti- PD- L1 antibody with 
NF-κB inhibition efficiently induced cancer regression.38 
However, these results seemed to conflict with the produc-
tion of pro- inflammatory cytokines and antitumor activity 
in M1 macrophage on NF-κB activation.14 Further anal-
ysis of composition in TIM discovered the M2 predomi-
nance in these experimental carcinogenesis models.39 
Blockade of NF-κB activation could switch TIMs from M2 
to M1, which was associated with the reduction of NF-κB 
subunit p50.24 Furthermore, TIM from p50- deficient 
mice regained a M1 phenotype associated with tumor 

reduction, accompanied by the restoration of canonical 
NF-κB activity.40 In our study, we found NF-κB activation 
in the bufalin- treated macrophages, concomitant with the 
expression of M1- associated pro- inflammatory cytokines 
and molecules markers, corroborating the linkage between 
bufalin- induced M1 polarization and its stimulatory effect 
on NF-κB signaling activity. In- depth study revealed that 
p50 was the target of bufalin, the overexpression of which 
was suppressed by bufalin- induced ubiquitination, leading 
to compensatory formation and translocation of p65- p50 
into the nuclei of macrophages. The increase of p65- p50 
in the nuclei promoted the release of immunostimulatory 
cytokines, and subsequently induced the activation of anti-
tumor T cell immune response. In contrast, recovery of 
p50 overexpression was sufficient to thwart the inflamma-
tion and immunity induced by bufalin via the macrophage- 
dependent way in the TME. Thus, we confirmed that 
bufalin reprograms macrophages from tumor- promoting 
M2 to tumor- inhibitory M1 via suppressing p50 overex-
pression, which promotes effector T cell infiltration into 
the tumor and ameliorates the immunosuppressive tumor 
microenvironment, leading to efficient killing of tumor 
cells.

PD- 1 is the critical immune checkpoint molecule 
that negatively regulates T cell immune response, and 
immune checkpoint inhibitors against PD- 1 represent a 
promising therapeutic option for patients with cancers.41 
However, the therapeutic efficacy of anti- PD- 1 Ab achieves 
less beneficial response to HCC treatment due to low 
activation of effector T cells in the immunosuppressive 
TME.42 Drug combination is a useful strategy to improve 
therapeutic efficacy of monotherapy by mutually empow-
ering multiple key targets in a tumorigenic pattern. In 
present study, we performed the combination treatment 
with bufalin and anti- PD- 1 Ab on the HCC- bearing mice, 
and evaluated the contribution of bufalin to anti- PD- 1 
Ab- suppressed tumor formation. In comparison with less 
efficiency in the monotherapy of anti- PD- 1 Ab, the addi-
tion of bufalin effectively enhances the antitumor activity 
of anti- PD- 1 Ab, evidenced by significant suppression of 
tumor growth in vivo. Concurrently, the overall survival 
time of mice significantly prolongs after combination 
treatment, further corroborating that bufalin facilitates 
to overcome the resistance of anti- PD- 1 Ab in the treat-
ment of HCC. These effects may be ascribed to the ability 
of bufalin to drive the conversion of M2 to M1 macro-
phages, leading to improvement of immunosuppres-
sive microenvironment and enhancement of immune 
activity of effector T cells in the tumor. As evidence, we 
confirmed that bufalin promotes the production of pro- 
inflammatory cytokines in the tumor, and stimulates the 
recruitment and activation of cytotoxic CD8+ T and CD4+ 
Th1 cells in macrophage- dependent manner. Activated 
immune T cells increase the expression of PD- 1 on the 
surface, which increase the sensitivity to anti- PD- 1 Ab 
treatment.
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CONCLUSIONS
In summary, our data demonstrated that bufalin, by virtue 
of its ability to suppress the overexpression of p50 NF-κB, 
to recruit macrophages into the tumor site and to govern 
their polarization from M2 to M1 phenotype, leads to 
the activation of antitumor T cell immune response in 
a macrophage- dependent manner. These findings unveil 
that bufalin actually functions as an immune modulator 
exhibiting the antitumor effect and shed light on a new 
avenue for cancer immunotherapy.
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