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a b s t r a c t 

Bcl-2 family proteins play critical roles in regulating lymphocyte development and maintain homeostasis, and 

have also been proved to be involved in various cancer types development. However, the role of Bcl-2 in hepato- 

cellular carcinoma (HCC) development has not been clearly studied. Here, we reported the pan-Bcl-2 inhibitor, 

obatoclax could directly inhibit HCC growth in vitro . We further demonstrated in murine HCC model that obato- 

clax also suppressed HCC development in vivo . We also proved that although obatoclax inhibited T cells expansion, 

it had no influence on T cells activation in vivo . Mechanism study revealed that obatoclax sensitized HCC cells 

to T cell-mediated killing. Combination therapy of obatoclax with anti-PD-1 antibody synergistically suppressed 

HCC development and prolonged the survival rate of tumor-bearing mice. The combination therapy promoted T 

cells activation and effector cytokines expression both in spleen and tumor. In summary, our results proved that 

obatoclax sensitized HCC cells to T cell -mediated killing. Combination of obatoclax with immune checkpoint 

blockade served as a promising therapeutic strategy for HCC treatment. 
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Hepatocellular carcinoma (HCC) is one of the deadliest diseases,

anking the fifth most common liver malignancy, and the third lead-

ng cause of cancer-related death [1] . Multiple risk factors are known

o induce the carcinogenesis of HCC, including hepatitis B virus (HBV)

nfection, alcohol abuse, diabetes, aflatoxin infection, etc. [ 2 , 3 ]. Cur-

ently, surgical resection is the most widely-used first-line treatment

ethod for HCC with 5-year survival rate of between 60 and 70% [ 4 , 5 ].

owever, most HCC patients are diagnosed at late stage when surgical

esection is no longer suitable for treatment. Thus, it’s urgent to find

ew therapeutic method for HCC patients. 

B cell leukemia-2 (Bcl-2) family proteins consist of more than 20

ifferent molecules. Based on the structures and functions, the Bcl-2

amily proteins can be classified into three main subdivisions: 1) the

ro-apoptotic initiators, including Bim (BCL2L11), Puma/BBC3, Bad

Bcl-2/Bcl-x-associated death promoter), Bid (BH-3 interacting-domain

eath agonist), Bik (Bcl-2-interacting killer), etc.; 2) the pro-apoptotic

ffectors, including Bax, Bak, and Bok; 3) the anti-apoptotic proteins,

ncluding Mcl-1 Bcl-2, Bcl-x, Bcl-w, etc. [6] . The balance between the
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nti-apoptotic and pro-apoptotic Bcl-2 family proteins is tightly regu-

ated and determined the survival and death of the cells [7] . 

Bcl-2 family was first discovered in the 1980s, since then, its role

n lymphoma has been extensively studied [8–10] . Recently, more and

ore evidence suggested Bcl-2 also involved in various solid tumor ini-

iation and progression. In triple negative breast cancer, Bcl-2 served as

n independent prognostic marker [11] ; Bcl-2 upregulation promoted

he prostate cancer development by switching the cancer cell from

ndrogen-dependent to an androgen-independent growth stage [12] ; in

ancreatic ductal adenocarcinoma, Bcl-2 downregulation acted as an

ndependently poor prognostic factor [13] . However, the role of Bcl-

 in HCC development was poorly studied. Zhang et al. found that in

ndropause-age patients, Bcl-2 expression served as a poor predictor for

CC prognosis [14] . Zhou et al. proved that Bcl-2 played a critical role in

lycochenodeoxycholate-induced survival and chemoresistance in HCC

15] . These studies indicated Bcl-2 acted as pro-tumor factors in HCC

rogression and targeting Bcl-2 might be a potential therapeutic method

gainst HCC. 

Obatoclax, a pro-apoptotic BH3 mimic, is known as a pan Bcl-2 in-

ibitor which antagonizes Bcl-2, Bcl-xL, Bcl-w and Mcl-1 to induce cell

poptosis in cancer cells in preliminary studies [16–19] . Besides, several

linical trials utilizing obatoclax as a single treatment agent have been
 2021 
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ompleted, including acute myeloid leukemia, Hodgkin’s lymphoma,

tc. However, the overall beneficial effects were not satisfying [20] .

nterestingly, evidence from clinical trials implicated that obatoclax

chieved better anti-tumor efficiency when used in combination with

ther therapeutic agents, such as bortezomib, fludarabine and rituximab

 21 , 22 ]. 

Immune checkpoint therapy targeting the programmed cell death 1

PD-1) and its ligand PD-L1 has achieved promising therapeutic outcome

n various cancer types, including metastatic melanoma, lymphoma,

ung cancers, renal cell cancer (RCC), head and neck squamous cell

ancer (HNSCC), etc. [ 23 , 24 ]. Although anti–PD-1/PD-L1 therapies are

romising, only a small portion of cancer patients respond, especially in

CC patients [25] . Thus, combination therapy of anti-PD-1/PD-L1 an-

ibodies with other therapeutic agents has been extensively studied in

he past several years to improve the overall response rate and overall

urvival rate [26] . Serval clinical trials have been reported to achieve

romising outcome: a Phase III study comparing atezolizumab (a PD-

1 inhibitor) and bevacizumab (a VEGF inhibitor) to sorafenib in un-

esectable HCC, demonstrated that combination PD-L1/VEGF blockade

ignificantly increased overall survival, progression-free survival and re-

ponse rate [27] ; combination therapy of tremelimumab (a CTLA-4 in-

ibitor) with durvalumab (a PD-1 inhibitor) for patients with advanced

CC has obtained enhanced survival rate compared with single treme-

imumab or durvalumab treatment [28] . 

In this current study, we first examined the effects of obatoclax on

CC tumor cell viability in vitro . We found that obatoclax directly in-

ibited HCC cell expansion. In vivo study showed that obatoclax sup-

ressed HCC tumor growth. Combination therapy of obatoclax with anti-

D-1 antibody showed synergistic effects on tumor suppression. Mecha-

ism study revealed that obatoclax sensitized tumor cells to respond to

nti-PD-1 therapy. Collectively, our study showed that obatoclax was a

romising therapeutic agent against HCC progression. 

aterial and Methods 

xperimental animals 

6–8 weeks old specific pathogen-free (SPF) female C57BL/6 mice

ere purchased from the Experimental Animal Center of Shandong Uni-

ersity (Jinan, China). Animal handling and experimental procedures

ere conducted strictly in accordance with the Provision and General

ecommendation of Chinese Experimental Animal Administration Leg-

slation and approved by the Science and Technology Department of

handong Province. 

ell culture 

Murine HCC cell line Hepa1–6 and Hepa1c1c7 were obtained from

merican Type Culture Collection (ATCC, Manassas, VA). Human HCC

ell line HepG2 was obtained from ATCC. The cells were cultured in

omplete DMEM medium (Hyclone, Piscataway, NJ), containing 10%

BS (GIBCO, Waltham, MA). Cells were incubated at 37 °C with 5%

O 2 . 

eagents 

Obatoclax mesylate (OBAT) was purchased from Selleck Chemicals

Munich, Germany). The OBAT was dissolved in DMSO. Anti-PD-1 anti-

ody (clone RMP1–14) and rat IgG2a isotype control (clone 2A3) were

urchased from Bioxcell (Bioxcell, Lebanon, NH). 

ell counting kit 8 (CCK8) assay 

Hepa1–6 cells, Hepa1c1c7 or HepG2 cells were seeded into 96 well

late at 5000 cells/well in the presence of different concentrations oba-

oclax and incubate for 24 h. 10 𝜇l of CCK8 solution was added into
2 
ach well and incubate for another 4 h. The proliferation rate was mea-

ured by the absorbance at 450 nm using a microplate reader (Biorad,

ercules, CA). 

poptosis assay 

1 × 10 6 Hepa1–6 cells, Hepa1c1c7 cells, HepG2 cells or 1 × 10 5 T

ells were seeded into 24 well plate in the presence of obatoclax. After

4 h, cells were harvested for apoptosis assay by using Apoptosis Detec-

ion Kit (Biolegend, San Diego, CA). Briefly, cells were resuspended in

nnexinV binding buffer. Then APC-conjugated Annexin V were added

nto the cells and incubated for 15 min at room temperature in the dark.

hen DAPI (4 ′ ,6-Diamidino-2-Phenylindole, Dilactate) was then added.

he percentage of early apoptotic (AnnexinV 

+ DAPI − ) and late apop-

otic cells (AnnexinV 

+ DAPI + ) were detected by BD FACSCanto II (BD

iosciences, San Jose, CA). The FACS data were further analyzed by

lowjo software (FlowJo LLC, Ashland, Oregon). 

i67 staining 

1 × 10 6 Hepa1–6 cells were seeded into 24 well plate in the presence

f obatoclax. After 24 h, cells were harvested, washed and fixed in ice-

old 70% ethanol. After 2 h incubation in − 20 °C, cells were stained with

PC-conjugated Ki67 antibody (clone 16A8, Biolegend, San Diego, CA)

or 20 min at room temperature in dark. The cells were further analyzed

y BD FACSCanto II. The FACS data were further analyzed by Flowjo

oftware. 

ell sorting 

Antibodies were purchased from BioLegend. T cells were isolated

rom mouse spleen and stained with anti-CD3 antibody (Clone 17A2),

nti-CD69 antibody (Clone H1.2F3), anti-CD44 antibody (Clone IM7)

nd anti-CD62L (Clone MEL-14) antibody. The CD3 + T cells, CD3 + 

D69 + effector T cells and CD3 + CD44 − CD62L + naïve T cells were

orted using BD FACSAria TM III cell sorter. 

nimal model 

To establish murine HCC model, mice were subcutaneously injected

ith 1.5 × 10 6 Hepa1–6 cells or 2 × 10 6 Hepa1c1c7 cells. When the di-

meter of tumor reached 2–3 mm. Mice were randomly divided into

wo groups: 1) mice receiving control DMSO as control; 2) mice re-

eiving obatoclax (5 mg/kg) injection three times per week. The tu-

or size was measured and calculated by the following formula: Vol-

me = (length x width 2 )/2. For combination therapy, mice were further

njected with 10 mg/kg anti-PD-1 antibody together with obatoclax, the

ontrol mice were injected with IgG control. 

low cytometry analysis 

Antibodies were purchased from BioLegend. The general cell stain-

ng procedure has been described in previous study [29] . Splenocytes

nd tumor infiltrating lymphocytes (TILs) were isolated from tumor-

earing mice 2 weeks after treatment. 1 × 10 5 solenocytes and TILs

ere stained with fluorescence-conjugated antibodies for 30 min at 4 °C

n dark. The cells were washed for three times with staining buffer and

ssessed by BD FACSCanto II cytometry. The antibodies used were anti-

ouse CD3 (Clone 17A2), anti-mouse CD4 (Clone GK1.5), anti-mouse

D8 (Clone 53–6.7), anti-mouse TCR 𝛾𝛿 (Clone GL3), anti-mouse CD11B

Clone M1/70), anti-mouse CD11C (Clone N418), anti-mouse NK1.1

Clone PK136), anti-mouse CD19 anti-mouse (Clone ID3/CD19), TNF- 𝛼

Clone MP6-XT22), anti-mouse IFN- 𝛾 (Clone XMG1.2). The FACS data

ere further analyzed by Flowjo software. 
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low cytometry analysis 

Antibodies were purchased from BioLegend. The general cell stain-

ng procedure has been described in previous study [29] . Splenocytes

nd tumor infiltrating lymphocytes (TILs) were isolated from tumor-

earing mice 2 weeks after treatment. 1 × 10 5 solenocytes and TILs

ere stained with fluorescence-conjugated antibodies for 30 min at 4 °C

n dark. The cells were washed for three times with staining buffer and

ssessed by BD FACSCanto II cytometry. The antibodies used were anti-

ouse CD3 (Clone 17A2), anti-mouse CD4 (Clone GK1.5), anti-mouse

D8 (Clone 53–6.7), anti-mouse TCR 𝛾𝛿 (Clone GL3), anti-mouse CD11B

Clone M1/70), anti-mouse CD11C (Clone N418), anti-mouse NK1.1

Clone PK136), anti-mouse CD19 anti-mouse (Clone ID3/CD19), TNF- 𝛼

Clone MP6-XT22), anti-mouse IFN- 𝛾 (Clone XMG1.2). The FACS data

ere further analyzed by Flowjo software. 

ytotoxicity Assay 

Two weeks after drug treatment, splenocytes were harvested from

pleen of the tumor-bearing mice. T cells were then sorted from the

plenocytes and used as effector cells. Hepa1–6 cells were pre-treated

ith obatoclax or control for 8 h. After that, cells were collected and

ashed three time with PBS to completely remove obatoclax residues.

he CytoTox 96 non-radioactive cytotoxicity assay kit (Promega, Madi-

on, WI) was used to measure the cytotoxic activity of T cells against

umor cells. 

estern Blot 

Hepa1–6 cells were treated with different doses of obatoclax for 8 h.

ells were lysed with NP40 lysis buffer. The protein was resuspended

n SDS running buffer, mixed with loading dye (Bio-Rad, Hercules, CA)

nd heated at 95 ◦C for 5 min. The samples were then loaded into 12%

DS-PAGE gel. Power blotter (Thermo Fisher Scientific, Waltham, MA)

as used to transfer the protein bands onto PVDF membrane (Bio-Rad,

ercules, CA). The membrane was blocked for 1 h in 5% BSA. Anti-

leaved-caspase-3 antibody (CST, Danvers, MA), anti-cyclin D1 antibody

CST, Danvers, MA), anti-actin antibody (CST, Danvers, MA) were used

s primary antibodies. Goat anti-rabbit IgG-HRP (Invitrogen, Carlsbad,

A) was used as secondary antibody. SuperSignal TM West Pico Chemi-

uminescent substrate (Thermo Scientific, Waltham, MA) was used and

rotein bands were detected with ChemiDoc MP imaging system (Bio-

ad, Hercules, CA). 

mmunohistochemistry 

Two weeks after tumor implantation, tumor tissues were removed

septically and immediately fixed in 4% formalin at room tempera-

ure for 2 d The fixed tissues were processed through graded con-

entrations of ethanol and xylene and were then embedded in paraffin

ax. Tumor sections were then deparaffinized and treated with 0.08%

 2 O 2 for 30 min to block endogenous peroxidase. Slides were incu-

ated with rabbit anti-mouse IL-1R8 antibody (ab228977; Abcam) at

 C overnight, followed by incubation with HRP-conjugated goat anti-

abbit IGG (AB_2,307,391; Jackson ImmunoResearch, West Grove, PA).

iaminobenzidine was used to develop the staining reaction. Slides were

oded and examined by a pathologist who was blinded for the experi-

ental history of the animals. 

Two weeks after tumor injection, tumor tissues were removed fixed

n 4% formalin followed by graded concentrations of ethanol and xy-

ene. Tumors were then embedded in paraffin wax. Tumor sections

ere treated with 0.08% H2O2 for 30 min to block endogenous per-

xidase. Rabbit anti-mouse cleaved-caspase-3 antibody (CST, Danvers,

A) was used as secondary antibody, followed by incubation with HRP-

onjugated goat antirabbit IgG (Invitrogen, Carlsbad, CA). Diaminoben-

idine was used to develop the staining reaction. 
3 
tatistical analysis 

All data were analyzed with student t-test or one-way ANOVA and

ere expressed as means ± SD; data were analyzed using GraphPad

rism 7 software for Windows (GraphPad, company, San Diego, CA),

nd differences were considered statistically significant when p < 0.05.

he significance levels are marked ∗ , p < 0.05; ∗ ∗ , p < 0.01; ∗ ∗ ∗ p < 0.001.

esults 

Obatoclax inhibited Hepa1–6 cell proliferation and promoted apop-

osis in vitro To dissect the effects of obatoclax on tumor cell viabil-

ty. We firstly treated mouse HCC cell line Hepa1–6 with different con-

entrations of obatoclax. CCK-8 results showed that obatoclax inhibited

epa1–6 cell proliferation in a dose dependent manner ( Fig. 1 A). This

ffect was further confirmed by KI67 staining, cells treated with higher

oncentration of obatoclax showed lesser KI67 staining compared with

he untreated cells ( Fig. 1 B). Previously report suggested that obato-

lax downregulated cyclin D1 expression to suppress human colorectal

arcinoma cells expansion. To investigate whether obatoclax had sim-

lar effects on HCC cells, the expression level of cyclin D1 in Hepa1–6

ells were detected after obatoclax treatment. The results showed that

batoclax suppressed cyclin D1 expression in Hepa1–6 cells in a dose-

ependent manner, suggesting obatoclax suppressed Hepa1–6 cells by

rresting the cell cycle (Fig. S1A). Apoptosis assay demonstrated obato-

lax induced Hepa1–6 cell apoptosis. The early apoptosis rate increased

rom 4.59 ± 1.02% to 8.41 ± 0.42%, the late apoptosis rate increased

rom 1.84 ± 0.19% to 8.19 ± 1.07% upon 200 nM obatoclax treatment

 Fig. 1 C). To further confirm that obatoclax induced caspase-3 depen-

ent apoptosis in Hepa1–6 cells. Western blot was performed to detect

he cleavage of caspase-3 in Hepa1–6 cells. The results showed that oba-

oclax induced higher level of caspase-3 cleavage, proving that Hepa1–

 cells underwent caspase-3 dependent apoptosis (Fig. S1B). To over-

ome the bias of one cell line, another murine HCC cell line Hepa1c1c7

as used to validate the results obtained from Hepa1–6 cells. As ex-

ected, obatoclax treatment also suppressed Hepa1c1c7 expansion (Fig.

1C) and induced higher level of cell apoptosis (Fig. S1D). Furthermore,

epG2 cell line was also used to study the effects of obatoclax on human

CC cells. The results also proved that obatoclax treatment significantly

uppressed HepG2 cells expansion ( Fig. 1 D). The overall apoptosis rate

as also increased after obatoclax treatment ( Fig. 1 E & Fig. S1E). 

Taken together, these in vitro results proved obatoclax impaired both

uman and murine HCC cell viability. 

batoclax differentially affected t cell subsets in vitro 

Next, we investigated the potential influence of obatoclax on murine

 cell subsets. CD3 + T cells were isolated from WT mouse and treated

ith 200 nM obatoclax. The results showed that the total number of T

ells were slightly decreased after obatoclax treatment ( Fig. 2 A). Pre-

ious studies reported other Bcl-2 inhibitors differently affected T cell

ubsets [ 30 , 31 ]. To examine whether obatoclax had similar effects on

ifferent T cell subsets. Naïve T cells and effector T cells were isolated

nd treated with obatoclax, respectively. We found that obatoclax in-

ibited both naïve T cells and effector T cells expansion ( Fig. 2 B). Im-

ortantly, 200 nM obatoclax induced a 24% reduction of viable naïve

 cells, while only induced a 13% decrease of viable effector T cells.

his result suggested naïve T cells are more sensitive to obatoclax treat-

ent. Apoptosis assay also showed that obatoclax induced lesser cell

eath in effector T cells compared with native T cells ( Fig. 2 C&D). Upon

00 nM obatoclax treatment, the total apoptosis rate increased from

.91 ± 1.55% to 29.9 ± 2.69% in naïve T cells ( Fig. 2 C), while the total

poptosis rate increased from 8.95 ± 0.60% to 12.01 ± 0.56% in effec-

or T cells ( Fig. 2 D). Taken together, these data indicated effector T cells

re more resistant to obatoclax cytotoxicity than naïve T cells. 
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Fig. 1. Obatoclax directly impaired HCC cell viability in vitro . (A) 5 × 10 4 Hepa1–6 cells were seeded into 96-well plate and treated with 50 nM and 200 nM 

obatoclax, respectively. The proliferation of Hepa1–6 cells was determined by CCK8. (B) Representative graphs of Ki67 staining assay. 1 × 10 6 Hepa1–6 cells were 

treated with 50 nM and 200 nM obatoclax, respectively. The expression of the proliferate marker Ki67 was assessed by flow cytometry. (C) Representative flow 

graphs of apoptosis assay. 1 × 10 6 Hepa1–6 cells were treated with 200 nM obatoclax for 8 h. The apoptosis rates were assessed by AnnexinV & DAPI staining. 

The early apoptotic cells were defined as AnnexinV 

+ DAPI − , the late apoptotic cells were defined as AnnexinV 

+ DAPI + . The total apoptosis cells were defined as 

AnnexinV 

+ . (D) 5 × 10 4 HepG2 cells were seeded into 96-well plate and treated with 50 nM and 200 nM obatoclax, respectively. The proliferation of HepG2 cells 

was determined by CCK8. (E) 1 × 10 6 HepG2 cells were treated with 200 nM obatoclax for 8 h. The apoptosis rates were assessed by AnnexinV & DAPI staining. 

Data are presented as means + SD. ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 
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batoclax suppressed HCC development in vivo 

Next, we investigate the effects of obatoclax on HCC development

n vivo . Murine HCC model was established by injecting Hepa1–6 cells

ubcutaneously into the WT male mice. When the tumor size reached

–3 mm in diameter, mice were randomly divided into two groups: one

roup were given 5 mg/kg obatoclax injection three times per week;

he other group were given DMSO as control. As shown in Fig. 3 A, mice

eceiving obatoclax injection had smaller tumor size compared with the

ontrol group. The survival curve also showed that obatoclax treatment

rolonged the survival time post tumor injection. The average survival

ime increased from 37.7d to 45d post tumor injection ( Fig. 3 B). Collec-

ively, these data proved that obatoclax served as a tumor suppressor

gainst HCC development. 

batoclax sensitized tumor cell to T cell-mediated cytotoxicity 

Our previous results proved obatoclax inhibited HCC growth both in

itro and in vivo . To examine whether the anti-tumor activity is solely

ependent on the direct inhibition of obatoclax on tumor cell viability.

e established the murine HCC model in immunodeficiency NOD/SCID

ice. To our surprise, the anti-tumor activity of obatoclax on HCC
4 
rowth was diminished ( Fig. 4 A). This result suggested immune system

as required for obatoclax-mediated HCC suppression. 

T cells played a critical role in the anti-tumor immune responses.

o reveal the potential effects of obatoclax on immune system medi-

ted anti-tumor activity, splenocytes and tumor infiltrating lymphocytes

TILs) were isolated from tumor-bearing mice, the distributions of the

ajor immune cell subsets were assessed by FACS. We found that oba-

oclax didn’t alter the macrophages, DCs, T cells, B cells and NK cells

istribution in both spleen and TILs ( Fig. 4 B&C). Intracellular staining

lso showed that obatoclax had no influence on effector cytokines ex-

ressions by T cells ( Fig. 4 D&E). Interestingly, we found that T cells

solated from HCC tumor-bearing mice showed higher killing capacity

gainst obatoclax pre-treated Hepa1–6 cells ( Fig. 4 F). These results in-

icated although obatoclax had no effects on immune cells function in

ivo , it sensitized tumor cells to T cell-mediated cytotoxicity. 

batoclax augmented the anti-tumor activity of anti–PD-1 antibody in vivo

The previous results suggested obatoclax inhibited HCC progression

y sensitizing the tumor cells to T cell-mediated cytotoxicity. PD-1 is

 key molecule expressed on activated T cell surface that negatively

egulates the anti-tumor T cell activity. Engagement of PD-1 by its lig-

nds PD-L1 or PD-L2 induces the signal transduction that inhibits T-cell
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Fig. 2. Obatoclax differentially affected T cells subsets viability in vitro . (A) T cells were isolated from WT mouse and were treated with 200 nM obatoclax in the 

presence of anti-CD28 and 100 U/ml rIL-2. The total number of T cells were counted after 24 h. (B) Naïve T cells and effector T cells were isolated from WT mice 

and were treated with 200 nM obatoclax in the presence of anti-CD28 and 100 U/ml rIL-2. The total number of naïve T cells and effector T cells were counted after 

24 h, respectively. (C) Representative flow graphs of apoptosis assay. Naïve T cells were treated with 200 nM obatoclax for 24 h. The apoptosis rates were assessed 

by AnnexinV & DAPI staining. (D) Representative flow graphs of apoptosis assay. Effector T cells were treated with 200 nM obatoclax for 24 h. The apoptosis rates 

were assessed by AnnexinV & DAPI staining. Data are presented as means ± SD. ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 

e  

[  

a  

H  

s  

a  

c  

t  

w  

c  

t  

t

 

u  

(  

a  

i  

t  

w  

n  

f  

g  

n  

e  

a  

p  

a  

o  

b  

t  
xpansion, effector cytokines production, as well as cytolytic functions

32] . Thus, we studied whether the combinations of obatoclax with

nti–PD-1 antibody could enhance the anti-tumor function in murine

CC models. As expected, anti–PD-1 antibody treatment significantly

uppressed tumor growth compared with isotype control. Notably, this

nti-tumor activity was further enhanced by co-treatment with obato-

lax ( Fig. 5 A). Mice body weight was also monitored to dissect the po-

ential side effects of obatoclax. No significantly body weight reduction

as observed, suggesting obatoclax treatment is safe for in vivo appli-

ation ( Fig. 5 B). Survival analysis also revealed that the combination

herapy of obatoclax with anti–PD-1 antibody significantly prolonged

he HCC tumor-bearing mice survival time ( Fig. 5 C). 

Immune phenotyping showed that the distribution of T cell subpop-

lations was not significantly altered in the tumor microenvironment

Fig. S2A). Notably, anti-PD-1 treatment significantly increased T cell
5 
ctivation. The percentage of activated T cells (CD69 + ) were increased

n both spleen ( Fig. 5 D) and TILs ( Fig. 5 E) in anti-PD-1 group and

he combination group. Furthermore, the effector cytokines expressions

ere also increased in T cells in the anti-PD-1 group and the combi-

ation group. The percentage of TNF- 𝛼+ IFN- 𝛾− T cells were increased

rom 41.6 ± 4.68% in control group and 42.4 ± 3.31% in obatoclax

roup to 60.3 ± 3.21% in anti-PD-1 group and 61.5 ± 6.38% in combi-

ation group in spleen (Fig .5F). Similar increase of effector cytokines

xpressing T cells were also found in the TILs after been treated with

nti–PD-1 alone or in combination with obatoclax ( Fig. 5 G). We further

erformed immunohistochemistry to confirm that the combination ther-

py induced tumor cell apoptosis in the tumor microenvironment. We

bserved an increased level of cleaved caspase-3 in the tumor of com-

ination treatment group, suggesting that tumor cells underwent apop-

osis after treatment (Fig. S2B). Taken together, these results demon-
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Fig. 3. Obatoclax inhibited HCC development in vivo . (A) Mice ( n = 6) were injected subcutaneously with 1.5 × 10 6 Hepa1–6 cells. When the diameter of tumor 

reached 2–3 mm, mice were intraperitoneal injected with DMSO control or obatoclax (5 mg/kg) three times per week. The tumor size was measured and calculated 

by the following formula: Volume = (length x width 2 )/2. The representative images of tumor and tumor growth curve were shown. (B) The survival rate of HCC 

tumor-bearing mice ( n = 8) was monitored and compared by log-rank test. The data shown are representative of three experiments. Data are presented as means ± 
SD. ∗ p < 0.05. 
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trated anti–PD-1 treatment induced T cells activation to suppress the

umor growth. 

To further confirm the anti-tumor effects of obatoclax in combination

ith anti–PD-1 antibody, another murine HCC model was established by

njecting Hepa1c1c7 cells subcutaneously into the mice. Tumor growth

urve exhibited that obatoclax or anti-PD-1 treatment alone showed the

rend of tumor inhibition ( Fig. 6 A). Importantly, cotreatment of anti-

D-1 with obatoclax dramatically enhanced the anti-tumor effects com-

ared with the solo treatment ( Fig. 6 A). FACS analysis also showed that

 cells were activated in the anti-PD-1 group and the combination group

 Fig. 6 B). Collectively, our data demonstrated obatoclax augmented the

nti-tumor activity of anti-PD-1 antibody in vivo by activating T cells. 

iscussion 

In the present study, for the first time, we evaluated the anti-tumor

unction of obatoclax in combination with anti-PD-1 monotherapy in
6 
CC. We found that obatoclax could directly suppress HCC cell growth

n vitro . Further experiments utilizing two different murine HCC model

emonstrated obatoclax suppressed tumor development in vivo . More-

ver, obatoclax, in combination with anti-PD-1 antibody achieved en-

anced anti-tumor efficiency compared with solo treatment through sen-

itizing tumor cells and promoting. T cells activation. 

Immune checkpoint blockade promotes anti-tumor T cells immune

esponses and has achieved long-term remission in patients with differ-

nt tumor types, especially for leukemia and melanoma [ 33 , 34 ]. Over

he past decades, immune checkpoint blockade has been a great booster

or advanced malignant tumors treatment. PD-1 is expressed on T cells

pon activation and negatively regulate T cells immune responses. Us-

ng antibodies targeting PD-1 to block its interaction with PD-L1/PD-L2

timulates the immune system to keep the tumor in surveillance. So far,

he anti-PD-1 antibodies, nivolumab and pembrolizumab have been ap-

roved by the US Food and Drug Administration (FDA) for treating HCC.

n a singlearm clinical trial which HCC patients were previously treated
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Fig. 4. Obatoclax sensitized HCC cells for T cells-mediated killing. (A) NOD/SCID mice ( n = 6) were injected subcutaneously with 1.5 × 10 6 Hepa1–6 cells. When 

the diameter of tumor reached 2–3 mm, mice were intraperitoneal injected with DMSO control or obatoclax (5 mg/kg) three times per week. The tumor size was 

measured and calculated by the following formula: Volume = (length x width 2 )/2. (B) Splenocytes and (C) TILs were isolated from tumor bearing mice 2 weeks 

after tumor injection. The percentages of CD11B + macrophages, CD11C + DCs, CD3 + T cells, CD19 + B cells and NK1.1 + NK cells were detected by flow cytometry. 

The percentages of TNF- 𝛼, IFN- 𝛾 expressing T cells in (D) spleen and (E) TILs were assessed by flow cytometry. (F) T cells isolated from HCC tumor-bearing mice 

were co-cultured with obatoclax pre-treated Hepa1–6 cells at the indicated E/T ratio. The cytotoxicity was assessed. The data shown are representative of three 

experiments. Data are presented as means ± SD. ∗ p < 0.05, ∗ ∗ p < 0.01. 
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Fig. 5. Obatoclax enhanced the anti-tumor efficacy of anti-PD-1 monotherapy in murine Hepa1–6 HCC model 

(A) Mice ( n = 6) were injected subcutaneously with 1.5 × 10 6 Hepa1–6 cells. When the diameter of tumor reached 2–3 mm, mice were intraperitoneal injected with 

DMSO control, obatoclax (5 mg/kg), anti–PD-1 antibody (10 mg/kg) alone or in combination with obatoclax three times per week. The tumor size was measured and 

calculated by the following formula: Volume = (length x width 2 )/2. (B) The body weight was monitored. (C) The survival rate of HCC tumor-bearing mice ( n = 8) was 

monitored and compared by log-rank test. (D) Splenocytes and (E) TILs were isolated from tumor bearing mice 2 weeks after treatment. The percentages of CD69 + 

activated T cells were detected by flow cytometry. The percentages of TNF- 𝛼, IFN- 𝛾 expressing T cells in (F) spleen and (G) TILs were assessed by flow cytometry. 

The data shown are representative of three experiments. Data are presented as means ± SD. ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 
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Fig. 6. Obatoclax enhanced the anti-tumor efficacy of anti-PD-1 monotherapy in murine Hepa1c1c7 HCC model (A) Mice ( n = 6) were injected subcutaneously 

with 2 × 10 6 Hepa1c1c7 cells. When the diameter of tumor reached 2–3 mm, mice were intraperitoneal injected with DMSO control, obatoclax (5 mg/kg), anti–

PD-1 antibody (10 mg/kg) alone or in combination with obatoclax three times per week. The tumor size was measured and calculated by the following formula: 

Volume = (length x width 2 )/2. (B) TILs were isolated from tumor bearing mice 2 weeks after treatment. The percentages of CD69 + activated T cells were detected by 

flow cytometry. Data are presented as means ± SD. ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 
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ith sorafenib, the overall response rate (ORR) and overall survival (OS)

ere nearly 15% and 12 months after been treated with anti-PD-1 anti-

ody, respectively [ 35 , 36 ]. 

Despite the beneficial effects of anti-PD-1 antibody treatment for

CC, randomized clinical trials of anti-PD-1 monotherapy in either

rst-line (nivolumab vs . sorafenib) or second-line (pembrolizumab vs .

lacebo) settings did not achieve significant improvement in OS [ 28 , 37 ].

herefore, it is urgent to develop the combination therapeutic strategies

o improve beneficial efficacy of anti-PD-1 monotherapy for HCC. 

The correlation of Bcl-2 family members and various cancer types

ave been well established. Utilizing Bcl-2 inhibitors alone or in combi-

ation with other therapeutic agents for cancer treatment has shown

romising outcome in acute leukemia, lymphomas, as well as solid

umors [38] . For example, the selective small molecule inhibitor of

cl-2, Venetoclax has been approved for treating chronic lymphocytic

eukemia (CLL) or small lymphocytic lymphoma (SLL) in combination

ith immune checkpoint blockade [39] . The pan Bcl-2 inhibitor, oba-

oclax infusion combined with carboplatin–etoposide showed improved

fficacy in treating patients with extensive-stage small cell lung cancer

40] . 

Besides tumor cells, Bcl-2 family proteins also played essential roles

or T cells development and survival. However, accumulating evidence

as suggested that Bcl-2 knockout had no influence on T cells activa-

ion [41] . These results were consistent with our findings that obato-

lax reduced T cells proliferation. Notably, we demonstrated that acti-

ated T cells were more tolerated to obatoclax treatment compared with

he naive T cells. This obatoclax-induced cytotoxicity to T cells raised
9 
he concern that obatoclax would reduce the anti-tumor activity of T

ells. Interestingly, our data showed that although obatoclax induced T

ells apoptosis in vitro , it didn’t affect the T cells activation in vivo . By

omparing the T cells distribution and activation between control and

batoclax solo treatment group, no significant difference of T cells dis-

ribution and activation was observed in the tumor microenvironment,

uggesting T cells are tolerant to obatoclax in vivo . One possible mech-

nism underlying this might be the different expression level of Bcl-XL

n different immune cells. Frederick et al. proved that activated T cells

xpressed higher level of Bcl-XL compared to naive T cells, making the

ctivated cells more resistant to Blc-2 inhibitor treatment [31] . Further

xperiments are needed to be done to test this hypothesis. 

Tumor cell intrinsic genetic mutations evolved rapidly to evade and

esist to immune surveillance and elimination through multiple mech-

nisms. For example, 1), tumor cells downregulated tumor antigen and

HC molecules expressions to escape from immune recognition; 2),

umor cells upregulated the immunosuppressive receptor or cytokines

 e.g. , IL-10, TGF- 𝛽) to suppress immune responses; 3), solid tumor gen-

rated an immunosuppressive tumor microenvironment to escape from

mmune elimination [ 42 , 43 ]. Thus, sensitizing the tumor cells to im-

une response is a promising therapeutic strategy for cancer treatment.

ere, we found that upon obatoclax treatment, tumor cells are more

ensitive to T cells-mediating killing, suggest obatoclax could sensitize

umor cells for cytotoxic T cells. The possible mechanism might be that

batoclax could increase the expressions of Fas, TRAIL and TNF death

eceptors on tumor cells [44] . Further experiments should be done to

est our hypothesis. 
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Though we provided evidences that obatoclax could enhance the

nti-tumor activity of anti-PD-1 monotherapy in murine HCC model,

here are still several limitations. First, two murine subcutaneous HCC

odels were used in this current study, however, the subcutaneous

odel couldn’t completely reflect the complexity and heterogenicity of

he liver microenvironment. Further studies should be done by using

urine orthotopically HCC model to validate our current findings. Sec-

nd, as a pan-Bcl-2 inhibitor, obatoclax are known to inhibit multiple

cl-2 family members [20] , thus raising the question which specific Bcl-

 member is dominantly suppressed by obatoclax. Third, besides obato-

lax, various Bcl-2 inhibitors have been tested in clinical trials against

ifferent types of cancer [45] , whether other Bcl-2 inhibitors could also

nhibit HCC development in combination with anti-PD-1 monotherapy

eeds further investigation. Last but not least, whether obatoclax could

nhance the anti-tumor activity of anti-PD-1 monotherapy in other can-

er types needs to be studied. 

Despite the recent advances in immunotherapy against HCC, HCC

till remains one of the deadliest diseases globally. Targeting angiogen-

sis by blocking VEGF has been widely used in clinical settings in combi-

ation with chemotherapy and/or immune checkpoint blockade. How-

ver, none of these strategies was specific to HCC. In our perspective,

xplore the specific targets for HCC is of great importance for HCC im-

unotherapy. With the rapid advances in next-generation sequencing

NGS) technology, identifying one or more specific targets using NGS

or personalized treatment is extremely promising to enhance the anti-

umor effects of chemo therapy or immune checkpoints blockade. How-

ver, numerous obstacles still need to be solved. For example, the high

ost of NGS and personalized therapy; the precision of NGS results; the

vailability of drugs against the identified target’s by NGS, etc. 

Taken together, we provided evidence for the first time that obato-

lax could enhance the anti-tumor activity of anti-PD-1 monotherapy in

urine HCC model. Although obatoclax could directly inhibit HCC cell

rowth in vitro , this direct inhibitory effect was insufficient to induce

 significant tumor remission in vivo in NOD/SCID mice. Mechanism

tudy revealed that obatoclax sensitized tumor cell to T cells-mediated

ytotoxicity. Combination therapy of obatoclax and anti-PD-1 antibody

ynergically reduced HCC growth in vivo by promoting T cells activa-

ion. Thus, obatoclax could serve as a potential therapeutic agent for

CC treatment. 
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