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Abstract: In this study, we intended to explore a novel combination treatment scheme for pancreatic cancer, using 
irreversible electroporation (IRE) and OX40 agonist. We further aimed to investigate the capacity and mechanism of 
this combination treatment using an in vivo mouse aggressive pancreatic cancer model. To this end, mice subcuta-
neously injected with KPC1199 pancreatic tumor cells were treated with IRE, followed by intraperitoneal injection of 
OX40 agonist. Tumor growth and animal survival were observed. Flow cytometry analysis, immunohistochemistry, 
and immunofluorescence were used to evaluate the immune cell populations within the tumors. The tumor-specific 
immunity was assessed using ELISpot assay. Besides, the cytokine patterns both in serum and tumors were iden-
tified using Luminex assay. After combination therapy with IRE and OX40 agonist, 80% of the mice completely 
eradicated the established subcutaneous tumors, during the 120 days observation period. Rechallenging these 
tumor-free mice at day 120 with KPC1199 tumor cells leads to complete resistance to tumor growth, suggest-
ing that the combination therapy generated long-term-specific antitumor immune memory. Moreover, combination 
therapy significantly delayed the growth of contralateral untreated tumors, and significantly prolonged animal sur-
vival, suggesting that a potent systematic anti-tumor immunity was induced by combination therapy. Mechanically, 
combination therapy amplified antitumor immune response induced by IRE, as manifested by the increased quality 
and quantity of CD8+ T cells trigged by IRE. Together, these results provide strong evidence for the clinical assess-
ment of the combination of IRE and OX40 agonist in patients with pancreatic cancer.
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Introduction

Pancreatic cancer (PC) remains one of the most 
deadly solid cancers in the world and one of the 
most difficult to diagnose and cure, making it 
the seventh leading cause of cancer-related 
deaths [1]. However, in all PC cases, more than 
90% are pancreatic ductal adenocarcinoma 
(PDAC). Furthermore, the 5-year survival rate 
has been reported less than 9% for all stages 
among patients diagnosed with PDAC [2]. 
Complete surgical resection of the tumor 
remains a potentially curative treatment, but 
unfortunately, nearly 80% of patients with 
PDAC are diagnosed at locally advanced or dis-
tant metastasis stages, meaning that these 
patients miss the opportunity for radical surgi-

cal therapy. Moreover, after surgical resection, 
the recurrence rate remains high despite  
adjuvant chemotherapy [3-5]. Recently, the 
advances made in systemic chemotherapy and 
radiation therapy have contributed to modest 
improvements in patient survival [6-8]. Besides, 
immunotherapy, including immune checkpoint 
inhibitors (ICIs), chimeric antigen receptor T 
cells (CAR-T), or cancer vaccines, has demon-
strated promising results for many cancers but 
did not include PC [9]. To achieve superior ther-
apeutic effects against PC, new strategies are 
needed.

As a member of the tumor necrosis factor 
receptor (TNFR) superfamily, the costimulatory 
molecule OX40 is chiefly expressed in activated 
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CD8+ and CD4+ T cells, which regulate multiple 
functions of T cells [10-12]. The proliferation, 
differentiation, survival, and effector function 
of T cells and the generation of memory T cells 
can be enhanced by OX40 costimulation [13-
16]. Manipulation of OX40 signaling using 
recombinant soluble OX40 ligand (OX40L) or 
the anti-OX40 agonist monoclonal antibody 
(anti-OX40 mAb), either alone or in combination 
with other treatments, is an efficient approach 
to treating multiple preclinical tumor models, 
including PC [13, 17-24]. However, in clinical 
settings, anti-OX40 mAb has shown limited  
efficacy against advanced solid tumors [25, 
26]. One of the potential reasons is the lack of 
OX40 expression at baseline, which might limit 
the anti-tumor efficiency of anti-OX40 mAb. 
Therefore, there is increasing interest in com-
bining anti-OX40 mAb with additional strate-
gies to enhance antigen availability or the 
expression of OX40 in T cells. 

Currently, a novel ablation strategy, irreversible 
electroporation (IRE), has emerged as a non-
thermal minimally invasive ablation technique 
against multiple solid tumors. Unlike conven-
tional ablation methods, IRE relies on high-volt-
age electrical pulses across the target tissues 
aimed to kill tumor cells by producing irrevers-
ible nanopores in cellular membranes. These 
nanopores result in increased transmembrane 
transport and loss of homeostasis, while there 
is less damage to surrounding normal tissues, 
such as blood vessels, intestines, and bile 
ducts. These unique advantages make IRE an 
ideal choice for the treatment of PC, which is 
not suitable for traditional ablation methods 
[27, 28]. In clinical settings, IRE has shown 
promising results in treating PC [29-33]. Prior 
clinical studies demonstrated that apart from 
the primary function of IRE to ablate PC, IRE 
has also shown immunomodulatory properties 
[34, 35]. Besides, previous studies reported 
that IRE ablation might invoke a more robust 
immune response than conventional ablation 
methods, such as radiofrequency ablation or 
cryoablation [36-38]. However, micrometasta-
ses, recurrence after incomplete ablation, or 
residual microscopic tumor remain the prob-
lematic aspects of delivering curative treat-
ment by IRE in clinical settings. This reality 
implies that the immunomodulatory effects 
induced by IRE therapy might be weak and tran-
sitory which are incapable of eradicating the 

residual tumor and preventing disease progres-
sion. Therefore, the immune response caused 
by IRE requires augmentation by other thera-
pies to exert an effective anti-tumor immunity. 

To this end, we hypothesized that IRE induces 
the exposure of tumor antigens that could 
serve as tumor vaccination in situ, which might 
further activate T cells in vivo and upregulate 
the expression of OX40 in T cells. Therefore, 
therapy using anti-OX40 mAb might augment 
and prolong the tumor-specific adaptive 
immune responses induced by IRE. Ultimately, 
these effects might stimulate the immune sys-
tem to attack residual microscopic tumor or 
micrometastases, and systemic benefits for 
distant tumors might be obtained from such 
combination therapy. To test our hypothesis, 
this study assessed the efficacy and mecha-
nisms of the combination of IRE therapy and 
anti-OX40 mAb in a PC model.

Materials and methods

Tumor cells and animals

The KPC1199 cell line is a mouse PC cell line, 
which was isolated from a spontaneous  
PDAC mouse model (LSL-KrasG12D, Pdxcre, LSL-
TP53R172H) on a C57BL/6 background [39], and 
was kindly provided by Dr. Liwei Wang (Renji 
Hospital, Shanghai Jiao Tong University School 
of Medicine, Shanghai, China). Cells were cul-
tured in DMEM medium (ThermoFisher, Wal- 
tham, MA, USA) supplemented with 1% peni- 
cillin-streptomycin (PS) solution (Gibco, New 
York, NY, USA), 10% fetal bovine serum (FBS) 
(ThermoFisher) at 37°C, and 5% CO2 in a 
humidified atmosphere. Male 6-8-week-old 
C57BL/6 mice were obtained from SLAC 
Laboratory Animal Co. Ltd. (Shanghai, China). 
And, all mice were housed under specific patho-
gen-free conditions. All our studies were per-
formed in line with the Guidelines for the Care 
and Use of Laboratory Animals of Shanghai Jiao 
Tong University School of Medicine.

Establishment of subcutaneous PC mouse 
model and treatment protocol

For therapeutic efficacy studies, all-male wild-
type (WT) C57BL/6 mice aged 6-8 weeks 
underwent a subcutaneous injection of 4×106 
KPC1199 tumor cells into the right flank. This 
first injection into the right flank was done to 
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simulate the primary tumor. To further assess 
the effects of IRE+anti-OX40 mAb combination 
therapy on distant metastatic tumors, 3 days 
later, the left flank was injected with 2×106 
KPC1199 tumor cells, which represented dis-
tant metastatic tumors. Twelve days after injec-
tion of the primary tumor, when the tumor on 

the right flank reached a volume of approxi-
mately 200 mm3 or the length of the primary 
tumor had reached 6-9 mm, mice (n = 10 in 
each group) were randomly allotted into the fol-
lowing groups: control group (untreated group), 
IRE therapy group, anti-OX40 mAb group, and 
IRE followed by anti-OX40 mAb combination 

Figure 1. Efficacy of IRE and anti-OX40 mAb treatment of mouse subcutaneous pancreatic tumors. A. The schema 
for animal experiments using unilateral tumor mouse model. N = 10 per group. B. Volume changes in tumors in uni-
lateral tumor mouse model following the indicated treatments. C. Tumor-free rates in IRE vs. IRE+Anti-OX40 groups 
after treatment initiation. D. Survival rates in unilateral tumor-bearing mice in the indicated treatment groups up to 
120 days after initiating treatment. E. The schema for animal experiments using bilateral tumor mouse model. N = 
10 per group. F. Volume changes of the untreated secondary tumors in bilateral tumor-bearing mice following the 
indicated treatments. G. Survival rates in bilateral tumor-bearing mice in the indicated treatment groups. N = 10 per 
group. ***P < 0.001. IRE, irreversible electroporation.
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Figure 2. Immune cell infiltration in the primary tumor 10 days after initiation of treatments. (A-C) Representative images of immunohistochemistry and correspond-
ing quantifications for CD3 (A), CD4 (B), and CD8 (C). (D, E) Representative images of immunofluorescence for MDSCs (D), and T-regs (E) and corresponding quan-
tifications. MDSCs: CD11b+Gr1+; T-regs: CD4+Foxp3+. Scale bars = 50 µm. N = 5 per group. *P < 0.05 vs. control group, **P < 0.01 vs. control group; #P < 0.05 vs. 
IRE group. IRE, irreversible electroporation.
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therapy group. For IRE therapy alone, mice were 
anesthetized using intraperitoneal (IP) injec- 
tion of sodium pentobarbital (10 mg/mL, 50 
mg/kg body weight) before the treatment. 
Subsequently, an insulating plate was used to 

fix the mouse, and then an ECM 830 
Electroporation System with a pair of adjust-
able electrodes (BTX Harvard Apparatus, 
Holliston, MA, USA) was used to perform the 
IRE procedure. Adjustable electrodes with a 

Figure 3. Immune cell infiltration and levels of cytokines or chemokines in the secondary tumor 10 days after 
initiation of treatments. A. Proportions of tumor-infiltrating CD3+CD8+ T cells, CD3+CD4+ T cells, ki-67+CD8+ cells, 
ki-67+CD4+ cells, IFN-γ+CD8+ cells, IFN-γ+Foxp3-CD4+ cells, T-regs (CD4+CD25+Foxp3+), and MDSCs (Gr-1+CD11b+) 
assessed using flow cytometry, n = 5 per group. B and C. Levels of cytokines or chemokines in the secondary tumor 
were measured using a Mouse Cytokine 23-plex Luminex Assay. Data values (pg/mL) are normalized to total protein 
content and are presented in pg/mg protein. Cytokines or chemokines that did not show any significant difference 
in all groups were not included in this figure. n = 5 per group. *P < 0.05 vs. control group.
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Figure 4. Levels of cytokines in serum and numbers of IFN-γ secreting CD8+ T cells in spleen at 10 days after initia-
tion of treatments. (A) The concentration of serum cytokines in each group, assessed using Luminex assay. Cyto-
kines that did not show any significant difference in all groups were not included in this figure. N = 5 per group. (B, 
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maximum gap of 10 mm were inserted into the 
margin of the subcutaneous tumor, and the  
gap between electrodes was adjusted depend-
ing on the size of the tumor, enabling the entire 
tumor to receive electric pulses. And, the 
parameters of IRE treatment in our study were 
set as follows: voltage, 1250 V; pulse duration, 
90 μs; pulse interval, 100 ms. For anti-OX40 
mAb therapy alone or combination therapy 
mice, anti-OX40 mAb (5 mg/kg, Cat #BE0031-
100, clone OX86, Bio X Cell, Lebanon, NH,  
USA) in 100 μL phosphate-buffered saline 
(PBS) was administered intraperitoneally start-
ing on day 13 (24 h after IRE therapy) and con-
tinued every 2 days for a total of six doses. The 
mice were weighed every 4 days. During our 
study, tumors were measured every 2-4 days 
with calipers, and the volume of the tumor was 
calculated as length (mm) × width (mm)2/2. 
Animals were observed at least three times per 
week for survival studies. When animals were 
moribund or their tumor volume reached 1500 
mm3, they were euthanized and considered to 
have reached the “survival” endpoint following 
Institutional Animal Care and Use Committee 
guidelines. For mechanism study, mice in each 
group were euthanized at specific time points 
according to the purpose of the experiment, 
and tumors, spleens, serum, or tumor-draining 
lymph nodes (TDLN) were isolated for further 
analysis.

T cells depletion experiments

For the T cell depletion experiment, anti-mou- 
se CD8 monoclonal antibody (Cat #BE0061, 
clone 2.43, Bio X Cell), anti-mouse CD4 mono-
clonal antibody (Cat #BE0003-1, clone GK1.5, 
Bio X Cell), or isotype control antibody (Cat 
#BE0094, Bio X Cell) (250 μg in 100 μL PBS) 
were delivered per mouse (n = 6 in each group) 
four times by IP injection, two times per week, 
beginning on day 11 after inoculation of the pri-
mary tumor (1 d before initiation of treatment). 
The extent of depletion was verified in spleens 
using flow cytometry analysis, and the deple-
tion efficiency was found to be greater than 
99% (Figure 5B).

Tumor re-challenge experiments

To investigate long-term antitumor immunologi-
cal memory, 120 days after initiation of treat-
ment, cured mice in the IRE plus anti-OX40 
mAb combination treatment group (n = 5) were 
re-challenged with 4×106 KPC1199 tumor  
cells in the contralateral (left) flank. Age-
matched male WT C57BL/6 mice (n = 5) inject-
ed with the same numbers of KPC1199 tumor 
cells were used as control. Afterward, tumor 
growth was monitored over the next few weeks.

Interferon (IFN)-γ enzyme-linked immunospot 
(ELISpot) assays

For tumor-specific CD8+ T cell functional as- 
says, 10 days after the initial therapy and 18 
days after re-challenge, spleens were excised 
and CD8+ T cells were isolated using EasySep 
Mouse CD8α Positive Selection Kit (Cat 
#18953, Stemcell, Vancouver, Canada). Sub- 
sequently, irradiated (20 Gy) KPC1199 tumor 
cells were incubated with isolated CD8+ T  
cells (2×105) at the ratio of 1:10 for 48 h. 
Afterward, ELISpot assays to detect the IFN-γ 
cytokine spots were conducted according to 
the manufacturer’s protocol (Cat #551083,  
BD Pharmingen, San Diego, CA, USA). A CTL-
ImmunoSpot® Plate Reader was used to scan 
the plates and CTL ImmunoSpot Software was 
used to analyze the data.

Flow cytometry

To obtain single-cell suspensions, TDLN or 
spleen samples isolated from the mice were 
first mechanically pushed through a 70 μm 
nylon sieve to prepare a single-cell suspen- 
sion. For TDLN samples, the cells were followed 
by filtered through a 40 μm nylon mesh. For 
spleen samples, erythrocytes lysis was per-
formed using red blood cell (RBC) lysis buffer 
(Beyotime, Shanghai, China) for 10 min at room 
temperature (RT), the cells were then washed 
(1500 rpm, 5 min) two times with fluores- 
cence-activated cell sorting (FACS) buffer (1% 
FBS in PBS), followed by passed through a 40 
μm nylon mesh. On day 10, tumors were har-
vested from different groups and minced using 

C) IFN-γ secreting CD8+ T cells are analyzed using ELISpot. Representative ELISpot images from each group for (B), 
and the ELISpot count in each group for (C). N = 5 per group. *P < 0.05 vs. control group, **P < 0.01 vs. control 
group, ***P < 0.001 vs. control group, #P < 0.05 vs. IRE group, ##P < 0.01 vs. IRE group, ΔΔP < 0.01 vs. Anti-OX40 
group. IRE, irreversible electroporation.
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Figure 5. The anti-tumor activity of combination therapy is CD8+ T-cell dependent. A. Tumor cell implantation, im-
mune cell depletion, and treatment strategy in unilateral subcutaneous mouse model. B. Successful depletion of 
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scissors, followed by digested for 30 min at 
37°C in 6 mL RPMI 1640 (ThermoFisher)  
medium containing 2 mg/mL collagenase type 
IV (Cat #LS004188, Worthington, Lakewood, 
NJ, USA), 0.2 mg/mL hyaluronidase (Cat 
#H3506, Sigma, St. Louis, MO, USA), and 0.2 
mg/mL DNase I (Cat #10104159001, Roche, 
Basel, Switzerland) under agitation, and then 
passed sequentially through a 70 μm cell  
filter and a 40-μm nylon mesh to obtain a sin-
gle-cell suspension. Subsequently, cells were 
first Fc blocked with purified rat anti-mouse 
CD16/CD32 (Cat #553141, BD Pharmingen) in 
FACS buffer for 30 min at 4°C. Fixable Viabi- 
lity Stain 780 (1:200) (Cat #565388, BD 
Pharmingen) was then used to incubated with 
the cells in FACS buffer for 30 min at 4°C to 
discriminate dead cells. After washing in FACS 
buffer, surface marker staining was perform- 
ed at 4°C for 30 with. Besides, the Foxp3/
Transcription Factor Fixation/Permeabilization 
kit was used for intracellular staining, accord-
ing to the producer’s instructions (Cat #00-
5523-00, eBiosciences, San Diego, CA, USA). 
For T cells stimulation in vitro, 1×106 cells/mL 
were incubated in RPMI 1640 with 10% FBS 
and 2 μl/ml of Cell Stimulation Cocktail with 
Brefeldin A (Cat #423304, BioLegend, San 
Diego, CA, USA) for 5 h. The antibodies used 
are listed in Table S1. Data were acquired on a 
BD Biosciences Fortessa X20 flow cytometer 
and analyzed with FlowJo (10.0) software. 

Immunohistochemistry (IHC) 

Tumor samples were processed with 4% para-
formaldehyde fixation and paraffin embedding 
and sectioned to a thickness of 5 μm. After 
deparaffinization and rehydration, all sections 
were treated with ethylenediaminetetraacetic 
acid (EDTA) (pH 9.0) for antigen retrieval, and 
then 3% H2O2 was used to deactivate endoge-
nous peroxidase. Subsequently, anti-CD8 mo- 
noclonal antibody (Cat #98941, CST, Beverly, 
MA, USA), anti-CD3 monoclonal antibody (Cat 
#Ab16669, Abcam, Cambridge, MA, USA), and 
anti-CD4 monoclonal antibody (#Ab183685, 
Abcam) were used to incubated with sections 

at 4°C overnight. Afterward, horseradish per-
oxidase (HRP)-conjugated secondary antibod-
ies were used to be stained with the sections. 
Subsequently, all sections were incubated with 
diaminobenzidine (DAB). Lastly, nuclei were 
stained with Mayer’s hematoxylin. To count 
positive cells, five random areas were observ- 
ed under a fluorescence microscope (Nikon 
Eclipse Ci-S). 

Immunofluorescence (IF) 

After incubation with the primary anti- 
CD4 monoclonal antibody (Cat #Ab183685, 
Abcam), anti-Foxp3 monoclonal antibody (Cat 
#12653, Cell Signaling Technology), anti-
CD11b monoclonal antibody (Cat #Ab133357, 
Abcam), and anti-Gr-1 monoclonal antibody 
(Cat #GB11229, Servicebio, Wuhan, China,) at 
4°C overnight, immunofluorescence for visual-
izing these markers was performed, on the 
basis of the tyramide signal amplification  
(TSA) methodology, for 10-15 min at RT. The 
nuclei were then stained with 4’,6-diamidino-
2-phenylindole (DAPI). Afterward, a Leica SP5 
confocal laser scanning microscope (Mann- 
heim, Germany) was used to acquire images 
with high quality, and three channels were used 
sequentially: DAPI (405 nm, blue for nuclei), 
Cy3 laser (530 nm, red for Gr-1 or Foxp3), and 
FITC laser (488 nm, green for CD4 or CD11b). 
Images were first acquired separately and then 
merged. To find myeloid-derived suppressor 
cells (MDSCs) and regulatory T cells (T-regs), 
the cells showing co-localization of CD11b and 
Gr-1 were identified as MDSCs (CD11b+Gr-1+), 
and co-localization of CD4 and Foxp3 were 
identified as T-regs (CD4+Foxp3+). For quantifi-
cation, an average of five fields per slide was 
used to count co-positive cells. 

Tumor supernatant collection

On day 10, the untreated secondary tumors 
were removed, washed with PBS, weighed, fol-
lowed by cut into small pieces using sterile scis-
sors. Then, the tumor fragments were dissoci-
ated with a tissue homogenizer. Afterward, the 

CD4+ T and CD8+ T cells is confirmed using flow cytometry, and no cells are depleted after control IgG antibody injec-
tion. C and D. Tumor-free rates and survival rates after depletion of CD4+ or CD8+ T cells in unilateral subcutaneous 
tumor mice treated with combination therapy. N = 6 per group. E. Tumor cell implantation, immune cell depletion, 
and treatment strategy in bilateral subcutaneous tumor mouse model. F and G. Growth curves of the secondary 
untreated tumors and survival rates after depletion of CD4+ or CD8+ T cells in bilateral subcutaneous tumor mice 
treated with combination therapy. N = 6 per group. **P < 0.01, ***P < 0.001.
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tissue homogenate was lysed using a cell  
lysis buffer containing phosphatase inhibitor 
(Absin, Shanghai, China), protease inhibitor, 
and phenylmethylsulfonyl fluoride (PMSF). 
Tissues were lysed at 4°C for 20 min with gen-
tle agitation. After centrifuged at 13,000 rpm 
for 10 min, the supernatant was collected  
carefully. Pierce BCA Protein Assays (Solarbio, 
Pequim, China) was performed on the superna-
tant following the manufacturer’s instructions. 
Total protein concentrations for each tumor 
sample were used for analyte normalization 
into pg/mg protein values.

Luminex assays

Intratumor and serum levels of interleukins  
(IL)-1α, IL-1β, CXCL1, G-CSF, GM-CSF, IL-13, 
IL-17A, CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 
(MIP-1β), CCL5 (RANTES), CCL11 (eotaxin), IL-2, 
IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 
(p70), IFN-γ, and TNF-α were determined using 
a Bio-Plex Pro Mouse Cytokine 23-plex Assay 
kit (Cat #M60009RDPD, Bio-Rad, Hercules,  
CA, USA). Assays were performed according to 
the producer’s instructions. A Luminex X-200 
System and xPONENT 3.1 software (Luminex, 
Austin, TX, USA) were used for machine opera-
tion, data collection, and analysis. The sensitiv-
ity of each cytokine test was pg/mL.

Statistical analysis

Unpaired t-tests were used to compare differ-
ences between individual groups. Kaplan-Meier 
curves and log-rank Mantel-Cox tests were 
used to analyze survival outcomes between 
groups. A two-way analysis of variance (ANOVA) 
was conducted to compare tumor growth 
curves between groups. The presented data 
are representative of three independent experi-
ments. All data are presented as mean ± stan-
dard error of the mean (SEM). All statistical 
analyses were performed using GraphPad 
Prism 8.0 software. Statistical significance was 
set at P < 0.05.

Results

Efficacy of anti-OX40 mAb combined with IRE 
against subcutaneous pancreatic tumors

First, we evaluated the therapeutic potential of 
local IRE therapy followed by anti-OX40 mAb 
treatment of unilateral tumors. To this end, 

mice implanted subcutaneously on the right 
flank with KPC1199 tumor cells were random-
ized and treated with IRE therapy, anti-OX40 
mAb monotherapy, or the combination of IRE 
and anti-OX40 mAb or left without treatment 
(the treatment protocol is shown in the meth-
ods), and animal survival and tumor growth 
rate were compared between those groups 
(Figure 1A). Our data showed that the com- 
bination therapy exerted the strongest anti-
tumor effect during the observation period of 
120 days. All 10 mice in the control group  
died within 36 days due to excessive tumor bur-
den. Mice treated with anti-OX40 mAb mono-
therapy had a median tumor burden compara-
ble to that in the control group. Furthermore, 
the survival time between the two groups was 
also shown no significant difference (22 vs. 24 
days, P = 0.205) (Figure 1D). For either sin- 
gle IRE therapy or combination therapy, the 
growth of the treated tumors was immediately 
halted after IRE and completely unpalpable at 
5-7 days post-IRE (Figure 1B). Unfortunately, in 
the IRE therapy alone group, tumor relapse  
was observed 17 days after IRE; consequently, 
these mice had a median survival of 51 days 
(Figure 1C, 1D). In sharp contrast, 8 of 10  
(80%) of mice in the IRE plus anti-OX40 mAb 
combination therapy group had no tumor recur-
rence, with complete eradication of the estab-
lished primary tumors, and survived to the end 
of the 120-day monitoring period (Figure 1C, 
1D). In addition, combination therapy was well 
tolerated with no overt toxicities or adverse 
effects.

As seen in the potent efficiency of combination 
treatment in the control of primary subcutane-
ous tumors, we next determined whether anti-
OX40 mAb combined with IRE treatment could 
induce systematic antitumor responses ag- 
ainst untreated distant tumors. For this pur-
pose, mice inoculated with KPC1199 tumor 
cells subcutaneously on both flanks were used. 
The primary tumor being selected for treatment 
and the secondary untreated tumor is consid-
ered a distant metastasis tumor (Figure 1E). 
Typically, compared with the control group,  
anti-OX40 mAb monotherapy did not slow down 
the growth rate of the secondary tumors. IRE 
therapy alone resulted in an insignificant re- 
duction in the volume of the secondary tumors 
in a few weeks (Figure 1F). In contrast, treat-
ment with IRE plus anti-OX40 mAb significantly 
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slowed the growth of the secondary tumors 
(Figure 1F). In addition, the median survival 
time of the control, IRE therapy, anti-OX40  
mAb monotherapy, and combination therapy 
groups were 21, 31, 21, and 44 days, respec-
tively (P < 0.001) (Figure 1G).

These results indicated that anti-OX40 mAb 
synergized with IRE to induce a potent antitu-
mor effect that controlled both the primary and 
the untreated secondary tumors.

Combination treatment changes immune cells 
infiltration into the primary tumors

To examine how combination treatment affect-
ed the primary tumor immune microenviron-
ment (TIME), mice in all groups were sacrificed 
10 days after initiation of therapy for analysis  
of the tumor-infiltrating immune cells by the 
means of IHC and IF. Our data showed that  
anti-OX40 mAb therapy alone had no signifi-
cant impact on the population of CD3+, CD4+, 
CD8+ T cells, and MDSCs in the primary tumors. 
IRE alone induced a significant increase in 
CD3+ and CD8+ T cells and also induced a 
marked decrease in MDSCs compared with 
controls. In addition, combination therapy of 
IRE and anti-OX40 mAb led to further increase 
of CD3+ and CD8+ T cells and decreased  
MDSCs (Figure 2A, 2C, 2D). The numbers of 
CD4+FoxP3+ T-regs varied among the tumors 
with no significant difference for each therapy 
(Figure 2E). All these effects on immune cell 
infiltration into the primary tumors induced by 
combination therapy may lead to the eradica-
tion of the primary tumors.

IRE combined with anti-OX40 mAb transforms 
the immune landscape of TIME in the distant 
untreated tumors 

To further investigate the synergistic antitumor 
capacity induced by IRE and anti-OX40 mAb 
combination therapy, immune cells in the dis-
tant untreated tumors were analyzed 10 days 
after treatment initiation. As shown in Figure 
3A, the results from flow cytometry showed 
that both treatments with IRE alone and anti-
OX40 mAb alone failed to significantly affect all 
immune cell populations in the second tumors. 
However, IRE combined with anti-OX40 mAb 
induced a significant increase in CD8+, IFN-γ+ 
CD8+, and ki67+CD8+ T cells and a significant 
decrease in MDSCs in second tumors. 

Meanwhile, just as we saw in the primary 
tumors, no therapy had a significant effect on 
the infiltration of Tregs in the second tumors 
(Figure 3A). To further investigate whether T 
cells in the tumors were functional, a 23-plex 
bead-based assay was conducted to determine 
the levels of different cytokines and chemo-
kines in the secondary tumors on day 10. As 
expected, the intratumoral levels of IFN-γ, 
IL-12p70, and IL-2 were significantly increased 
in the combination-treated group, while the  
levels of IL-10 were significantly decreased 
(Figure 3B). Besides, combination treatment 
significantly raised the intratumoral levels of 
CCL-2 and CCL-3 (Figure 3C). 

These results further indicate that IRE com-
bined with anti-OX40 mAb treatment synergisti-
cally shifts the intratumoral immune landscape 
toward a highly effective antitumoral state, 
which might play a pivotal role in suppresses 
the growth of the secondary untreated tumors.

Systemic antitumor immune response in-
duced by IRE and anti-OX40 mAb combination 
therapy

We next asked if the anti-tumor activity 
observed in combination therapy reflected acti-
vation of systemic antitumor immune respons-
es. To address this question, serum cytokine 
levels were measured 10 days after treatment 
initiation, using a mouse-specific 23 cytokine 
Luminex assay. Our data showed that anti-
OX40 mAb monotherapy significantly elevated 
the levels of IL-3 and IL-12p70, while IRE thera-
py alone significantly increased the serum  
levels of TNF-α, IL-1α, IL-2, IL-3, IL-12p70, and 
IFN-γ (Figure 4A). Furthermore, higher levels of 
all six of these cytokines were detected in the 
combination therapy group than in the IRE 
group, especially the level of IFN-γ (Figure 4A), 
which further indicated the synergistic antitu-
mor effect when IRE therapy was combined 
with anti-OX40 mAb. Apart from these six  
cytokines, combination therapy also leads to 
significantly higher levels of IL-9 and IL-17A in 
the serum (Figure 4A). To further evaluate the 
systematic antitumor immune effect, we next 
carried out ELISpot assays for IFN-γ secretion 
upon ex vivo restimulation of T cells with irradi-
ated KPC1199 tumor cells. To this end, irradi-
ated KPC1199 tumor cells were cocultured 
with CD8+ T cells isolated from spleens in vitro 
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for 48 h. In agreement with the higher levels of 
intratumoral CD8+ T cells expressing IFN-γ, 
combination therapy markedly raised the num-
ber of tumor-specific IFN-γ-secreting CD8+ T 
cells in spleens when compared with other 
groups, although IRE alone also significantly 
raised the number of IFN-γ-secreting CD8+ T 
cells when compared with the control group or 
anti-OX40 mAb monotherapy group (Figure 4C).

These data suggest that anti-OX40 mAb admin-
istration after IRE significantly amplified the 
systematic antitumor immune response trig-
gered by IRE, synergistically inducing an effec-
tive tumor-specific systemic immune response, 
which might result in tumor eradication and 
prolonged animal survival.

Anti-tumor capacity of combination therapy is 
CD8+ T cell dependent

To evaluate the role of CD8+ and CD4+ T cells in 
the combination treatment, we assessed the 
antitumor capacity of combination therapy on 
established KPC1199 tumors in mice depleted 
of CD8+ or CD4+ T cells, both in unilateral and 
bilateral subcutaneous tumor mice groups 
(Figure 5A, 5E). Our data showed that in mice 
with unilateral subcutaneous tumors, the  
therapeutic effect provided by combination 
therapy was completely abrogated when mice 
were depleted of CD8+ T cells, which lead to 
local recurrence in all animals (Figure 5C). 
Furthermore, during the 60-day observation 
period, all these mice died, indicating that  
CD8+ T cells were responsible for the recur-
rence of the primary tumors (Figure 5D). 
However, the elimination of CD4+ T cells show- 
ed no significant impact on the recurrence  
rate of the ablated tumor and animal survival 
(Figure 5C, 5D). Next, we used mice bearing 
bilateral subcutaneous tumors to further con-
firm our findings. Similar to what we have 
observed in mice bearing unilateral subcutane-
ous tumors, neutralization of CD8+ T cells  
eliminated the anti-tumor capacity provided by 
combination therapy, as seen in Figure 5F, 5G. 
In contrast, elimination of CD4+ T cells was 
shown no significant impact on the delayed 
growth of the contralateral tumor and the  
survival benefit obtained from combination 
therapy. 

These results indicate that CD8+ T cells have an 
indispensable function in the antitumor capac-
ity of combination therapy in our models.

Combination therapy elicits a potent tumor-
specific immunologic memory

To investigate whether long-term antitumor 
immunological memory was evoked in cured 
mice treated by combination therapy, a tumor 
rechallenge study was performed. Before 
rechallenge, three out of the eight long-term 
surviving cured mice were euthanized, then 
their spleens were obtained for further flow 
cytometry detection. The increased frequency 
of CD8+ effector memory T cells (CD3+CD8+ 

CD44+CD62-) and CD8+ central memory T  
cells (CD3+CD8+CD44+CD62+) in splenocytes 
before rechallenge indicated the existence of 
immune memory in cured mice, induced by  
IRE plus anti-OX40 mAb combination therapy 
(Figure 6A, 6B). Afterward, five out of the  
eight cured mice in the combination therapy 
group were rechallenged with KPC1199 tumor 
cells (4×106) injected in the opposite flank at 
day 120, and age-matched healthy mice were 
used as controls. Surprisingly, all cured mice 
did not develop visible or palpable tumors after 
a few weeks. In sharp contrast, control mice 
developed palpable tumors (5/5) after one 
week, indicative of immunological memory 
(Figure 6C). To further investigate whether  
combination therapy was induced a tumor-spe-
cific memory response, re-challenged mice 
were euthanized at 18 days after re-challenge, 
serum and spleens were harvested, and then 
Luminex assays and ELISpot were conducted. 
The CD8+ T cells isolated from the spleens  
were stimulated in vitro by irradiated KPC1199 
tumor cells, as quantified by the ELISpot assay. 
We found that the cured mice had almost 3 
times more IFN-γ-secreting CD8+ T cells than 
the age-matched control mice (Figure 5D, 5E). 
In addition, the serum levels of IFN-γ, TNFα, 
IL-1α, IL-2, IL-3, IL-5, IL-12p70, and IL-13 were 
significantly increased in the cured mice (Figure 
5F), indicating a strong immune response trig-
gered by the tumor rechallenge. 

Taken together, these results indicate that anti-
OX40 mAb plus IRE combination therapy could 
induce a potent specific immunological memo-
ry for tumor rejection. 

IRE induces the expression of OX40 on CD8+ T 
cells in vivo

To further explore the synergistic mechanism 
by which anti-OX40 mAb treatment combined 
with IRE induced robust anti-tumor immunity, 
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Figure 6. Immunological memory induced by combination therapy. A. Representative flow cytometry plots of splenic 
CD8+ central memory T cells (CD8+CD44+CD62L+) and CD8+ effector memory T cells (CD8+CD44+CD62L-) from cured 
mice isolated before rechallenge. B. Percentage of splenic CD8+ central memory T cells and CD8+ effector memory 
T cells from cured mice isolated before rechallenge. N = 3 per group. C. Growth curves of rechallenging tumors in 
the cured mice treated with IRE+anti-OX40 mAb. Age-matched healthy mice are used as controls (n = 5 per group). 
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we analyzed the expression of OX40 on CD8+ 
and CD4+ T cells both in spleen and TDLN at 24 
hours (h), 48 hours, 7 days, and 10 days after 
IRE. Our data showed that at 24 h and 48 h 
after IRE, in the spleen, the percentages of 
OX40+CD8+ T cells were significantly elevated, 
and modestly increased 7 days after IRE.  
While on day 10, the percentages of OX40+ 

CD8+ T cells were returned to baseline, which 
was almost the same as that in the control 
mice (Figure 7B). However, in the spleen, when 
compared with the control group, the percent-
ages of OX40+CD4+ T cells were not significan- 
tly different at all time points (Figure 7C). The 
same trend was observed for TDLN (Figure 7E, 
7F). These results indicate that IRE therapy 
might play a pivotal role in the expansion of 
OX40+CD8+ T cells in vivo, which might be 
responsible for the synergic anti-tumor effects 
when anti-OX40 mAb combined with IRE 
therapy.

Discussion 

In this study, we assessed the therapeutic 
capacity and anti-tumor immunity triggered by 
the combination therapy of IRE and anti-OX40 
mAb in a subcutaneous PC mouse model. Our 
results showed that anti-OX40 mAb synergiz- 
ed with IRE elicited a potent anti-tumor effect 
against established tumors, with a cure rate of 
80% in mice bearing unilateral tumors during 
our 120-day observation period, and signifi-
cantly prolonged animal survival and delayed 
distant tumor growth of mice bearing bilateral 
tumors. Also, we demonstrated that CD8+ T 
cells were necessary for the potent antitumor 
efficacy provided by combination therapy in  
our system. Besides, tumor-free cured mice 
capable of rejecting tumor re-challenge, which 
indicated that combination treatment also 
induced an anti-tumor immune memory. By this 
mechanism, IRE significantly up-regulates the 
expression of OX40 on CD8+ T cells, which 
might provide a rationale for combination  
treatment. To our knowledge, this is the first 
preclinical work investigating the effects of IRE 
followed by anti-OX40 mAb combination thera-
py for the treatment of PC. Our finding that IRE 

therapy cooperates with anti-OX40 mAb eradi-
cates primary tumors and significantly delays 
the growth of secondary untreated tumors 
adds to earlier reports proving the usefulness 
of anti-OX40 mAb combined with surgery, che-
motherapy, vaccination, and radiation therapy 
to treat other tumors [22, 40-42]. 

In our study, we observed significantly increas- 
ed CD8+ T cells infiltrating both the primary 
tumors and distant tumors, with the help of 
combination therapy. Consistent with the 
increased level of CD8+ T cells in the TIME, 
these cells also exhibited both functional phe-
notype (IFN-γ+CD8+) and proliferative pheno-
type (ki67+CD8+) in distant tumors. Several 
studies have reported that the agonistic ac- 
tion of OX40 may inhibit the expression of 
Foxp3 and further inhibit the suppressive func-
tion of T-regs, leading to enhanced anti-tumor 
activity [43-45]. However, in our model, the fre-
quency of T-regs in the TIME treated by each 
therapy varied in both primary and distant 
tumors. Moreover, we observed a significant 
reduction in MDSCs within both primary and 
distant tumors treated with combination thera-
py. MDSCs can inhibit the function of T cells 
through diversity mechanisms, and play a vital 
role in tumor metastasis, recurrence, and  
resistance to chemotherapy, immunotherapy, 
and targeted therapy [46]. Furthermore, in 
patients with solid tumors, higher MDSCs infil-
tration is related to poor prognosis [47]. In addi-
tion to the decreased MDSCs infiltration in 
tumors treated with combination therapy, we 
also observed a marked reduction of intra-
tumor IL-10 levels in the distant tumors. 
Furthermore, combination therapy also signifi-
cantly raised the intra-tumoral secretion of 
cytokines, including IL-12p70, IL-2, and, nota-
bly, IFN-γ. These inflammatory phenomena are 
indicative of there might exist of extensive 
immune activation within the TIME. Besides, 
combination therapy significantly elevated 
intra-tumoral secretion of chemokines, includ-
ing CCL-2 and CCL-3, which might play a role in 
promoting T cell and natural killer cell in- 
filtration into the tumor [48]. These findings 
suggest that in addition to straightly promoting 

D. Representative images of IFN-γ spots from the ELISpot assay. E. Quantification of IFN-γ spots from the ELISpot 
assay. N = 5 per group. F. Cytokine levels in serum from mice isolated 18 days after cured mice were rechallenged 
with KPC1199 tumor cells. Cytokines that did not show any significant difference in all groups were not included in 
this figure. n = 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001. IRE, irreversible electroporation.
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Figure 7. Percentages of OX40+ T lymphocytes in spleen and TDLN in mice in the IRE and control groups 24 h, 48 h, 7 days, and 10 days post-IRE, analyzed using 
flow cytometry. A. Representative flow cytometry plots showing OX40+CD8+ T cells in spleen. B and C. Percentages of OX40+CD8+ and OX40+CD4+ T cells in spleen. 
D. Representative flow cytometry plots showing OX40+CD8+ T cells in TDLN. E and F. Percentages of OX40+CD8+ and OX40+CD4+ T cells in TDLN. n = 5 per group. *P 
< 0.05, **P < 0.01. IRE, irreversible electroporation; TDLN, tumor-draining lymph nodes.
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the proliferation of CD8+ T cells in the second-
ary tumor, combination therapy might also 
recruit more immune cells by changing the 
spectrum of cytokines and chemokines in the 
tumor to exert a more powerful anti-tumor 
effect. Additionally, combination therapy led to 
a dramatic increase in the level of IFN-γ in 
serum and the number of IFN-γ-secreting CD8+ 
T cells in the spleen, suggesting that systemat-
ic antitumor immune responses were success-
fully primed.

Our findings in this mouse model are of par- 
ticular importance. Currently, OX40 agonists 
are studied clinically in the treatment of multi-
ple solid tumors, but these studies utilizing 
humanized OX40 antibodies reported ineffi-
cient or limited effects either with therapy  
alone or combined with ICIs [49, 50]. However, 
the use of novel combination therapies, such 
as interventional therapy, may help improve 
anti-tumor efficiency. Despite the expression of 
OX40 in resting CD8+ T cells is not high, our 
data indicate that IRE therapy significantly ele-
vated the expression of OX40 in CD8+ T cells 
both in the spleen and TDLN. However, it is 
unclear why in our model, the upregulation of 
OX40 favored CD8+ over CD4+ T cells after IRE, 
since the expression of OX40 has been report-
ed on both activated CD8+ and CD4+ T cells 
[10]. Furthermore, our data showed that OX40 
was mainly expressed in CD4+ T cells at base-
line, suggesting that CD4+ T cells should be 
responsible for the antitumor efficacy of com- 
bination therapy. However, contrary to our 
expectations, in our system, a T cell depletion 
study indicated that CD8+ T cells were neces-
sary for the antitumor efficacy of combination 
therapy. A possible explanation could be that 
the anti-tumor immune efficiency produced by 
IRE is mainly dependent on CD8+ T cells [51, 
52]. When the OX40 agonist was added, this 
anti-tumor effect produced by IRE was aug-
mented, which might lead to the dispensable 
role of CD4+ T cells in our combination therapy 
system. The exact mechanism by which this 
occurs, however, remains to be determined.

A critical question is how ablation of a local 
tumor by IRE followed by systematic adminis-
tration of anti-OX40 mAb induced a potent anti-
tumor immune response in our model. We pro-
pose the following hypotheses: First, in de- 
stroying tumor cells, IRE can induce tumor 
immunogenic cell death (ICD) and produce 

tumor-associated antigens (TAAs) in situ and 
release different types of damage-associated 
molecular patterns (DAMPs) which can prime 
CD8+ T cells by activating dendritic cells in the 
TDLN. Afterward, the activated tumor-specific 
CD8+ T cells can infiltrate the distant tumor and 
move back to the primary tumor under certain 
conditions. Meanwhile, the immunosuppres-
sive TIME is destroyed by IRE in the primary 
tumor, which might contribute to the expan- 
sion of tumor-specific CD8+ T cells [51, 53]. 
However, without other interventions, the 
immune response induced by IRE alone might 
be weak or not strong enough to inhibit  
metastasis and recurrence in both PC patients 
and tumor cell-bearing mice [53, 54]. Finally, 
anti-OX40 mAb might further augment the 
immune response induced by IRE, eliminate 
residual tumor cells and micrometastasis, and 
generate a long-term anti-tumor immune mem-
ory. To validate these hypotheses, more data 
are needed to determine exact processes that 
happen after combination therapy, and other 
mechanisms of how IRE combined with OX40 
mAb induce this potent anti-tumor immunity 
need to be fully elucidated in the future. 

It should be noted that our research has some 
limitations. First, during IRE therapy, although 
we used adjustable electrodes to encompass 
the tumor, we could not simulate the clinically 
safe ablation margin in the mouse subcutane-
ous tumor model; therefore, the “residual 
tumor” after ablation might not have been  
completely avoided. However, this situation 
exactly simulates the residual microscopic 
tumor that occurs after IRE therapy in a clini- 
cal situation, this might make our research 
more meaningful. Second, subcutaneous tu- 
mor models do not fully recapitulate the com-
plex tumor microenvironment of PC in pati- 
ents, and ongoing research will evaluate the 
efficacy of combination therapy in orthotopic 
pancreatic cancer models. Third, the infiltration 
of tumor-associated macrophages was not 
examined in our study, and whether combina-
tion therapy affects these immune cell compo-
nents requires study in the future. Finally, in  
our study, based on previous studies, we 
designed a preliminary administration regimen 
of anti-OX40 mAb in combination therapy [21, 
22, 42]. However, there might be an optimal 
combination schedule as to when anti-OX40 
mAb should be administered and what doses 
should be given to elicit powerful anti-tumor 
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efficiency. This remains to be determined in a 
subsequent experiment.

In summary, our finding that OX40 agonist syn-
ergizes with IRE against pancreatic tumors in a 
mouse model is novel and implies that combin-
ing IRE with OX40 agonist might be a potentially 
helpful scheme for treating pancreatic cancer 
clinically. Our data also offer a basis for further 
study of the mechanism of this therapeutic 
strategy.
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Table S1. Antibodies used for flow cytometry
Antibody Fluorochrome Company Clone Catalogue number
CD8a PerCP-Cy5.5 BD Pharmingen 53-6.7 551162
CD4 FITC 100 ug BD Pharmingen RM4-5 553046
Gr-1 BV510 BD Pharmingen RB6-8C5 563040
CD25 BV786 BD Pharmingen 3C7 564368
CD11b BV650 BD Pharmingen M1/70 563402
IFN-γ Alexa Fluor 700 BD Pharmingen XMG1.2 557998
CD3e BV510 BD Pharmingen 145-2C11 563024
CD44 BV711 BD Pharmingen IM7 563971
CD62L BV421 BD Pharmingen MEL-14 562910
CD45 V450 BD Pharmingen 30-F11 560501
CD45 FITC BD Pharmingen D058-1283 557803
Ki-67 PE/Cy7 eBioscience SolA15 25-5698-82
FOXP3 PE eBioscience FJK-16s 12-5773-82
CD134/OX40 PE/Cy7 eBioscience OX-86 25-1341-82


