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ORIGINAL RESEARCH

Irreversible electroporation ablation overcomes tumor-associated immunosuppression 
to improve the efficacy of DC vaccination in a mice model of pancreatic cancer
Jia Yanga, Aydin Eresena, Junjie Shangguana, Quanhong Maa, Vahid Yaghmaia,b, and Zhuoli Zhanga,b,c

aDepartment of Radiology, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA; bDepartment of Radiological Sciences, School of 
Medicine, University of California, Irvine, CA, USA; cChao Family Comprehensive Cancer Center, University of California, Irvine, CA, USA

ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) is associated with highly immunosuppressive tumor micro
environment (TME) that can limit the efficacy of dendritic cell (DC) vaccine immunotherapy. Irreversible 
electroporation (IRE) is a local ablation approach. Herein, we test the hypothesis that IRE ablation can 
overcome TME immunosuppression to improve the efficacy of DC vaccination using KrasLSL-G12D- 
p53LSL-R172H-Pdx-1-Cre (KPC) orthotopic mouse model of PDAC. The median survival for mice treated 
with the combined IRE and DC vaccination was 77 days compared with sham control (35 days), DC 
vaccination (49 days), and IRE (44 days) groups (P = .006). Thirty-six percent of the mice treated with 
combination IRE and DC vaccination were still survival at the end of the study period (90 days) without 
visible tumor. The changes of tumor apparent diffusion coefficient (ΔADC) were higher in mice treated 
with combination IRE and DC vaccination than that of other groups (all P < .001); tumor ΔADC value 
positively correlated with tumor fibrosis fraction (R = 0.707, P < .001). IRE induced immunogenic cell death 
and alleviation of immunosuppressive components in PDAC TME when combined with DC vaccination, 
including increased tumor infiltration of CD8+ T cells and Granzyme B+ cells (P = .001, and P = .007, 
respectively). Our data show that IRE ablation can overcome TME immunosuppression to improve the 
efficacy of DC vaccination in PDAC. Combination IRE ablation and DC vaccination may enhance ther
apeutic efficacy for PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most 
aggressive neoplastic diseases with no effective treatment and 
with one of the lowest survival rates of any cancer.1 As PDAC 
is mostly diagnosed at advanced stages, only 20% of the 
patients have resectable tumors and 60% of the patients who 
undergo surgical resection subsequently relapse.2 This high
lights the urgent need for the development of novel therapeu
tic approaches such as immunotherapy in PDAC.

Immunotherapy regulates the patient’s immune response to 
tumor-associated antigens (TAAs), eliminates cancer cells by redu
cing patient tolerance to TAAs and inducing endogenous antitumor 
immunity, and provides long-term protection against cancer. 
Dendritic cell (DC) based therapy is a potent immunotherapeutic 
approach,3,4 which has been recently used in clinical trials for 
various cancers, including PDAC. However, to date, DC immu
notherapy has only provided limited clinical benefit in PDAC 
patients due to the particularly immunosuppressive tumor micro
environment (TME) which restricts the infiltration and function of 
T cells.

Irreversible electroporation (IRE) ablation is a nonthermal tech
nique that involves targeted delivery of short pulses of strong electric 
fields to induce tissue death by means of cell membrane 
permeabilization.5 Recently, IRE has been used for the local ablation 
of advanced/unresectable PDAC in both preclinical and clinical 
settings.6–9 Several studies have demonstrated that IRE induces 

a powerful antitumor immune response that leads to tumor regres
sion via destruction of TME, induction of tumor cell apoptosis, and 
activation of antigen-presenting cells.10,11 Recent studies demon
strated that IRE ablation increases the total population of NK1.1 
cells, CD8+ T cells, CD11c+ DCs, and F4/80+ inflammatory mono
cyte cells in both blood and tumor of PDAC mouse models and 
showed that IRE invokes a systemic immune response.12–14 IRE also 
destroys tumor fibrosis resulting tumor tissue permeability12–14 

which facilitates the migration of activated cytotoxic 
T lymphocytes to migrate into tumor tissue for immunotherapy. 
Therefore, both primary tumor ablation and systemic antitumor 
immune response induced by IRE ablation may overcome the 
immunosuppressive TME associated with DC-vaccine therapy. 
However, the potential for combining IRE with DC vaccination 
remains undefined.

Magnetic resonance imaging (MRI) is one of the most 
important tools for noninvasively monitoring pancreatic 
tumor burden for both disease progression and treatment 
response.15,16 Diffusion-weighted MRI (DW-MRI) has showed 
to be very sensitive for the detection of tissue damage and cell 
death induced by IRE.17 The purpose of this study was to 
evaluate whether 1) IRE ablation overcomes TME immuno
suppression to improve the efficacy of DC vaccination and 2) 
DW-MRI biomarker, apparent diffusion coefficient (ADC), has 
a potential to capture tumor histological changes after IRE 
ablation.
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Results

In vivo antitumor effect of IRE in combination with DC 
vaccine in pancreatic cancer

We first examined the antitumor efficacy of DC vaccination 
and IRE in the KPC mice model. The experimental set up, 
MRI scanning and treatment schedule are depicted 
in Figure 1(a). We observed a median survival of 35 days 
for untreated control group, 49 days for DC vaccination 
group, and 44 days for mice treated with IRE. Nevertheless, 
the median survival time for mice treated with the com
bined IRE with DC vaccination was 77 days, which is 
significantly improved than those in the other groups 
(P < .01, log-rank test). Meanwhile, five of the eleven 
(36%) mice in the combined IRE with DC vaccination 
group were still alive at the end of the study period 
(90 days) without visible tumor (Figure 1(b)).

In vitro cytotoxicity assays of IRE in KPC cells

Next, we investigated the cell death mode induced by IRE 
in KPC cells by in vitro study. Compared to the untreated 
cells, IRE-treated KPC cells were significantly increased in 
the Annexin V+/PI+ cells (Figure 2(a)). In addition, the 
cell viability was less than 1% when high voltage (1000 V) 

was applied, suggesting a rapid induction of late apoptosis 
and necrosis. We also analyzed the level of adenosine 
triphosphate (ATP), one of the validated the pathogen- 
associated molecular patterns, in supernatants of IRE- 
treated cells. IRE at 500 V and 1000 V caused a signifi
cantly increased level of extracellular ATP in the KPC cells 
(Figure 2(b)). In contrast, pulse at a high voltage of KPC 
cells showed no significant increase in the concentration 
of ATP, which may be due to most of the cells were 
rapidly dying.

In vivo effects of the combination of IRE and DC 
vaccination on tumor necrosis and apoptosis

All mice were euthanized after the last MRI examination for 
histologic examinations. We observed higher percentages of 
the necrotic area in the treated tumors, particularly treated 
with IRE with DC vaccination, compared with untreated 
tumors in H&E stained slices (Figure 3(a)). Therefore, by 
combining IRE with DC vaccines, an additive effect was evoked 
that enhanced the KPC tumor ablation area. Meanwhile, KPC 
tumor samples underwent CK19 staining to assess the ductal 
marker expression after different treatments. As shown in 
Figure 3(b) and Figure 3(d), no significant changes of the 
CK19 positive ductal area were observed between different 

Figure 1. KPC mice survival after treatment with IRE and/or DC vaccines. (a), Treatment schedule. C57BL/6 mice bearing orthotopic KPC tumors were enrolled for 
treatment one week after the tumor cells inoculation. Sham surgery was performed on both control and DC vaccination treatment groups. (b), Kaplan–Meier survival 
analysis of mice with KPC tumors treated with sham control (n = 8), IRE (n = 9), DC vaccine (n = 8), or IRE + DC vaccine (n = 11). P = .006, log-rank test.

Figure 2. In vitro analyses of IRE-treated KPC cells. (a), Annexin V-FITC/PI staining of KPC cells. Cells were suspended in phosphate-buffered saline (PBS) and 
electroporated in a cuvette with a 4-mm gap. The parameters for electroporation were voltage = 500 or 1000 V, pulse duration = 100 μs, pulse repetition 
frequency = 1 Hz, number of pulses = 20. Cells were stained and analyzed within 30 min of treatment. (b), ATP concentrations in cell supernatants of untreated 
control, 500 V, and 1000 V groups. Data are presented as mean ± standard error of mean (SEM), n = 5. ** P = .009.
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groups. Additionally, the induction of apoptosis after treat
ment was assessed by cleaved caspase 3 immunostaining 
which was not significantly different between groups (Figure 
3(c) and Figure 3(e)).

MRI of KPC tumor

We monitored the tumor growth after different treatments with 
another 20 KPC tumor-bearing mice (5 mice per group) in 
a separate study by MRI. Representative T2W images of pan
creatic tumors at different time points are shown from the same 
mouse in Figure 4(a). All pancreatic tumors were detectable on 
MRI by 1-week post-tumor inoculation regardless of the treat
ment approach and were increased in size with time. There was 
no statistically significant difference in the tumor growth rate 
between different groups in the first 3 weeks (all P > .05).

The mean baseline ADC values among all the KPC tumors 
were 0.74 × 10-3 mm2/s ± 0.024 for control group, 0.78 × 10-3 

mm2/s ± 0.078 for DC vaccine group, 0.71 × 10-3 mm2/ 
s ± 0.017 for IRE treatment group, and 0.73 × 10-3 mm2/ 
s ± 0.045 for combination treatment group (Figure 4(b) and 
Figure 4(c)). After treatment, IRE-treated and combined IRE 
with DC vaccination treated tumor showed increased ADC 
values (Figure 4(b)). There was no statistical difference in 
ADC values between different groups at different time points 
(P = .21; Figure 4(c)). Although ΔADC3w in combined IRE 
with DC vaccination was higher than other groups, this did not 
reach statistical significance (P = .075, data not shown). 
However, ΔADC2w was significantly higher in combined IRE 
with DC vaccination treated tumors than in control tumors 
(P < .001; Figure 4(d)). Meanwhile, we evaluated the fraction of 
fibrotic area per pancreas based on trichrome staining. There 

Figure 3. Comparison of tissue sections with H&E staining in (a), CK19 staining in (b), and cleaved caspase 3 staining in (c), three weeks after tumor inoculation in 
different groups. Scale bars in A represent 1.5 mm. Scale bars in (b)and (c)represent 100 μm. Relative quantification of CK19+ area (d) and cleaved caspase 3+ cells (e) in 
KPC tumors for each group. Data are presented as mean ± SEM, n = 5.
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was no significant difference in collagen deposition in different 
groups at 3 weeks (Figure 5(a-d)) assessed by trichrome stain
ing. Remarkably, fibrosis area statistically significantly asso
ciated with ΔADC2w (R = 0.707, P < .001) (Figure 5(e)) and 
ΔADC3w (R = 0.474, P = .047) (Figure 5 (f)).

Intratumor immune responses of the combination of IRE 
and DC vaccination in KPC tumor

We examined the calreticulin (CRT), one of the hallmarks of 
immunogenic cell death, in the KPC tumor (Figure 6(a)). The 
CRT expression, shown as integrated optical density (IOD), was 

Figure 4. T2W images, diffusion-weighted images and analyses. (a), Representative T2W images of a KPC tumor-bearing mouse from each group in a separate study. 
MRI slices with the largest tumor cross-section are presented to show tumor size at each time point. Red contour denotes area of pancreatic tumor. (b), Representative 
ADC pseudocolor maps of the tumor overlaid onto a T2W image from KPC mice in different groups are shown. (c), Changes in ADC values (ΔADC2w) of KPC tumor in 
different groups at different time points. data are presented as mean ± SEM, n = 5. (d), Box plot shows a statistically significant difference in ΔADC between combination 
IRE with DC vaccine group and control KPC tumors. ***P < .001.

Figure 5. Trichrome staining and quantitative measurement of the fraction of fibrotic area. Representative images of trichrome staining of, (a), control, (b), DC vaccine, 
(c), IRE treatment, and (d), combination IRE and DC vaccine treatment three weeks after tumor inoculation. Scale bars represent 100 μm. (e), Linear correlation analyses 
between ΔADC2w values and histology measurement of fibrosis area. R = 0.707, P < .001. (f), Linear correlation analyses between ΔADC3w values and histology 
measurement of fibrosis area. R = 0.474, P = .047.
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upregulated in both IRE treated and combination-treated KPC 
tumors (Figure 6(d)). Next, we evaluated intratumor infiltrating 
CD8+ T cells in the KPC tumor (Figure 6(b)). Our results showed 
that the mean number of CD8+ T cells was higher in the group 
treated with combination of IRE and DC vaccination than other 
groups (P = .001) (Figure 6(e)). Meanwhile, we assessed the expres
sion of GrB, a granule enzyme expressed by cytotoxic lymphocytes, 
in the KPC tumors (Figure 6(c)). The mean number of GrB positive 
cells was significantly higher in combination of IRE and DC vacci
nation group than control groups (P = .007) (figure 6(f)).

Discussion

Our study showed that PDAC IRE ablation alters TME. DW-MRI 
can capture the changes of tumor fibrosis after IRE ablation. The 
combined IRE and DC vaccination significantly prolonged the 
overall survival of immunocompetent mice bearing KPC tumor. 
The median survival time of KPC tumor-bearing mice for the 
combined IRE with DC vaccines was 70 days after the initiation of 

treatment. Moreover, there was a statistically significant difference 
in the reduction of tumor ADC after the IRE treatment, particularly 
when combined with the DC vaccines. Furthermore, a strong cor
relation was observed between the change in tumor ADC and the 
fibrosis area.

PDAC represents an immune quiescent, so-called “cold” 
tumor that is particularly poorly infiltrated by CD8+ T cells 
and thus, is not sensitive to single agent immunotherapy. IRE 
has remarkable potential for the treatment of advanced 
PDAC.18–21 Additionally, IRE procedures inherently induce 
a release of immunostimulatory cytokines due to nanopore for
mation. Previous studies have shown that IRE mediates antitu
mor response to overcome the immunosuppression by 
modifying TME.12,14,22 In this study, we combined IRE ablation 
and DC vaccination to overcome tumor immunosuppression of 
PDAC. Remarkably, 36% of the mice in combination IRE with 
DC vaccination group showed tumor eradication. Previous stu
dies reported that IRE can induce the immunogenic cell death of 
tumor cells by releasing ATP that can regulate the 

Figure 6. Intratumor immune responses of the combination of IRE and DC vaccination in KPC tumor. Representative images of tumor CRT (a), CD8 (b), and GrB (c) 
immunostaining after application of different treatments. Scale bars represent 40 μm. Relative quantification of CRT IOD (d), CD8+ (e) cells and GrB+ (f) in KPC tumors for 
each group. Data are presented as mean ± SEM, n = 5. *P < .05, ** P < .01.
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immunogenicity of tumor.23,24 Our results also showed that the 
CRT expression was upregulated in both IRE treated and com
bination-treated KPC tumors, which further supported that IRE 
induces immunogenic cell death in vivo. Zhao et al. showed that 
IRE treatment boosts the treatment effect of anti-PD1 immu
notherapy in KRAS* PDAC tumor by alleviating stroma- 
induced immunosuppression.24 Our in vivo study showed that 
the immunosuppressive TME was modulated by IRE or DC 
vaccines, and more significantly modulated by IRE with DC 
vaccination, which was demonstrated by increased expression 
of CD8+ T and GrB+ cells in PDAC tumors. However, IRE 
ablation induced obviously increased necrosis size while did not 
change the stroma fibrosis formation in our study, which can be 
explained by the robustly basic steps of the “wound healing” 
process after IRE.25

DW-MRI is very sensitive to cell death and tissue damage, 
particularly during targeted ablation therapies.26–28 The ADC 
map generated from DW-MRI reflects molecular diffusion of 
water within tissue. Vroomen et al. reported a tumor ADC 
increase for the first 24 hours after tumor IRE ablation, fol
lowed by a decrease below the pre-treatment values 2 weeks 
later, and then a return to pre-treatment values as early as 
6 weeks later.7 We also found a transient significant increase 
of the mean ADC in KPC tumors treated with IRE ablation, 
particularly combined with the DC vaccination, 1 week after 
the procedure, and then slightly decrease above the pre- 
treatment values. Kurosawa et al. reported that mean ADC 
could correlate with tumor fibrosis and cellularity in pancreatic 
cancer.29 They also demonstrated that ADC values have the 
potential to serve as a prognostic marker for patients with 
resected pancreatic cancer. Wang et al. evaluated the mean 
ADC in PDAC with different stages and reported that 
PDACs containing dense fibrosis have significantly lower 
ADC compared to those containing loose fibrosis.30 

Additionally, the change of pre- and post-treatment average 
ADC values was found to have significant correlation with 
pathological response in PDAC patients following neoadjuvant 
chemoradiation treatment.31 Our results found that the 
ΔADC2w showed superior linear correlation with histology 
measurement of fibrosis area when compare with ΔADC3w. 
To our knowledge, this is the first study that demonstrated that 
the changes of ADC were strongly correlated with the tumor 
fibrosis area in PDAC following IRE treatment, which sug
gested that ADC can be used to early assess treatment response 
for PDAC.

One limitation of this study was the relatively small 
sample size in each group for in vivo MRI. However, pre
vious studies demonstrated ADC function in IRE tumor 
ablation and DC vaccination, respectively.13,32–34 Another 
limitation was that MRI approaches utilized in this study 
do not directly describe the effects on tumor cell membrane 
integrity. Functional MRI techniques to detect tumor cell 
membrane permeability are needed in this area to further 
study the effect of combination therapy on tumor cells. In 
this study, there are no statistically significant differences in 
tumor growth rate in the first 3 weeks. The tumor volume 
may not change due to the pseudoprogression during the 
immune-related treatment. Additional long-term time 
points for MRI acquisition may provide improved 

information about tumor volume changes after treatment. 
Furthermore, combination IRE with DC vaccination has 
not been tested for treatment PDAC in both preclinical 
and clinical settings. Further investigations are warranted 
to refine our results and to undertake the complex signaling 
mechanism after IRE as well as the interactions among 
fibrosis, immune cells, and tumor progression.

In conclusion, we found that the ADC values could be used 
to early assess treatment response for PDAC. We also demon
strated that IRE ablation overcomes tumor-associated immu
nosuppression to improve the efficacy of DC vaccination by 
combining it with DC vaccination. Our findings provide 
a strong rationale for further exploratory testing of combina
tion IRE and DC vaccination in patients with PDAC.

Methods

Cell lines

KPC cells were derived from a transgenic spontaneous tumor in 
a 6-month-old KPC mouse and used for growing orthotopic 
tumors in mice and the cellular studies. Cells were cultured on 
collagen-coated plastic for <12 passages as previously described.32

Generation of mature DCs

DCs were derived from bone marrow progenitor cells as 
described.32 Briefly, 6–8 weeks old C57BL/6 female mice were 
used for the generation of DCs. The bone marrow cells were 
harvested from the femurs. Then, the cells were cultured in 
complete RPMI1640 containing mouse recombinant IL-4 
(1 ng/ml) and GM-CSF (10 ng/ml) (both Invivogen, San 
Diego, CA) for 8 days in a petri dish. On day 8, immature 
DCs were harvested by collecting non-adherent cells and then 
immediately pulsed by incubation with KPC tumor cell lysates 
in the presence of 100 ng/ml IFN-γ and 250 ng/ml LPS – E. coli 
0111:B4 (both from Invivogen, San Diego, CA). KPC lysates 
were generated by collecting and resuspending KPC tumor 
cells at 1 × 106 cells/ml in PBS, followed by irradiation with 
UV for 20 minutes (0.75 J/cm2) and 24 h incubation.

Orthotopic KPC tumor implantation

All the mice experiments were performed following the proto
cols approved by our Institutional Animal Care and Use 
Committee. 8–10 weeks old C57BL/6 female mice (Charles 
River, Wilmington, MA) were used for establishing orthotopic 
PDAC models. 5 × 104 viable KPC cells (<12 passages) sus
pended in a 3:1 PBS to Matrigel (Sigma-Aldrich, St Louis, MO) 
solution were directly injected into the pancreas for orthotopic 
tumor induction. Mice were randomly assigned into different 
groups at 4–5 days following tumor inoculation.

Tumor IRE ablation

For the in vitro studies, KPC cells were washed and trypsinized, 
then resuspended in PBS at 2 × 106 cells/ml. Then, the cells 
were transferred to a cuvette (Cat#FB104, Thermo Fisher 
Scientific, Waltham, MA) for electroporation. The cells were 
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subjected to electroporation with the following parameters, 500 
or 1000 V, 1 Hz of pulse repetition frequency, 100 μs pulse 
duration, and 20 pulses at room temperature. The cell suspen
sion was centrifuged at 4°C, 300 g for 5 min. Supernatants were 
collected for ATP measurement immediately. The cell pellets 
were then re-suspended in Annexin V binding buffer and 
subsequently stained with Annexin V/PI (Cat# 640914, 
BioLegend, San Diego, CA). The cell suspension was then 
analyzed by flow cytometry (FACSCalibur; BD Biosciences, 
San Jose, CA). The data were collected and analyzed using 
the FlowJo software (TreeStar Inc, Ashland, OR).

The experimental procedure for KPC tumor ablation was 
conducted as described previously.35 In brief, IRE was con
ducted by using the BTX Harvard Apparatus electroporation 
function generator (ECM830, Holliston, MA). For in vivo IRE 
experiments, KPC tumor-bearing mice were anesthetized by 
inhalation of isoflurane (1–2% in oxygen, 2 L/min). IRE was 
performed using a BTX Harvard Apparatus Platinum 
Tweezertrode, 7 mm diameter (BTX item #45-0488, 
Holliston, MA). The Tweezertrode was clipped the center of 
exposed pancreatic cancer nodule along the largest long axis. 
The electroporation parameters were as follows: 1000 V, 1 Hz 
of pulse repetition frequency, 100 μs of pulse duration, and 99 
pulses. Then, the incision was closed.

Monitoring of tumor growth and therapeutic effects

The experimental setup, MRI scanning and treatment sche
dule are depicted in Figure 1(a). Orthotopic KPC mice were 
enrolled after 7 days of tumor inoculation. Tumor IRE 
ablation was performed on day 8 after tumor inoculation. 
3 × 106 DC vaccination was intraperitoneally delivered on 
day  1, 8, and 15 after enrollment. Thirty-six KPC tumor- 
bearing mice were used for evaluation of the overall survi
val. Survival events were recorded when mice displayed 
>15% loss of total body weight, >1.8 cm tumor diameter, 
decreased mobility, or per absolute survival event. All mice 
enrolled in this study were regularly weighed and moni
tored for signs of pain and stress.

For MRI study, 20 KPC-tumor-bearing mice were equally 
assigned into four groups for different treatments and were 
euthanized after the last MRI examination to collect tissue for 
histology. MRI was performed weekly for three times. Mice were 
anesthetized by inhalation of isoflurane (1–2% in oxygen, 2 L/ 
min). Experiments were performed with a Bruker 7.0 T MRI 
scanner with a commercial mouse coil (ClinScan, Bruker 
Biospin). The pancreas was localized using coronal and axial 
T2W images (Turbo Spin Echo (TSE); slice thickness (ST): 
1.0 mm; Repetition time (TR): 1600 m; Echo time (TE): 37 ms; 
flip angle (FA): 180º; 1600 ms; field of view (FOV): 36 × 28 mm2). 
The MRI sequences and parameters were as follows: (a) axial T2- 
weighted imaging: TSE; TR: 2100 ms; ST: 0.5 mm; TE: 40 ms; FA: 
180º; FOV: 21 × 30 mm2; (b) coronal T2W imaging: TSE; TR: 
2100 ms; ST: 0.5 mm; TE: 40 ms; FA: 180; FOV: 40 × 30 mm2; (c) 
axial diffusion-weighted imaging (DW-MRI): Echo Planar 
Imaging; TR: 2700 ms; ST: 1 mm; TE: 40 ms; FA: 90º; FOV: 
24 × 30 mm2; b value = 0, and 800 s/mm2. ITK-SNAP 3.6 
(http://www.itksnap.org/pmwiki/pmwiki.php) was used to 

calculate tumor volumes of the segmented structures. MATLAB 
R2018a (Mathworks, Natick, MA) and ImageJ 1.52a (http://ima 
gej.nih.gov/ij) were used for additional image processing and 
ADC calculations. The changes of tumor ADC (ΔADC) were 
determined according to the equation: ΔADCNw = ADCNw – 
ADC1w, where ADC1w and ADCNw are tumor mean ADC calcu
lated at 1 week and N weeks post-tumor inoculation, respectively.

Histology analysis

Pancreatic tumor tissues were fixed in 10% formalin for histologic 
analysis. Sections of 5 μm were selected for Masson’s Trichrome 
and H&E stains according to the manufacturer’s instructions. For 
immunohistochemistry, 5 μm-thick slides were deparaffinized in 
xylene and then rehydrated in ethanol. Subsequently, sections 
were pretreated to antigen retrieval in Citra antigen retrieval solu
tion (Vector, Burlingame, CA) by steam heating. Then, the tissue 
slides were incubated in blocking buffer (2.5% BSA, 5% goat serum 
in 1× PBS) for 1 h at room temperature, and thereafter, sections 
were stained overnight at 4°C with anti-mouse CK19 (kindly 
provided by the Developmental Studies Hybridoma Bank), rabbit 
anti-Granzyme B (GrB) antibody (Cat#ab4059, Abcam, 
Cambridge, MA), and rat monoclonal anti-mouse CD8 (Cat#14- 
0808-82, Invitrogen, Waltham, MA), rabbit anti-Calreticulin anti
body (Cat#ab2907, Abcam, Cambridge, MA), and rabbit mono
clonal anti-mouse cleaved caspase 3 (Cat#9664 Cell signaling, 
Danvers, MA). Immunostaining was developed by using 3,3ʹ- 
diaminobenzidine (DAB) kit (Vector, Burlingame, CA). All 
stained slides were scanned on TissueFAXS system. Image analysis 
and quantification were performed using ImageJ software. We 
performed scoring in a blinded manner to remove observer bias 
and analyzed a minimum of four random fields under 200x power 
magnification for five specimens for each parameter.

Statistical analysis

Data are reported as mean and SEM. The replicate in vitro 
experiments and number of mice is depicted in each figure 
legend. Statistical significance was either assessed via a one-way 
ANOVA with Bonferroni post test or unpaired two-tailed 
Student’s t-test. The overall survival was analyzed using the 
Kaplan-Meier method, and survival difference was assessed 
using log-rank test. P < .05 was considered significant. 
Statistical analysis was performed using GraphPad Prism soft
ware version 8.0 (La Jolla, CA, USA).
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