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ABSTRACT

Irreversible electroporation (IRE) is an effective method for treating pancreatic ductal adenocarcinoma
(PDAQ). It remains unclear whether IRE can induce a specific immune response by stimulating macro-
phages. Here, the associated markers of macrophages were analyzed after exposure to tumor culture
supernatant (TSN) of tumor cells treated with electroporation. Subcutaneous and orthotopic PDAC
models were also used to evaluate the effect of macrophage polarization induced by IRE. Aside from its
direct killing effect, IRE could induce the immunogenic cell death of tumor cells by increasing the
synthesis and secretion of damage associated molecular patterns. Moreover, IRE could increase the
release of HMGB1, which activates the MAPK-p38 pathway and leads to the increased expression of M1
markers in macrophages, through binding to the receptor of the advanced glycation end-product (RAGE)
receptor. M1 polarization was inhibited by the inhibitors of HMGB1 release, the RAGE receptor, and the
MAPK-p38 signaling pathway, but it was activated by rHMGB1 or the stimulator of MAPK-p38. In addition,
the promotion of M1 macrophage polarization was enhanced by the positive-feedback release or
expression of HMGB1 and RAGE through the MAPK-ERK pathway in macrophages. The promotion of
M1 macrophage polarization induced by IRE provided a specific rationale for the combination of IRE and
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immune therapy in treating PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth lead-
ing cause of cancer-specific death in the world." The highly
immune-suppressive microenvironment of PDAC, which is
characterized by the enrichment of fibrotic stroma and the
infiltration of suppressive immune cells, further limits the
efficacy of treatments, such as immune checkpoint blockade
or immunotherapy.” Tumor-associated macrophages (TAMs)
play an important role in the development and progression of
PDAC.’ In response to different stimuli, TAMs can be polar-
ized and differentiated into classically activated M1 or alterna-
tively activated M2 status.* M1 macrophages play a critical role
in tumor suppression by upregulating the expression of proin-
flammatory mediators and inducing an inflammatory state.
Conversely, M2 macrophages contribute to the progression of
the disease through the secretion of anti-inflammatory
cytokines.” Macrophages polarize to M2-type and exhibit dis-
tinct tumor-promoting activities after interacting with tumor
cells, and other components within the tumor
microenvironment.® The expansion of the M2 macrophage is
another mechanism through which a desmoplastic stroma is
formed, 7 promoting the immune escape of tumors. Higher
levels of M2-macrophages have been clinically correlated with

PDAC malignancy.® Reprogramming the polarization of
TAMs from immune-suppressive to immunogenic phenotypes
may provide new insights into the field of immune therapy in
PDAC.’

As one of the most lethal and challenging malignancies,
PDAC has a dismal prognosis with a 5-year survival rate of
only 8%." Surgical resection remains the only curative modality
for patients with PC. However, most patients were diagnosed at
advanced stages and the surgical resection rate was only 20%."°
This is because 40% of PDAC patients were diagnosed of
diseases major vascular involvement and another 40% were
present with distant metastases.'" For those with vascular
involvement, which is also known as locally advanced pancrea-
tic cancer (LAPC), chemotherapy is the recommended therapy,
although it can only provide limited benefit for these patients."
Recently, irreversible electroporation (IRE) has emerged as
a newly developed non-thermal ablative technology that pro-
duces an extremely high electric field across cells, inducing cell
membrane disruption and tumor cell death."® Furthermore,
IRE has shown to be an effective method for the treatment of
PDAC with promising survival results.">”"* The non-thermal
ablative characteristic of IRE ensures that the clinical effect is
free of the heat-sink effect and leaves supporting tissue largely
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unaffected.’® Tt has become clear that antitumor therapy is
more successful when it can kill tumor cells directly and
simultaneously induce an immunogenic form of cell death.'”'®
Immunogenic cell death (ICD), which is characterized by the
regulated secretion of damage-associated molecular patterns
(DAMPs), mainly including high mobility group Bl
(HMGB1), calreticulin, and heat shock protein (HSP), suggests
the activation of an immune response specific for cancer cells.-
1229 previous studies have shown that IRE could prime or
boost tumor-specific immunity.*' >* We hypothesize that the
molecules released from the dying cells following IRE contri-
bute to the activation of antigen-presenting cells and induce
anti-tumor immune responses. However, the alterations of
major infiltrated cells, especially macrophages, which consti-
tute the most important component of the tumor microenvir-
onment (TME), have not been evaluated. In the present study,
we aim to illustrate that IRE enhances the specific anti-tumor
immune response through promoting M1 TAM polarization in
PDAC.

Results
The direct killing effect of IRE on pancreatic cancer cells

To assess the efficacy of IRE on pancreatic cancer, tumor cell
suspensions were exposed to electric fields with different field
strengths, including 500 V/cm, 750 V/cm, 1000 V/cm, 1250 V/
cm, and 1500 V/cm. The electric pulse numbers were set to 8,
16, and 24. The parameters for electroporation were as follows:
pulse duration = 100 ps, pulse repetition frequency = 1 Hz. To
detect cell viability, a CCK8 analysis was applied immediately
following electroporation at each field strength level (Figure
Sla). As the electric field strengths and pulse numbers
increased, tumor «cell viability decreased gradually. At
1500 V/cm, cell viability decreased by more than 98% com-
pared to the control group after treatment. It was also demon-
strated that the proportions of late apoptosis increased
dramatically along with the increasing electric field strengths
(Figure S1b). Additionally, although the ratios of irreversible
perforation decreased with time under an electric field strength
of 750 V/cm, they almost remained unaltered when the electric
field strength was as high as 1500 V/cm (Figure Slc).

We further evaluated the antitumor efficacy of IRE in the
orthotopic and subcutaneous pancreatic cancer models. The
median length of survival was 20 days for mice in the untreated
control group and sham-operation group while mice with ortho-
topic tumors in the IRE group achieved a significantly longer
median survival of more than 40 days (p< .05). Furthermore,
tumor sizes at one week after treatment in the IRE group were
significantly smaller than those in the untreated and sham-
operation groups (p< .01). Similar results were also obtained in
the subcutaneous pancreatic cancer model (Figure S1d).

IRE induces ICD of tumor cells

To explore whether IRE induces ICD that can be exploited in
immunotherapy, we assessed changes in the markers of ICD.
IRE resulted in the increased expression of HMGB1, HSP70,
and calreticulin, with increasing levels of electric field strength

(Figure (1a, b, ¢)). Additionally, using FC analysis, it was
shown that the quantification of surface exposed HMGBI,
HSP70, and calreticulin of tumor cells after electroporation
was elevated in an electric field strength-dependent manner
(Figure 1d). Moreover, the translocation from the nucleus to
the cytoplasm and the release of HMGBI were also observed
in vivo. The expression of HMGB1, HSP70, and calreticulin
increased significantly after IRE (Figure (1e, f)).

The effect of TSN on macrophage polarization

Additionally, tumor culture supernatant (TSN) of tumor cells
treated with electric fields with different field strengths was
added to the culture of PMA-stimulated THP-1 or
RAW264.7 cells. The mRNA analysis demonstrated that
TNF-a, CCL2, and IL-1f3 mRNA levels were significantly up-
regulated in an electric field strength-dependent manner
(Figure 2a). Furthermore, expressions of the markers of M1
polarization of macrophages, including HLA-DR or CD16/
322>2% on the cell surface of THP-1 or RAW264.7, showed an
electric field strength-dependent increase, while CD163 or
CD206 were expressed to a lesser degree than control cells
with TSN stimulation (Figure 2b, Figure S2a and b). Apart
from the changes to the phenotypic characteristics of macro-
phages, the TSN of tumor cells treated with electroporation
also induced dramatic changes in cell morphology. The expo-
sure to TSN for 3 days also caused cells to spread and flatten
into a round, pancake-like shape, *” suggesting the M1 polar-
ization of macrophages (Figure S2c).

We then explored immune cells in the orthotopic and sub-
cutaneous pancreatic cancer models 7 days after IRE treat-
ments. The number of representative macrophages per gram
of tumor tissue was presented in Figure (2¢, 2d). There were
significantly higher frequencies of total infiltrated M1 macro-
phages within the tumor and regional lymph node in the IRE
groups as compared to the control group (Figure (2(e, f)) and
Figure S2e). There were no significant differences in the fre-
quencies of M2 macrophages within the regional lymph node
between the IRE and control groups. Additionally, a decreased
infiltration of M2 macrophages after IRE was observed in the
tumor and spleen tissue (Figure 2f and Figure S2f).

The effect of HMGB1 on macrophage polarization

Recombinant HMGB1 (rHMGB1) was added to the culture of
PMA-stimulated THP-1 and RAW264.7 cells. It was shown
that the levels of HLA-DR on macrophage surface were
increased in an rHMGBI’s dose-dependent manner
(Figure 3a). Most significantly, HLA-DR expression increased
by over 10-fold following exposure to rHMGB1 with
a concentration of 0.6ug/ml, compared to that of the control
group. Furthermore, rHMGB1-induced morphology changed
from a rod-like to a round shape, which also suggested the
maturation of M1-polarized macrophages (Figure 3b).

To further substantiate the effect of HMGB1 on the polar-
ization of macrophages, an inhibitor of HMGBI, Glycyrrhizic
Acid (Gly; T2741, TargetMol, USA), was used in the subse-
quent experiments. Gly significantly inhibited the synthesis
and secretion of HMGBI (Figure S3a and b) and significantly
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Figure 1. IRE induces ICD of tumor cells. (a) The expression of intracellular DAMPs of Panc-1 at 24 hours after tumor cells being treated with electric fields with different
field strengths. (b) The expression of intracellular DAMPs of Bxpc-3 at 24 hours after tumor cells being treated with electric fields with different field strengths. The
expression of HMGB1, HSP70, and calreticulin increased significantly along with the increasing strength of electroporation. (c) The analysis of released HMGB1 in TSN of
tumor cells at 24 hours after tumor cells being treated with electric fields with different field strengths by ELISA. The levels of secreted HMGB1 in TSN of Panc-1, Bxpc-3,
and Panc02 increased significantly along with the increasing strength of electroporation. (d) The quantification of surface exposed HMGB1, HSP70, and calreticulin of
tumor cells after electroporation using flow cytometry. It was shown that the quantification of surface exposed HMGB1, HSP70, and calreticulin of tumor cells after
electroporation was elevated in an electric field strength-dependent manner. (e) The increased expression of intracellular DAMPs of tumor cells treated with IRE in
orthotopic and subcutaneous pancreatic cancer models (IHC). (f) The increased expression of intracellular DAMPs of tumor cells treated with IRE in orthotopic and
subcutaneous pancreatic cancer models (IHF). Orthotopic or subcutaneous tumors from the sham operation group were used as control. IRE increased the expression of
HMGB1, HSP70, and calreticulin in orthotopic or subcutaneous tumors. DAPI was used to indicate the nuclear of cells. One-way analysis of variance (ANOVA) with
Bonferroni comparison test was performed. * p < .05, **, p < .01, ***, p < .001, NS. not significant.

prevented the formation of round-shaped macrophages stimu-
lated with the TSN from tumor cells for 3 days after IRE
treatments (Figure S3c). Similar results were also obtained in
the FC assay. After being pretreated with Gly of varying doses,
the elevation of cell surface M1 markers in THP-1 or
RAW264.7 following IRE treatment was not observed
(Figure 3c). We also found that 10uM Gly induced significant
HMGBI inhibition in the TSN and this concentration was
selected in the following experiments. As detected by FC, the
inhibition of M1 polarization of THP-1 and RAW264.7 was
reproduced in the TSN of Panc-1, Bxpc-3 and Pan02, which
were pretreated with Gly (Figure 3d, Figure S3d). Similar
results were also obtained as those detected by RT-qPCR
(Figure S3e). The gradual rise in mRNA levels of M1 markers
along with the increasing electric field strength in macro-
phages, including TNF-a, CCL2, and IL-183, was inhibited or
even reversed after the exposure of Gly.

HMGBT1 upregulated RAGE expression and levels of
autocrine HMGB1 in macrophage

To understand the mechanisms underlying TSN-mediated
HMGBI release, the culture of macrophages was replaced
with fresh RPMI 1640 medium supplemented with 10% FBS
after a brief (6 hours) exposure, and HMGBI levels in the new

culture medium were determined 24 hours after the onset of
TSN stimulation. WB analysis revealed that the up-regulation
of HMGBI and receptor of advanced glycation end-product
(RAGE) levels in macrophages occurred in an electric field
strength level-dependent manner (Figure S4a). Additionally,
the ELISA assay also showed that the TSN from cells after
being treated with high strength of electric fields triggered
a more pronounced and robust HMGBI release from macro-
phages (Figure S4b). The expression of RAGE on macrophages
was also explored in orthotopic and subcutaneous pancreatic
cancer models at 7 days after IRE treatments. Compared with
tumors without any treatment, IRE significantly elevated the
expression of RAGE on macrophages in pancreatic cancer
models (Figure Slc and d).

MAPK-p38 activation is indispensable for the M1
polarization of macrophages

Previous studies indicated that MAPK and NF-«xB could play
key roles in the differentiation of macrophages.”® > We
observed that the phosphorylation of MAPK-p38
(Figure 4a) and MAPK-ERK (Figure (4b, c)) was elevated
after exposure to TSN of tumor cells treated with IRE com-
pared with the control TSN. Compared with the control
group, phosphorylated MAPK-ERK did not show an increase
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Figure 2. The effect of TSN on macrophage polarization. (a) The comparisons of mRNA levels of cytokines from THP-1 stimulated by TSN of Panc-1-treated with electric
fields. The mRNA levels of M1 markers increased along with the increasing electric fields, while the mRNA levels of M2 markers did not show a continuous increase along
with the increasing electric fields. (b) The expression of surface markers of THP-1 stimulated by TSN of Bxpc-3 treated with electric fields. Increased expression of HLA-DR
on THP-1 along with the increasing electric fields was observed. (c) IRE could increase infiltration of M1 macrophage in pancreatic tumor tissue (IHC). Orthotopic or
subcutaneous tumor tissue was used as control. (d) IRE could increase the expression of CD16/32 in infiltrated macrophages in pancreatic tumor tissue. Orthotopic or
subcutaneous tumor tissue was used as control. F4/80 was used to indicate macrophage; CD16/32 was the marker of M1 macrophage; CD206 was the marker of M2
macrophage; DAPI was used to indicate the nuclear of cells. (e) The expression of CD16/32 in macrophage from tumor tissue, spleen, peripheral blood, and lymph node
in an orthotopic model of mouse pancreatic cancer after IRE treatment. IRE increased the expression of CD16/32 on the surface of macrophages from these tissues in the
orthotopic model of mouse pancreatic cancer. (f) The expression of CD16/32 in macrophages from tumor tissue, spleen, peripheral blood, and lymph node in the
subcutaneous model of mouse pancreatic cancer after IRE treatment. IRE increased the expression of CD16/32 on the surface of macrophages from these tissues in the
subcutaneous model of mouse pancreatic cancer. Orthotopic or subcutaneous tumors from the sham operation group were used as control. One-way analysis of
variance (ANOVA) with Bonferroni comparison test was performed. * p < .05, **, p < .01, ***, p < .001, NS. not significant.

in an electric field strength level-dependent manner after ERK (PD98059, S1177, Selleck) inhibited the promotion of
tumor cells were pretreated with Gly. Although in Panc-1 M1 polarization of macrophages (Figure 4d). We observed
group, there seemed to be an increase in the protein level of that the M1 polarization of macrophages was linked to the
phosphorylated MAPK-ERK, the ascensional range was activation of MAPK-p38 signaling pathways in an HMGBI1
markedly decreased compared with that of the control dose-dependent manner (Figure S5). Consistently, pretreat-
group. In the Gly group, the protein level of phosphorylated ment with an activator of MAPK-p38 [chromium picolinate
MAPK-ERK was almost similar among different subgroups of (100 nM), T4575, TargetMol] dramatically enhanced M1
varied electric field strength. In addition, the pretreatment of polarization of macrophages (Figure 4e), suggesting that the
macrophage cell cultures with inhibitors for MAPK-p38 activation of MAPK-p38 was involved in the M1 polarization
(SB203580, S1076, Selleck, Shanghai, China), but not MAPK-  of macrophages induced by HMGBI.
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Figure 3. The effect of rHMGB1 on macrophage polarization. (a) The expression of surface markers of THP-1 stimulated by rHMGB1 with different concentrations for
three days. Increased expression of HLA-DR of macrophage under the stimulation of higher doses of tHMGB1, compared with those of lower doses. (b) The morphologic
changes of THP-1 stimulated by rHMGB1 with different concentrations for three days. The proportions of round and pancake-like shaped macrophages increased along
with the elevated doses of rHMGB1, indicating that HMGB1 could promote the polarization of macrophages.(c) The expression of surface markers of macrophages
stimulated by TSN of Panc-1 treated with electric fields after pretreatment with Glycyrrhizic Acid of different concentrations. (d) The expression of surface markers of
macrophages stimulated by TSN of Panc-1 treated with electric fields after pretreatment with Glycyrrhizic Acid with a concentration of 10uM. After being treated with
Glycyrrhizic Acid with a concentration of 10uM, no significant changes were observed in the expression levels of HLA-DR of macrophages stimulated by TSN of tumor
cells treated with electric fields. The inhibitor was added to the cell suspension with the specific concentration 30 minutes prior to electroporation. * p < .05, **, p < .01,

*** p < .001, NS. not significant.

HMGB1-activated MAPK-ERK, inducing an increased
RAGE expression and the release of autocrine HMGB1 in
macrophage

Our results showed that under the stimulation of rHMGBI1
or TSN of tumor cells treated with IRE, the expression of
RAGE increased significantly. Additionally, pretreatment of
macrophage cell cultures with inhibitors for RAGE (FPS-
ZM1, T3259, TargetMol) inhibited the activation of the
MAPK-p38 signaling pathway (Figure 5a) and the promotion
of M1 polarization of macrophages (Figure 5b), This illustrated
that HMGBI1 could induce M1 macrophage polarization via
RAGE. Moreover, a positive-feedback mechanism is developed
between the binding of HMGBI1 and RAGE and the increasing
release of HMGBI1 and the expression of RAGE, leading to the
enhancement of M1 macrophage polarization. Considering
MAPK plays a key role in the induction of HMGBI, we ana-
lyzed the secretion of HMGBI1 and the expression of RAGE on
the cell surface of macrophages after the inhibition of MAPK-
p38 and MAPK-ERK. We observed that the inhibition of
MAPK-p38 had little impact on the expression of RAGE
(Figure 5¢) and the secretion of HMGBI (Figure 5d). In addi-
tion, RAGE on the cell surface of macrophages increased sig-
nificantly after macrophages were stimulated with rHMGBI,
while the effect was converted by pretreatment with FPS-ZM1,
not SB203580 (Figure 5e). Additionally, we observed that the

phosphorylation of MAPK-ERK was inhibited after exposure
to TSN of IRE-treated tumor cells which were pretreated with
Gly (Figure (4b, c)) or FPS-ZM1. As shown in Figure S6a,
without FPS-ZM1, there was a significant increase in p-ERK
in an electric field strength level-dependent manner. With FPS-
ZM1, it was shown that the ratios of p-ERK and t-ERK were
similar among different subgroups of varied electric field
strength. Therefore, the ascensional range of subgroups with
FPS-ZM1 was markedly decreased compared with that of the
control group (without FPS-ZM1). The pretreatment of
macrophage cell cultures with PD98059 or FPS-ZM1 also sig-
nificantly decreased the secretion of HMGBI (Figure S6b) and
expression of RAGE, as detected by FC analyses (Figure S6c¢).
This suggested that the MAPK-ERK signaling pathway, which
was activated after the binding of HMGBI to RAGE, played an
important role in the RAGE expression and release of auto-
crine HMGBL1 of macrophages.

The enhancement of phagocytosis in macrophages stimu-
lated by HMGB1 or TSN of tumor cells treated with IRE

The capacity of phagocytosis of fluorescent particles or
dying tumor cells by macrophages was also analyzed by FC
and IHF. Compared with macrophages without stimulation
after exposure to HMGBL1 or TSN of tumor cells treated with
IRE, significantly larger proportions of stimulated macro-
phages were defined as cells that were double-positive for
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Figure 4. MAPK-p38 activation is indispensable for the M1 polarization of macrophages. (a) The changes of some signaling pathways of THP-1 stimulated by TSN from
Bxpc-3 and Panc-1 treated with electric fields. The western blot analysis demonstrated that expression of MAPK-p38 was increased in THP-1 stimulated by TSN from
tumor cells treated with IRE. (b) The changes of MAPK-ERK signaling pathway of THP-1 stimulated by TSN of Panc-1 after the pretreatment with Glycyrrhizic Acid (10uM)
or not. The western blot analysis demonstrated that increased expression of MAPK-p38 in THP-1 stimulated by TSN from Panc-1 treated with IRE was inhibited by
Glycyrrhizic Acid. (c) The changes of MAPK-ERK signaling pathway of THP-1 stimulated by TSN of Bxpc-3 after the pretreatment with Glycyrrhizic Acid (10uM) or not. The
western blot analysis demonstrated that increased expression of MAPK-p38 in THP-1 stimulated by TSN from Bxpc-3 treated with IRE was inhibited by Glycyrrhizic Acid.
(d) The expression of surface markers of macrophages stimulated by TSN treated with electric fields after pretreatment with different inhibitors. The increased
expression of M1 marker (CD16/32 and HLA-DR) in THP-1 stimulated by rHMGB1 or TSN from tumor cells treated with IRE was inhibited by the inhibitor of MAPK-p38
(SB203580, 10uM), not the inhibitor of MAPK ERK (PD98059, 10uM). (e) The expression of surface markers of macrophages stimulated by chromium picolinate (100 nM).
The expression of the M1 marker (CD16/32 and HLA-DR) was stimulated by the activator of MAPK-p38, similar to that stimulated with rHMGB1 or TSN from tumor cells
treated with IRE. The inhibitor was added to the cell suspension with the specific concentration 30 minutes prior to electroporation.

CFSE and eFluor 670 (Figure S7a and Figure 6a). These results
were confirmed by IHF, demonstrating that both HMGB1 and
TSN of IRE-treated tumors enhanced the phagocytosis in
dying cells treated with IRE by macrophages and that this effect
could be inhibited by the inhibitors of HMGB1, RAGE, and
MAPK-p38 (Figure S7b and Figure 6b).

Discussion

Several existing studies indicated that IRE induces immune
responses that provide local or systemic protection against
tumor recurrence.'®**?! This effect has been accompanied by
an increase in CD4" and CD8" T cells, not only in TME but
also in peripheral blood, which could be regarded as T cell
activation.”* The activation of the function or increase in the
number of T cells can be partly dependent on the increase of
co-stimulatory signals, indicating the activation of prime
immune responses. Additionally, unlike with surgical resec-
tion, the treated tumors are not removed from the body, but
the dying cell remnants induced by IRE remain available to be
taken up by phagocytic leukocytes. In keeping with this notion,
this study explored the immune changes of apoptotic cells after
IRE treatment and their effects on macrophages. We found that
the apoptosis of tumor cells induced by IRE was accompanied
by the release of DAMPs, which activated the infiltrating
macrophages and promoted M1 polarization. The increase of
phagocytosis in dying tumor cells by MI-polarized

macrophages acted as tumor antigens, which in turn activated
specific immune responses against the tumor.

Previous studies have indicated that IRE could mediate
immune activation by increasing the number of infiltrating
immune cells and by activating their function, '”** and served
as an in situ tumor vaccination.” In clinical practice, 1500 V/
cm was adopted in the IRE procedure, which had the most
powerful killing and perforation effect. Additionally, in this
study, we showed that IRE induced the ICD of tumor cells by
inducing them to release DAMP patterns. As the main compo-
nent of DAMPs, the release of HMGBI is a key event in the
initiation of ICD.** HMGBI was released into the extracellular
space by tumor cells after IRE. Previous studies have shown
that HMGBI influenced the differentiation of macrophages in
systemic lupus erythematosus.”> Therefore, the effects of
HMGBI1 on macrophages might provide an avenue through
which to explain the immune response induced by IRE.

Interestingly, macrophages with paradoxical characteristics
were identified in TME, including M1 macrophages aimed at
suppressing tumor progression and M2 macrophages aimed at
driving tumor progression.*>® In the original immune-
suppressive TME of pancreatic cancer, M2 occupied the major-
ity of TAMs and diminished the killing of tumor cells by
cytotoxic T cells and NK cells.”” We found that under the
stimulation of HMGBI, the expression of M1 markers,
increased significantly in TAM. As shown by our results,
HMGBI released from dying tumor cells could reprogram
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Figure 5. HMGB1 activated MAPK-ERK, inducing increased RAGE expression and release of autocrine HMGB1 in macrophages. (a) The changes of MAPK-p38 signaling
pathway of RAW264.7 stimulated by TSN of Pan02 treated with electric fields after pretreatment with FPS-ZM1 (100 nM) or not. The western blot analysis demonstrated
that increased expression of MAPK-p38 in THP-1 stimulated by TSN from tumor cells treated with IRE was inhibited by the inhibitor of RAGE (FPS-ZM1, 100 nM). (b) The
expression of surface markers of macrophages stimulated by TSN of tumor cells treated with IRE or rHMGB1 after pretreatment with SB203580 or FPS-ZM1. The
increased expression of M1 marker (CD16/32 and HLA-DR) in THP-1 stimulated by rHMGB1 or TSN from tumor cells treated with IRE was inhibited by the inhibitor of
MAPK-p38 (SB203580, 10uM) and the inhibitor of RAGE (FPS-ZM1, 100 nM). (c) The expression of DAMPs of RAW264.7 stimulated by TSN of Pan02 treated with electric
fields after pretreatment with SB203580 or not. The western blot analysis demonstrated that increased expression of RAGE in THP-1 stimulated by TSN from tumor cells
treated with IRE was inhibited by the inhibitor of MAPK-p38 (SB203580). (d) The concentration measurement of HMGB1 of THP-1 stimulated by TSN of Panc-1 treated
with electric fields after pretreatment with SB203580. The increased self-secretion of HMGB1 of THP-1 stimulated by TSN from tumor cells treated with IRE was not
inhibited by the inhibitor of MAPK-p38 (SB203580, 10uM). (e) The expression of RAGE on the cellular surface of RAW264.7 stimulated by rHMGB1 with different
concentrations. The increased self-expression of RAGE in THP-1 stimulated by rHMGB1 was inhibited by the inhibitor of RAGE (FPS-ZM1, 100 nM), not the inhibitor of
MAPK-p38 (SB203580, 10uM). The inhibitor was added to the cell suspension with the specific concentration 30 minutes prior to electroporation.

the polarization of TAMs from immune-suppressive (M2) to
immune-promoting (M1) phenotypes, illustrating that
HMGBI may provide new insights into the field of immune
changes in PDAC after IRE.

Furthermore, through binding to the RAGE receptor on the
cell surface of macrophages, HMGBI1 induced an increase in
RAGE expression and the release of autocrine HMGBI in
macrophages. This positive-feedback mechanism eventually
led to the enhancement of M1 macrophage polarization.
Additionally, the ability of macrophage phagocytosis was also
significantly enhanced after exposure to TSN. The protection
of not only larger vessels, but also micro-vessels by IRE, *' was
helpful for the increased infiltration of M1 macrophages and
other immune cells. In line with our results, previous studies
showed that HMGBI1 induced changes in the formation of
macrophages and promoted adhesive ability and migration
in vivo and in vitro, *® which was extremely important for
the function of antigen presentation in macrophages. Studies
also consistently showed that IRE induces more robust antigen
release and T-cell activation as compared to other forms of
cryo- or heat-ablation.’® The promotion of M1 polarization
and the enhancement of macrophage phagocytosis will even-
tually induce the activation of T cells and special immune

response. Therefore, local ablation through IRE provided pan-
creatic cancer, a poorly immunogenic tumor, with more
opportunities for the combination with immune therapy,
such as immune checkpoint inhibition.

As the main receptor of HMGBI1, RAGE has a cytoplasmic
domain that lacks endogenous tyrosine kinase activity, suggest-
ing that RAGE might interact with cytoplasmic binding part-
ners to trigger the recruitment of downstream effector
pathways.** Although studies suggested that several signaling
cascades, including MAPK-ERK, -p38, and NF-«B, could be
activated by RAGE ligand, *' there remained a lack of clarity
around which signaling pathway was triggered by the combi-
nation of HMGB1 and RAGE after IRE. We observed that
MAPK-ERK and -p38 were significantly activated in macro-
phages after exposure to the TSN of tumor cells treated with
IRE. Additionally, specific inhibitors of MAPK-p38 signifi-
cantly abrogated HMGBI1-induced M1 macrophage polariza-
tion. Moreover, the promotion of M1 macrophage polarization
could be recovered by the specific activator for MAPK-p38,
while the increased release or expression of HMGBI and
RAGE was effectively abrogated by the inhibitor of MAPK-
ERK. Taken together, our results supported the potential role
for MAPK-p38 in the regulation of M1 macrophage
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Figure 6. The enhancement of phagocytosis in macrophages stimulated by rHMGB1 or TSN of tumor cells treated with IRE. (a) The detection of the ability of
phagocytosis of tumor cells after IRE treatment in macrophages stimulated by rHMGB1 and TSN of tumor cells treated with electric fields. Upon the stimulation of
rHMGB1 and TSN of tumor cells treated with electric fields, the proportions of macrophages that were double-positive for CFSE and eFluor 670 significantly elevated in
an electric field strength-dependent manner, indicating that the proportions of activated macrophages were elevated Upon the stimulation of rHMGB1 and TSN of
tumor cells treated with IRE. (b) The immunofluorescence co-localization analysis of RAW264.7 stimulated by TSN of Pan02 treated with IRE or rHMGB1 and fluorescent
particles or Pan02 cells after IRE treatment. The increased ratios of stimulated macrophages which were defined as cells that were double-positive for CFSE and eFluor
670 stimulated by rHMGB1 or TSN of tumor cells treated with IRE were inhibited by the inhibitor of the release of HMGB1 (Glycyrrhizic Acid, 10uM), the inhibitor of RAGE
(FPS-ZM1, 100 nM) and the inhibitor of MAPK-p38 (SB203580, 10uM). The inhibitor was added to the cell suspension with the specific concentration 30 minutes prior to

electroporation.

polarization induced by HMGBI1. Simultaneously, a positive-
feedback mechanism for the release or expression of HMGBI
and RAGE was finalized by activating the MAPK-ERK signal-
ing pathway.*** As an important inflammatory factor,
HMGBI can be released or function through different path-
ways in response to different stimuli. IRE was illustrated to
induce reactive oxygen stress (ROS), which contributed to the
translocation of HMGBI from the nucleus.**™*¢ Additionally,
HMGBI1 also facilitated ROS function, which acted as
a signaling mediator in various pathways, including phosphor-
ylation of MAPK-ERK and -p38 pathways.*” Therefore,
through binding HMGBI1 to RAGE, our study implicated
RAGE signaling for the first time in macrophage responses.
We evidenced that the accumulation or activation of M1
macrophages was stimulated by activating MAPK-p38 and
was enhanced by a positive-feedback mechanism for the release
or expression of HMGB1 and RAGE through the MAPK-ERK
pathway in macrophages (Figure S8). The results of this study
were limited by the lack of validation with the clinical biopsy
tissue before and after IRE. More evidences based on the
human biopsy tissue were needed to consolidate the results of
our study.

In conclusion, we revealed that IRE could induce the ICD of
tumor cells by releasing DAMPs in the current study. The
released HMGBI1 from tumor cells after IRE had promoted
M1 macrophage polarization by activating MAPK-p38, which
could be positively enhanced by the activation of the MAPK-
ERK signaling pathway. Therefore, our finding of the promo-
tion of M1 macrophage polarization induced by ICD provides
a specific rationale for the combination of IRE and immune
therapy in treating pancreatic cancer.

Methods
Cell lines and animal models

Human pancreatic adenocarcinoma cell lines Panc-1 and
Bxpc-3, human monocyte cell line THP-1, murine pancreatic
adenocarcinoma cell line Pan02, murine macrophage cell line
RAW?264.7 were purchased from Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Cells were maintained
at 37°C in a humidified incubator and 5% CO, atmosphere in
DMEM or RPMI 1640 medium supplemented with 10% heat
inactivated fetal bovine serum (FBS) (Gibco, California, USA),
1% of Penicillin-Streptomycin (10000 U/ml; Life Technology,
USA). Similar with other studies, *® tumor supernatant (TSN)
was collected after specific cells were cultured for 24 h. THP-1
cells were culture and treated with 100 ng/ml phorbol 12-
myristate 13-acetate (PMA) (P1585, Sigma-Aldrich, USA)
and cultured for 72 h to generate a macrophage phenotype as
previously described.*’

Animals were maintained and studies were carried out in
accordance with institutional guidelines. In accordance with
the method described in previous study, *° the subcutaneous
and orthotopic pancreatic cancer model were established by
subcutaneous incubation of 6 x 10° Pan02 cells into the left
back and the parenchyma of the pancreas of 6-week-old
C57BL/6 mice, respectively. After 3 weeks, palpable tumors
had developed whose diameters researched 7-8 mm. This
study was approved by the Institutional Review Board of Sun
Yat-sen University Cancer Center. All animal studies complied
with relevant ethical regulations for animal testing and
research, and were approved by the Institutional Animal Care
and Use Committee of Sun Yat-sen University Cancer Center.



Electroporation

The electroporation of percutaneous or orthotopic tumor
in vivo and was performed according to the methods reported
in our previous study.'® For the electroporation experiments of
cells in vitro, tumor cells were trypsinized, resuspended in
phosphate-buffered saline (PBS) at 2 x 10° cells mL™", and
added to an electroporation cuvette (1652088; BTX,
Holliston, Massachusetts, 01746, USA) embedded with two
aluminum plate electrodes 4 mm apart. The cell suspension
was in direct contact with the plate electrodes, and subjected to
electroporation at room temperature with the following para-
meters: voltage: 200-600 V; pulse duration: 100 ps; pulse repe-
tition frequency: 1 Hz; number of repetition pulses: 8, 16, and
24. After electroporation, the cell suspension was kept on ice
and analyzed or used within 30 minutes. Similar with other
studies, ** TSN was collected after specific cells were cultured
for 3 days after electroporation with different strength levels
and the cell debris was filtered. The parameters were in con-
sistent with clinically used values in other studies."”
Electroporation experiments in vivo were performed using
an ECM 830 square wave pulse electroporator (BTX Harvard
Apparatus, Holliston, MA) when tumors researched 7-8 mm.
Through puncturing the skin above the tumor or a small
abdominal incision, the subcutaneous or orthotopic tumor
was bracketed along the long axis using the two-needle probe
with a 5 mm gap followed by the delivery of electric pulses. The
electric array fully penetrated the whole tumor to maximize the
effect of electroporation, with the following parameters: vol-
tage: 1000 V; pulse duration: 100 ms; pulse frequency: 1 Hz;
pulse number: 80. For control, surgical procedures and needles
placement were performed to tumors without electric pulses
using the same anesthetic conditions. Five animals were used
for each experimental setting in vivo experiments and three
independent repetitions were performed for each experiment.

Cell viability assay

Tumor cell viability after IRE treatment was detected as pre-
viously described using Cell Counting Kit 8 (CCK-8; CKO04,
Dojindo Laboratories, Japan).”' Briefly, triturated cells were
seeded in 96-well flat-bottomed plates at a density of 2 x 10°
in 100 pL of conditioned medium per well, and 10 uL of CCK-8
solution was added to each well. After 2 h of incubation, the
absorbance of each well at a wavelength of 450 nm was quan-
tified. To explore the death types, AO-EB (Invitrogen) double
staining was performed. After 15 min of incubation, pictures
were captured by confocal laser scanning microscopy (Nikon).

Analysis of tumor-infiltrated immune cells

Mice bearing subcutaneous and orthotopic tumors were eutha-
nized 7 days after IRE, and tumors were harvested and disso-
ciated using a mouse tumor dissociation kit according to
manufacturer’s recommendations (Miltenyi Biotec, Germany).
For the analysis of tissue-derived lymphocytes, tumor tissues,
LN, and spleens harvested from mice were chopped into small
pieces and mashed through a 70 um strainer. The red blood cells
were lysed by red cell lysis buffer (TTANGEN). Then, cells were
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washed with PBS containing 1% FBS and stained with FITC-
conjugated anti-mouse CD206 (141705, Biolegend, San Diego,
USA), PE-conjugated anti-mouse CD16/32 (101307, Biolegend),
APC-conjugated anti-mouse F4/80 (123115, Biolegend), respec-
tively, on ice for 15 min (3 x 10° cells/sample). The sample were
washed three times and resuspended in 200 uL of cold PBS
containing 2% FBS and 1 mM EDTA for analysis using flow
cytometry (FC; CytoFLEX, Beckman Coulter, USA).

Analysis of tumor cells and macrophages in vitro

For in vitro electroporation detection, we utilized PI
(Invitrogen) staining. PI (640905, BioLegend) was added to
the cell suspension simultaneously or after electroporation at
10 pg/mL. After incubation for 15 minutes, the transfection
efficiencies of the samples were measured. To determine apop-
tosis, after electroporation, the resuspended tumor cells were
stained with Annexin V-FITC/PI (640905, BioLegend), and
analyzed by FC. To analyze the polarization of macrophages,
the macrophages were stained with FITC-conjugated anti-
human HLA-DR (11-9956-42, eBioscience, San Diego, USA),
PE-conjugated anti-human CD206 (12-2069-42, eBioscience),
PE-conjugated anti-human CD163 (333606, Biolegend), PE-
conjugated anti-mouse CDI16/32 (101307, Biolegend), and
APC-conjugated anti-mouse F4/80 (123115, Biolegend) .

Western blot (WB) analysis

WB analysis was performed as previously described.”" Cells were
lysed using the M-PER Mammalian Protein Extraction Reagent
(ThERMO  Scientific), and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was performed. The following
antibodies were used: HMGBI1 (1:1000, ab79823, Abcam), HSP70
(1:1000, ab181606, Abcam), Calreticulin (1:1000, ab92516,
Abcam), RAGE (1:1000, ab216329, Abcam), phosphorylated
NF-xB [1:1000, 3033, Cell Signaling Technology (CST)], NF-xB
(1:1000, 8242, CST), phosphorylated Akt (1:1000, 4060S, CST),
Akt (1:1000, 46918, CST), phospho-MAPK Family Antibody Kit
(1:1000, 9910, CST), a MAPK Family Antibody Kit (1:1000, 9926,
CST), B-Actin (1:1000, 4970S, CST) and GAPDH (1:1000, 60004-
1-Ig; Proteintech). Proteins were visualized by using an ECL kit
(4AWO011; purchased from 4A Biotech Co., Ltd).Images were
prepared using ChemiDoc XRS + system (BioRad, China) and
quantification analyses were performed by Bio-Rad Image Lab
software (BioRad, China).

Enzyme-linked immunosorbent assay (ELISA)

The supernatant of treated cells was collected at 24 hours after
tumor cells being treated with electroporation and centrifuged at
12000 x g for 1 minute. The HMGBI levels in the supernatant of
treated cells was analyzed using ELISA (JYMO0485Mo and
JYMO0485Hu, Jiyinmei, Wuhan, China) as described by the
manufacturer.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (15596026,
Invitrogen, Carlsbad, USA). The reverse procedure was in
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according to our previous study.”> GAPDH was used as the
internal control. RT-qPCR was performed using (FSQ-301,
TOYOBO Co., Osaka, Japan) and following primer pairs:

GAPDH: CTCCTCCTGTTCGACAGTCAGC (forward),
CCCAATA- CGACCAAATCCGTT (reverse);

HMGBI1: CGCTTTTGTGATGGAGTGCT  (forward);
AGGGAAAA- ACTTTGCCATCCC (reverse);

HSP70: TTTTACCACTGAGCAAGTGACTG (forward);
ACAAGG- AACCGAAACAACACA (reverse);

CD163: TTTGTCAACTTGAGTCCCTTCAC (forward);
TCCCGCT- ACACTTGTTTTCAC (reverse);

TGF-8: CAATTCCTGGCGATACCTCAG (forward);
GCACAACTC- CGGTGACATCAA (reverse);

CD206: GGGTTGCTATCACTCTCTATGC (forward);
TTTCTTGTC- TGTTGCCGTAGTT (reverse);

TNF-a: GAGGCCAAGCCCTGGTAT (forward);
CGGGCCGATTG- ATCTCAGC (reverse);

CCL2: AAGATCTCAGTGCAGAGGCTCG (forward);
CACAGATC- TCCTTGGCCACAA (reverse);

IL-18: TTCGACACATGGGATAACGAGG (forward);

TTTTTGCTG- TGAGTCCCGGAG (reverse);

Immunohistochemistry (IHC) and
immunohistofluorescence (IHF)

THC and IHF were performed as previously reported.'® Briefly,
tumor section (4 pm) were dewaxed in xylene, hydrated in
decreasing concentrations for 30 min, washed with phosphate-
buffered saline, and probed with monoclonal antibodies or
isotype controls at 4°C overnight. The primary antibodies
used were the same as the ones mentioned above. After being
washed, the sections were incubated with biotinylated goat
anti-rabbit or anti-mouse IgG at room temperature for 2 h.
Immunostaining was visualized with streptavidin/peroxidase
complex and diaminobenzidine, and sections were counter-
stained with hematoxylin. Slides were visualized under
a bright-field microscope at x40 and x400 magnification.
Immunofluorescence staining images were taken by ZEISS
microscope (LSM880, Germany). Positive cells were quantified
using ImagePro Plus software (Media Cybernetics) and
expressed as mean + SEM in high-powered fields detected by
confocal microscopy.

Phagocytosis assay measurement

FC and THF were used to analyze the phagocytosis capacity of
macrophages. Fluorescent particles or apoptotic tumor cells
after IRE were labeled with carboxyfluorescein succinimidyles-
ter (CFSE, 21888-25 mg-F, Sigma-Aldrich) and added to
polarized macrophages which were stained with eFluor 670
(65-0840-85, eBioscience), for 2 h at 37°C in air enriched
with 5% CO,. Macrophages that had phagocytosed apoptotic
tumor cells were defined as cells which were double-positive
for CFSE and eFluor 670.

Statistical methods

Statistical values were expressed as mean + standard error of
the mean. Statistical differences between groups were

calculated either using the student t test or One-way analysis
of variance (ANOVA) with post-hoc multiple comparisons
depending on the data, using GraphPad Prism 8.0 software.
The log-rank test was used in Kaplan-Meier survival analysis.
A p value of less than 0.05 was considered statistically
significant.
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