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Advancements in medical sciences and technologies have significantly improved the
survival of many cancers; however, pancreatic cancer remains a deadly diagnosis. This
malignancy is often diagnosed late in the disease when metastases have already occurred.
Additionally, the location of the pancreas near vital organs limits surgical candidacy, the
tumor’s immunosuppressive environment limits immunotherapy success, and it is highly
resistant to radiation and chemotherapy. Hence, clinicians and patients alike need a
treatment paradigm that reduces primary tumor burden, activates systemic anti-tumor
immunity, and reverses the local immunosuppressive microenvironment to eventually clear
distant metastases. Irreversible electroporation (IRE), a novel non-thermal tumor ablation
technique, applies high‐voltage ultra-short pulses to permeabilize targeted cell membranes
and induce cell death. Progression with IRE technology and an array of research studies
have shown that beyond tumor debulking, IRE can induce anti-tumor immune responses
possibly through tumor neo-antigen release. However, the success of IRE treatment (i.e. full
ablation and tumor recurrence) is variable. We believe that IRE treatment induces IFNg
expression, which then modulates immune checkpoint molecules and thus leads to tumor
recurrence. This indicates a co-therapeutic use of IRE and immune checkpoint inhibitors as
a promising treatment for pancreatic cancer patients. Here, we review the well-defined and
speculated pathways involved in the immunostimulatory effects of IRE treatment for
pancreatic cancer, as well as the regulatory pathways that may negate these anti-tumor
responses. By defining these underlying mechanisms, future studies may identify
improvements to systemic immune system engagement following local tumor ablation
with IRE and beyond.

Keywords: pancreatic cancer, irreversible electroporation, anti-tumor immunity, immunomodulatory pathways,
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INTRODUCTION

The advances of cancer treatments have been staggering in the last
50 years. From advancing chemotherapeutics to cytokine and
antibody treatments, many cancer patients have seen a significant
increase in survival rates. However, some cancers have continued to
be relatively unaltered by these new treatments (1–3). Dense tissue
in later-stage cancers, as well as several other factors, can limit
tumor penetration and response of drugs (4). In the past decade,
immunotherapeutic developments, including checkpoint inhibitor
monoclonal antibodies (mAbs) and adoptive cellular therapy, have
shown promise in treating many cancer patients with advanced-
stage tumors (5, 6). However, cancers such as pancreatic
adenocarcinoma continue to have severely low survival rates even
with new immunotherapeutic options in part due to the
immunosuppressive tumor microenvironment that shields the
tumors from the immune system’s attempts to identify and target
the malignancy (7, 8). Pancreatic cancer has a low incidence rate
(3.2% of all new cancer cases) but high death rate (7.9% of all cancer
related death), making it the third-highest cause of cancer-related
deaths in the United States (9). Additionally, pancreatic cancer is
projected to become the second-highest cause of cancer-related
deaths by 2030 (10, 11). It is often diagnosed late in the disease
progression, which severely limits treatment options. Furthermore,
due to close proximity to critical structures, the standard-of-care
surgery is only available to 20% of total diagnosed patients.

These limitations have led to a rush of targeted ablation
modalities to circumvent the challenges faced by surgeons and
oncologists. Many of these modalities use thermal effects that
burn or freeze the tumor. However, these technologies can lead
to adverse effects and limited application by causing off-target
damage to nearby healthy tissues, and heat sink effect making
them unsuitable for many cancer patients (12, 13). The use of
thermal energy can also denature proteins, which can limit
immune signaling by destroying potential damage signals and
tumor antigens (14, 15). Non-thermal ablation modalities, such
as those utilizing electroporation, greatly limit damage to
surrounding healthy tissues (16, 17). Moreover, immunogenic
signaling could be preserved, allowing for damage signals and
viable antigens to remain intact and elicit an anti-tumor immune
response after treatment (18, 19). Preclinical and clinical reports
of potential immunological effects to the primary treatment
site and even metastatic lesions have led to many recent
investigations on the impact of these electroporation-based
modalities, such as irreversible electroporation (IRE),
high-frequency irreversible electroporation (H-FIRE),
electrochemotherapy (ECT), and nanosecond pulse electric
fields (nsPEFs) on the tumor microenvironment and the
immune system. Indeed, several reports suggested an abscopal-
like effect where treatment of the primary tumor by
electroporation-based modalities resulted in decreased tumor
size and reduced distant metastases (20–22).

A plethora of signaling pathways are involved in the
formation and progression of pancreatic cancer. Many of these
pathways involve cell death/survival and immune system
activation/suppression and have been observed after IRE
treatment. Elucidating these pathways, which are poorly
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understood in the context of IRE ablation of pancreatic cancer,
could potentially change its clinical application. Such discoveries
could inform well-rounded treatment plans that limit IRE side
effects (tumor lysis syndrome, organ damage from inflammation,
and developing autoimmune diseases) and work alongside
chemotherapies or immunotherapies. It would also provide
much-needed information on how IRE impacts the tumor
microenvironment and potential improvements to the
treatment modality itself. A better understanding of these
mechanisms can thus lead to improved patient outcomes and
prolonged survival. In this review, we discuss pathways involved
in cell death, survival, immune system activation, and immune
suppression after IRE treatment.
IRE ABLATION RELEASES
TUMOR ANTIGEN

Electroporation-based ablations include many subtypes of ablative
strategies, from ECT to nsPEFs (Figure 1). These different
treatments require adjustments of pulsed electric fields (PEFs) to
generate the desired tumor ablation. By adjusting the polarity,
duration, electric field strength (V/cm), and number of pulses
applied, electroporation can temporarily or permanently
permeabilize cell membranes. European Standard Operating
Procedure on Electrochemotherapy (ESOPE) multicenter trial
has standardized Electrochemotherapy treatment parameters
which was first published in 2006 and recently updated (23–25).
The ESOPE protocol (8 rectangular pulses, 1000 V/cm, 100
microseconds) specifies the standard pulsing requirements on
human patients. In recent years, IRE has been integral to many
clinical trials targeting notoriously difficult-to-treat malignancies,
including liver and pancreatic cancers (26–29). The significant
results of recent clinical trials have propelled IRE into Phase III
clinical trials in pancreatic cancer (clinicaltrials.gov, ID:
NCT03899636) (30). IRE utilizes microsecond pulsed electric
fields. Unlike ECT, IRE increases the number of applied pulses
so that so that cells cannot recover from the membrane
permeabilization and induce cell death through a disruption in
homeostasis (31). IRE is often compared to thermal ablation
treatments, but it is normally applied non-thermally and thereby
reduces the risk of healthy tissue damage (16) and spares critical
structures (29, 32).

IRE treatment induces different types of cell death, such as
apoptosis and necrosis in pancreatic cancer cell lines (33). Treating
with next-generation IRE, known as H-FIRE, induces apoptosis,
necrosis and pyroptosis in liver and breast cancer (18, 34). After IRE
treatment, cytoplasmic and antigenic materials are released through
the permanent damage of the cell membrane and lead to different
types of cell death. These findings were recently summarized by
Brock et al. (35). Apoptosis is more controlled and promotes a weak
immune response due, in part, to minimal debris and antigen
released after programmed phagocytosis (36). In contrast, necrosis
involves rapid accidental or mechanical lytic cell death that leads to
the release of large amounts of damage-associated molecular
patterns (DAMPs). Necrosis-released DAMPs can activate the
innate immune system, induce inflammation, and recruit immune
March 2022 | Volume 12 | Article 853779

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Imran et al. Immunomodulatory Pathways in Irreversible Electroporation
cells to the local tumor site. Pyroptosis is a tightly regulated
inflammatory form of programmed cell death distinguished from
necrosis by the cleavage and activation of Caspase-1 and Caspase-11
(37). During pyroptosis, a substantial quantity of DAMPs, including
adenosine triphosphate (ATP), High mobility group box protein 1
(HMGB1), reactive oxygen species (ROS), and different potent
proinflammatory cytokines are released, including IL-1b and
IL-18 (38). IRE treatment to KrasLSL-G12D-p53LSL-R172H-Pdx-
1-Cre (KPC) pancreatic cancer cells produces DAMPs validated by
the production of ATP (33). Likewise, H-FIRE treatment has been
shown to upregulate several DAMPs such as ATP, HMGB1, and
ROS (18). ECT promotes LCsmigration from the tumor to draining
lymph nodes and pDCs and dDCs recruitment at the site of the
lesion (39). Furthermore, ECT and nsPEF have also been shown to
release several DAMPs including ATP, HMGB1, and calreticulin in
different cancer models (40, 41). Although several studies have
shown positive immune response after IRE for pancreatic cancer
(22, 38, 42–44), more research needs to be done to determine the
immune response after ECT due to different cell death pathways.

It is well established that DAMPs including HMGB1, heat
shock protein (HSP), and antigens released via immunogenic cell
death can activate the immune system against specific cancer
Frontiers in Oncology | www.frontiersin.org 3
cells (45, 46). It is evident that IRE causes immunogenic cell
death and helps release tumor antigens which should, in turn,
activate systemic anti-tumor immunity against pancreatic cancer
and change the tumor microenvironment (Figure 1). By
improving the microenvironment, the tumor is accessible to
anti-tumor leukocytes such as neutrophils, macrophages, natural
killer (NK) cells, T helper 1 cells, and CTLs (47–50). Indeed,
many cancer patients show an increase in survival outcomes
when more activated immune cells and less immune suppressive
cells are observed (24, 28, 51–55),. These findings indicate the
importance of monitoring and altering the immune system
activation in cancer patients to improve survival.
RELEASED TUMOR ANTIGEN BY
IRE IS PRESENTED BY APCs TO
ACTIVATE T CELLS

Dendritic cells, macrophages, and B cells act as antigen-presenting
cells (APCs) through interactions with T cells to link innate and
adaptive immune responses. APCs display tumor antigens on the
cell surface throughmajor histocompatibility complexes to control
FIGURE 1 | Antigen release and presentation. Collection and presentation of antigens by dendritic cells to cytotoxic T-cells (CTLs) and subsequent CTL activity after
IRE treatment. Treatment parameter value ranges are based on commonly reported parameters in literature for in vivo preclinical and clinical applications. These
ranges are not definite and applications outside of these ranges can occur.
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the activation, differentiation, and effector functions of T cells.
Electroporation-based ablation modalities do not use thermal
energy to induce cell death and are believed to preserve viable
tumor antigens that can be presented by APCs to T cells to activate
systemic antitumor immunity (Figure 1). The lack of thermal
energy is thought to preserve optimal antigen structure, size, and
confirmation for APCs to present. When APCs encounter tumor
antigens, they activate naïve T cells either by moving to nearby
lymph nodes or locally in the tissue. Mature and activated T cells
proliferate and migrate to the local tumor site and circulate
systemically (56).

Immunocompetent mice demonstrate enhanced local and
systemic anti-tumor efficacy following electroporation compared
to immunodeficient mice, which indicates involvement of the
immune system in the reduction of tumor burden by IRE
treatment (57). We have recently shown that H-FIRE and IRE
treated glioblastoma cells can activate CD8+ cytotoxic T cells (CTL)
when cultured with CD4+ helper T cells and antigen-presenting
dendritic cells (58). A recent report shows that IRE treatment using
a mouse model of orthotopic pancreatic cancer resulted in an
increased number of cytotoxic CD8+ T cells and memory T cells
in the spleen, lymph nodes, and tumor, and induced an abscopal
like effect through the synthesis and secretion of DAMPs (22). A
significant increase in the CD8+ T cells and macrophages in the
tumor has been noted after IRE and nsPEF treatment (59, 60).
Macrophage and pan-T cell infiltration has been found from 6
hours to 14 days after IRE treatment (61, 62). A recent review
compiled a timeline to show immune cell types and their
upregulation or downregulation in the pancreatic tumor site after
IRE treatment from both mouse models and human patients (43).

A murine pancreatic tumor model showed that after IRE
treatment, there is evidence for antigen release and an increase in
T cells in the lymph nodes and activated T cell infiltration in the
local tumor site (22). However, direct evidence that tumor
antigens released by IRE treatment then processed by APCs
and their migration to the lymph nodes are not established.
Furthermore, in situ T cell responses in the local tumor after IRE
treatment are through antigen-mediated activation is not well
demonstrated and requires further investigation.
T CELL-MEDIATED CYTOKINE
EXPRESSION PATHWAY

Upon initial contact with tumor antigen, activated CD8+ cytotoxic
T cells express a plethora of cytokines based on their subtypes and
exposure to polarizing cytokines (63) including interferon gamma
(IFNg), Granzyme B, and Perforin (64–66). In a study with 34
locally advanced pancreatic cancer (LAPC) patients, significant
upregulation was detected in the blood for IL-2, IL-6, and IL-10
after IRE treatment (62). In another study with 79 Stage III/IV
pancreatic cancer patients, IRE treatment along with allogeneic
natural killer cell therapy was tested and demonstrated that IRE
alone and IRE with NK cell therapy increases IFNg expression (67).
In a murine model of pancreatic cancer, IRE treatment increased
IFNg expression compared to the sham control procedure (33).
Frontiers in Oncology | www.frontiersin.org 4
In an osteosarcoma rat model, IRE induced IFNg expression in the
serum (68). These findings indicate predominantly pro-
inflammatory cytokine expression after electroporation-based
tumor ablation treatment, presumably by activated lymphocytes.

IFNg is primarily produced by lymphocyte populations, such as
NK cells, innate lymphoid cells, T helper 1 (TH1) cells, and CTLs.
For different cell types, the signaling can initiate through pattern
recognition receptors, T cell receptors, and IFNgR. Stimulation of
any of these receptors triggers the recognized Janus kinase (JAK)
signal transducer and activator of transcription (STAT) signaling
pathway (Figure 2). IFNgR ligand binding results in the initiation
of JAK1 and JAK2 receptor association and activation followed by
phosphorylation and activation of STAT1. Activated STAT1
moves to the nucleus, binds to the GAS site, and starts the
transcription of interferon-stimulated genes (ISGs). ISGs not
only encode cytokines and chemokines but also phagocytic
receptors and antigen-presenting molecules (Figure 2). It is
apparent that IRE produces tumor antigens that elicit an
immune response, specifically via APCs that present the tumor
antigens to IFNg-expressing T cells. These activated T cells then
kill tumor cells directly or activate alternative killing mechanisms,
such as macrophage activation. However, the relationship between
antigen presentation, T cell activation, and cytokine expression has
not been fully elucidated in the context of IRE. We suggest this
interface reveals an exciting co-therapy target, such as enhancing
the release and subsequent presentation of a specific antigen and
can also inform the timing of co-therapy application.
IFNg MEDIATED PD1/PD-L1 EXPRESSION
AND CTL INHIBITION PATHWAY

Unrestrained immune responses to tumor antigens can cause
excessive inflammatory tissue damage and autoimmune diseases,
therefore, immune homeostasis is critical for host survival. To
maintain this homeostasis, the extent of the immune response is
controlled by a balance between co-stimulatory and inhibitory
signals of immune checkpoints. These checkpoints are often
hijacked by tumor cells to evade the immune system. In a mouse
model of pancreatic cancer, IFNg expression by splenocytes after
IRE and PD-L1 expression by tumor cells after IFNg treatment has
been demonstrated (69). An increase in CD4+PD1+ and CD8+PD1
+ T cells 2 weeks post-IRE were found in the blood of all 10 LAPC
patients (44). Enhanced antitumor efficacy of IRE and anti-PD1
immune checkpoint blockade in a murine orthotopic pancreatic
adenocarcinoma (PDAC) model (KRAS model) were found where
blocking of CD8a negates the benefit of IRE and blocking of CTLA4
did not enhance the efficacy of IRE. These results denote the
importance of retaining CTL’s anti-tumor activity by targeting the
right checkpoint molecule (38). IFNgmediated PD-L1 expression is
also regulated by JAK/STAT pathway (Figure 2), and emphasis has
been put on why anti-PD-L1 immunotherapy might not work if
IFNg mediated PD-L1 is not expressed (70). IFNg expression after
IRE treatment due to T cell activation and PD1 by T cells and
PD-L1 by tumor cells have been shown, but it is poorly understood
what pathway is being activated and requires further investigation.
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Fascinating genetic and biochemical results support crucial
roles for JAK1, JAK2, STAT1, and ISGs in facilitating cellular
IFNg responses. The JAK-STAT pathway is also important in
IFNg function, as seen in host defense against pathogens,
inflammatory and immune responses, tissue damage, and
tumor immunosurveillance. In the context of pancreatic
tumors treated with IRE, the IFNg–JAK–STAT1–ISG pathway,
immune functions of ISGs, and feedback inhibition of this
pathway pose some key questions to be answered. Many
components of this pathway are interlinked. For example,
antigens released through IRE treatment activate T cells and
produce IFNg, and IFNg can induce itself and/or PD-L1
presumably through JAK–STAT1–ISG pathway. IFNg
stimulates its own production through a positive feedback loop
and induces PD-L1 through a negative feedback loop, which may
be regulated through spacial, temporal and cell type dependent
manner. This complex interaction is not yet fully defined in the
context of IRE and pancreatic cancer. Hence, comprehensive
understanding of this pathway might improve development of
co-therapy targets for IRE.
TGF-b PATHWAY IN PANCREATIC
CANCER AND IRE

The transforming growth factor-b (TGF-b) pathway mediates
diverse cellular processes and is a major contributor to cancer
initiation and progression. In pancreatic cancer, TGF-b plays a
Frontiers in Oncology | www.frontiersin.org 5
paradoxical role as both a tumor suppressor and a tumor
promoter. TGF-b family members are upregulated in
pancreatic cancer, and increased expression of type II TGF-b
receptor is linked with reduced survival in pancreatic cancer
patients (71). Intriguingly, in the rabbit VX-2 breast cancer
model, it was found that IRE improved the antitumor immune
response by lowering the plasma levels of soluble interleukin-2
receptor (sIL-2R) and TGF-b1 (43). While TGF-b signaling was
upstream of many crucial signaling pathways in pancreatic
cancer, no significant impact of IRE treatment on TGF-b
signaling was found in microarray analysis (23). However,
microarray analysis was performed only on samples collected
24 hours post-IRE treatment, but the TGF-b signaling dynamics
are dependent on many factors and require comprehensive
investigation (72).

TGF-b signaling is important in pancreatic cancer and has been
actively or passively implicated after IRE treatment but requires
further investigation to fully interpret the immunosuppressive role
of TGF-b. Common Treg andMDSC cells are subsets of suppressor
cells known to have a role in tumor immunology. Treg1 (CD4
+CD25−DX5+LAG-3+FoxP3−) is a subset of T regs and have been
found to secrete high amounts of IL-10 and TGF-b. TGF-b and IL-
10 expression decrease synthesis of IFNg (Figure 2) and TNF-a by
pro-inflammatory CD4 T cells, and in turn reduce tumor-specific
cytotoxicity of CTLs, prevent activities of dendritic cells and NK
cells, and result in tolerance to tumor cells (73–75). Reduction of
Tregs after IRE treatment in LAPC patients has been observed (44).
Previous studies indicated thatMDSCmediate development of Treg
FIGURE 2 | Pathways involved in the IRE treatment of pancreatic cancer. Released antigen after IRE treatment activates CTL and induces IFNg expression. Binding
IFNg to IFNR recruit and phosphorylate JAK1, and JAK2 activates STAT1 by phosphorylation results in translocation of STAT1 into the nucleus. In the nucleus
STAT1 binds to the GAS site and starts the transcription of interferon-stimulated genes (ISGs). ISGs not only encode cytokines and chemokines, but also phagocytic
receptors and antigen-presenting molecules. IFNg also induces PD-L1 expression by tumor cells through the JAK/STAT pathway. TLR9 agonists promote antitumor
immunity through NK-kB signaling.
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cells in a TGF-b-dependent manner (76, 77). MDSCs remained the
same on day 2 post-treatment with Nano-Pulse stimulation but
significantly decreased on day 7 in LAPC patients (78). In
agreement with the reduction of Tregs, IRE along with PD1
blockade and TLR7 agonist decreased MDSC levels on day 7 (21).
This indicates the importance of elucidating underlying mechanism
involving TGF-b, Tregs and MDSCs.
TLR3/TLR9 PATHWAY IN PANCREATIC
CANCER AND IRE

Toll like receptor signaling recognize a wide variety of pathogen
associated molecular patterns (PAMPs) and activate subsequent
immune signaling. CpG and IMO-2125 are TLR9 agonists. CpG
motifs are considered PAMPs and can act as an agonist of TLR9
when unmethylated. When CpG binds to TLR9, it triggers a
conformational shift in the receptor causing MyD88 recruitment
and activation of signaling pathways downstream, culminating in
NF-kB activation (79) to initiate a cascade of innate and adaptive
immune responses (Figure 2). TLR9 agonists (CpG, IMO-2125)
activate plasmacytoid dendritic cells to secrete type I interferon
and to express increased levels of co-stimulatory molecules such as
CD80 and CD86. This is thought to induce a variety of secondary
effects, including secretion of cytokines/chemokines, activation of
natural killer (NK) cells, and expansion of T-cell populations (80,
81). A humoral immune response is also initiated as TLR9 agonists
enhance differentiation of B cells into antibody-secreting plasma
cells, potentially promoting antibody-dependent cellular
cytotoxicity (82).

In a mouse lymphoma model, IRE along with TLR3/9 agonist
and PD1 blockade produced strong antigen specific CD8+ T cells
and reduced the number of exhausted intratumoral CTLs, resulting
in complete removal of primary tumors and distant tumors.
IRE combination therapy efficiently altered the tumor
microenvironment to promote anti-tumor signaling, as shown by
decreased M2 macrophages, MDSCs, plasmacytoid dendritic cells,
and Tregs and by increased M1 macrophages and CTLs (83). A
phase II clinical trial PANFIRE-II (NCT01939665) showed that IRE
resulted in a median overall survival of 17 months after diagnosis
when combined with 5-fluorouracil, leucovorin, irinotecan, and
oxaliplatin (84). PANFIRE-III trial (NCT04612530) is at present
assessing safety and efficacy of IRE + systemic anti-PD-1 ±
intratumoral TLR-9 agonist in metastatic PDAC patients (85).
Frontiers in Oncology | www.frontiersin.org 6
While clinical trials are underway it should still be noted that
pattern recognition receptor pathways have not been well studied in
the context of IRE and pancreatic cancer.
CONCLUSION

IRE is a promising and novel method to treat pancreatic cancer.
Many important biochemical pathways have been implicated in
pancreatic cancer and several of them were found altered after IRE
treatment using human pancreatic cancer patients or animal
models. For many of those pathways, starting and endpoints have
been tested after IRE treatment but comprehensive knowledge of
the alterations of the components of a whole pathway is crucial to
understand and design an effective target for treatment. A timeline
of initial tumor growth, tumor reduction after IRE treatment, IFNg
expression and its stimulation of PD-1/PD-L1, activation/
suppression of pattern recognition receptors, and the TGF-b
pathway would help the field develop co-therapy targets and
design improved clinical trials.
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40. Calvet CY, Famin D, André FM, Mir LM. Electrochemotherapy With
Bleomycin Induces Hallmarks of Immunogenic Cell Death in Murine
Colon Cancer Cells. Oncoimmunology (2014) 3:e28131. doi: 10.4161/
onci.28131

41. Nuccitelli R, McDaniel A, Anand S, Cha J, Mallon Z, Berridge JC, et al. Nano-
Pulse Stimulation is a Physical Modality That can Trigger Immunogenic
Tumor Cell Death. J Immunother Cancer (2017) 5:1–13. doi: 10.1186/s40425-
017-0234-5

42. Beitel-White N, Martin RCG, Li Y, Brock RM, Allen IC, Davalos RV. Real-
Time Prediction of Patient Immune Cell Modulation During Irreversible
Electroporation Therapy. Sci Rep (2019) 9:1–8. doi: 10.1038/s41598-019-
53974-w

43. Tian G, Guan J, Chu Y, Zhao Q, Jiang T. Immunomodulatory Effect of
Irreversible Electroporation Alone and Its Cooperating With Immunotherapy
in Pancreatic Cancer. Front Oncol (2021) 11:712042. doi: 10.3389/
fonc.2021.712042

44. Scheffer HJ, Stam AGM, Geboers B, Vroomen LGPH, Ruarus A, de Bruijn B,
et al. Irreversible Electroporation of Locally Advanced Pancreatic Cancer
Transiently Alleviates Immune Suppression and Creates a Window for
March 2022 | Volume 12 | Article 853779

https://seer.cancer.gov/statfacts/html/pancreas.html
https://seer.cancer.gov/statfacts/html/pancreas.html
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1001/jamanetworkopen.2021.4708
https://doi.org/10.1148/radiol.2513081740
https://doi.org/10.3748/wjg.v11.i40.6395
https://doi.org/10.1186/1479-5876-5-34
https://doi.org/10.1371/journal.pone.0001135
https://doi.org/10.1002/1097-0142(19931215)72:12%3C3694::AID-CNCR2820721222%3E3.0.CO;2-2
https://doi.org/10.1002/1097-0142(19931215)72:12%3C3694::AID-CNCR2820721222%3E3.0.CO;2-2
https://doi.org/10.1016/j.ebiom.2019.05.036
https://doi.org/10.1080/02656736.2018.1539253
https://doi.org/10.1148/radiol.2015151166
https://doi.org/10.1158/2326-6066.CIR-19-0101
https://doi.org/10.1158/2326-6066.CIR-19-0101
https://doi.org/10.1002/ctm2.39
https://doi.org/10.1177/1533033818788072
https://doi.org/10.1016/j.ejcsup.2006.08.002
https://doi.org/10.1016/j.ejcsup.2006.08.003
https://doi.org/10.1016/j.ejcsup.2006.08.003
https://doi.org/10.1016/j.ijsu.2015.06.049
https://doi.org/10.1016/j.jvir.2019.03.002
https://doi.org/10.1097/SLA.0000000000001441
https://doi.org/10.1002/jso.23280
https://doi.org/10.1186/s12885-021-08474-4
https://doi.org/10.1148/radiol.10090337
https://doi.org/10.1080/2162402X.2021.1875638
https://doi.org/10.1080/2162402X.2021.1875638
https://doi.org/10.1016/j.jvir.2019.10.015
https://doi.org/10.1016/j.jvir.2019.10.015
https://doi.org/10.3389/fonc.2020.01235
https://doi.org/10.3389/fonc.2020.01235
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1111/imr.12534
https://doi.org/10.1038/s41467-019-08782-1
https://doi.org/10.1007/s00262-008-0462-0
https://doi.org/10.4161/onci.28131
https://doi.org/10.4161/onci.28131
https://doi.org/10.1186/s40425-017-0234-5
https://doi.org/10.1186/s40425-017-0234-5
https://doi.org/10.1038/s41598-019-53974-w
https://doi.org/10.1038/s41598-019-53974-w
https://doi.org/10.3389/fonc.2021.712042
https://doi.org/10.3389/fonc.2021.712042
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Imran et al. Immunomodulatory Pathways in Irreversible Electroporation
Antitumor T Cell Activation. Oncoimmunology (2019) 8:1652532. doi:
10.1080/2162402X.2019.1652532

45. Kepp O, Senovilla L, Vitale I, Vacchelli E, Adjemian S, Agostinis P, et al.
Consensus Guidelines for the Detection of Immunogenic Cell Death.
Oncoimmunology (2014) 3:e955691. doi: 10.4161/21624011.2014.955691

46. Garg AD, Krysko DV, Vandenabeele P, Agostinis P. The Emergence of Phox-
ER Stress Induced Immunogenic Apoptosis. Oncoimmunology (2012) 1:786–
8. doi: 10.4161/onci.19750

47. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization of
Tumor-Associated Neutrophil Phenotype by TGF-b:”N1” Versus “N2” TAN.
Cancer Cell (2009) 16:183–94. doi: 10.1016/j.ccr.2009.06.017

48. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Yang THO, et al.
Cancer Genome Atlas Research, AJ Lazar, JS Serody, EG Demicco, ML Disis,
BG Vincent and I. Shmulevich. Immunity (2018) 48:812–30. doi: 10.1016/
j.immuni.2018.03.023

49. Dai M, Hellstrom I, Yip YY, Sjögren HO, Hellstrom KE. Tumor Regression
and Cure Depends on Sustained Th1 Responses. J Immunother (Hagerstown
Md 1997) (2018) 41:369. doi: 10.1097/CJI.0000000000000231

50. Dewan MZ, Terunuma H, Takada M, Tanaka Y, Abe H, Sata T, et al. Role of
Natural Killer Cells in Hormone-Independent Rapid Tumor Formation and
Spontaneous Metastasis of Breast Cancer Cells In Vivo. Breast Cancer Res
Treat (2007) 104:267–75. doi: 10.1007/s10549-006-9416-4

51. Bingle L, Brown NJ, Lewis CE. The Role of Tumour-Associated Macrophages
in Tumour Progression: Implications for New Anticancer Therapies. J Pathol
A J Pathol Soc Gt Britain Irel (2002) 196:254–65. doi: 10.1002/path.1027

52. Mougiakakos D, Choudhury A, Lladser A, Kiessling R, Johansson CC.
Regulatory T Cells in Cancer. Adv Cancer Res (2010) 107:57–117. doi:
10.1016/S0065-230X(10)07003-X

53. Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E, Cole DJ,
Montero AJ. Increased Circulating Myeloid-Derived Suppressor Cells
Correlate With Clinical Cancer Stage, Metastatic Tumor Burden, and
Doxorubicin–Cyclophosphamide Chemotherapy. Cancer Immunol
Immunother (2009) 58:49–59. doi: 10.1007/s00262-008-0523-4

54. Shree T, Olson OC, Elie BT, Kester JC, Garfall AL, Simpson K, et al.
Macrophages and Cathepsin Proteases Blunt Chemotherapeutic Response
in Breast Cancer. Genes Dev (2011) 25:2465–79. doi: 10.1101/gad.180331.111

55. Mirza N, Fishman M, Fricke I, Dunn M, Neuger AM, Frost TJ, et al. All-
Trans-Retinoic Acid Improves Differentiation of Myeloid Cells and Immune
Response in Cancer Patients. Cancer Res (2006) 66:9299–307. doi: 10.1158/
0008-5472.CAN-06-1690

56. Hampton HR, Chtanova T. Lymphatic Migration of Immune Cells. Front
Immunol (2019) 10:1168. doi: 10.3389/fimmu.2019.01168

57. Neal RE2nd, Rossmeisl JHJ, Robertson JL, Arena CB, Davis EM, Singh RN,
et al. Improved Local and Systemic Anti-Tumor Efficacy for Irreversible
Electroporation in Immunocompetent Versus Immunodeficient Mice. PloS
One (2013) 8:e64559. doi: 10.1371/journal.pone.0064559

58. Alinezhadbalalami N, Graybill PM, Imran KM, Verbridge SS, Allen IC,
Davalos RV. Generation of Tumor-Activated T Cells Using Electroporation.
Bioelectrochemistry (2021) 142:107886. doi: 10.1016/j.bioelechem.
2021.107886

59. Zhao J, Chen S, Zhu L, Zhang L, Liu J, Xu D, et al. Antitumor Effect and
Immune Response of Nanosecond Pulsed Electric Fields in Pancreatic Cancer.
Front Oncol (2020) 10:621092. doi: 10.3389/fonc.2020.621092

60. Figini M, Wang X, Lyu T, Su Z, Wang B, Sun C, et al. Diffusion MRI
Biomarkers Predict the Outcome of Irreversible Electroporation in a
Pancreatic Tumor Mouse Model. Am J Cancer Res (2018) 8:1615–23.

61. White SB, Zhang Z, Chen J, Gogineni VR, Larson AC. Early Immunologic
Response of Irreversible Electroporation Versus Cryoablation in a Rodent
Model of Pancreatic Cancer. J Vasc Interv Radiol (2018) 29:1764–9.
doi: 10.1016/j.jvir.2018.07.009

62. He C, Wang J, Sun S, Zhang Y, Li S. Immunomodulatory Effect After
Irreversible Electroporation in Patients With Locally Advanced Pancreatic
Cancer. J Oncol (2019) 2019:9346017. doi: 10.1155/2019/9346017

63. St Paul M, Ohashi PS. The Roles of CD8(+) T Cell Subsets in Antitumor
Immunity. Trends Cell Biol (2020) 30:695–704. doi: 10.1016/j.tcb.2020.06.003

64. Jorgovanovic D, Song M, Wang L, Zhang Y. Roles of IFN-g in Tumor
Progression and Regression: A Review. Biomark Res (2020) 8:49.
doi: 10.1186/s40364-020-00228-x
Frontiers in Oncology | www.frontiersin.org 8
65. Tau GZ, Cowan SN, Weisburg J, Braunstein NS, Rothman PB. Regulation of
IFN-Gamma Signaling is Essential for the Cytotoxic Activity of CD8(+) T
Cells. J Immunol (2001) 167:5574–82. doi: 10.4049/jimmunol.167.10.5574

66. Maimela NR, Liu S, Zhang Y. Fates of CD8+ T Cells in Tumor
Microenvironment. Comput Struct Biotechnol J (2019) 17:1–13.
doi: 10.1016/j.csbj.2018.11.004

67. Lin M, Alnaggar M, Liang S, Wang X, Liang Y, Zhang M, et al. An Important
Discovery on Combination of Irreversible Electroporation and Allogeneic
Natural Killer Cell Immunotherapy for Unresectable Pancreatic Cancer.
Oncotarget (2017) 8:101795–807. doi: 10.18632/oncotarget.21974

68. Li X, Xu K, Li W, Qiu X, Ma B, Fan Q, et al. Immunologic Response to Tumor
Ablation With Irreversible Electroporation. PloS One (2012) 7:e48749.
doi: 10.1371/journal.pone.0048749

69. O’Neill C, Hayat T, Hamm J, Healey M, Zheng Q, Li Y. Martin RCG 2nd. A
Phase 1b Trial of Concurrent Immunotherapy and Irreversible
Electroporation in the Treatment of Locally Advanced Pancreatic
Adenocarcinoma. Surgery (2020) 168:610–6. doi: 10.1016/j.surg.2020.04.057

70. Kalbasi A, Ribas A. Tumour-Intrinsic Resistance to Immune Checkpoint
Blockade.Nat Rev Immunol (2020) 20:25–39. doi: 10.1038/s41577-019-0218-4

71. Wagner M, Kleeff J, Friess H, Büchler MW, Korc M. Enhanced Expression of
the Type II Transforming Growth Factor-Beta Receptor is Associated With
Decreased Survival in Human Pancreatic Cancer. Pancreas (1999) 19:370–6.
doi: 10.1097/00006676-199911000-00008

72. Zi Z, Chapnick DA, Liu X. Dynamics of TGF-b/Smad Signaling. FEBS Lett
(2012) 586:1921–8. doi: 10.1016/j.febslet.2012.03.063

73. Han WGH, Schuurhuis DH, Fu N, Camps M, van Duivenvoorde LM, Louis-
Plence P, et al. DC-Induced CD8(+) T-Cell Response is Inhibited by MHC
Class II-Dependent DX5(+)CD4(+) Treg. Eur J Immunol (2009) 39:1765–73.
doi: 10.1002/eji.200838842
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