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Abstract: Depending on the initiating stimulus, cancer cell death can be immunogenic or
non-immunogenic. Inducers of immunogenic cell death (ICD) rely on endoplasmic reticulum
(ER) stress for the trafficking of danger signals such as calreticulin (CRT) and ATP. We found that
nanosecond pulsed electric fields (nsPEF), an emerging new modality for tumor ablation, cause the
activation of the ER-resident stress sensor PERK in both CT-26 colon carcinoma and EL-4 lymphoma
cells. PERK activation correlates with sustained CRT exposure on the cell plasma membrane and
apoptosis induction in both nsPEF-treated cell lines. Our results show that, in CT-26 cells, the activity
of caspase-3/7 was increased fourteen-fold as compared with four-fold in EL-4 cells. Moreover, while
nsPEF treatments induced the release of the ICD hallmark HMGBI in both cell lines, extracellular
ATP was detected only in CT-26. Finally, in vaccination assays, CT-26 cells treated with nsPEF or
doxorubicin equally impaired the growth of tumors at challenge sites eliciting a protective anticancer
immune response in 78% and 80% of the animals, respectively. As compared to CT-26, both nsPEF-
and mitoxantrone-treated EL-4 cells had a less pronounced effect and protected 50% and 20% of the
animals, respectively. These results support our conclusion that nsPEF induce ER stress, accompanied
by bona fide ICD.

Keywords: ablation; immunotherapy; vaccine; apoptosis; electroporation

1. Introduction

Several local ablative therapies are available as innovative treatments to fight cancer. Although
both ablation and surgical resection result in the focal eradication of tumors, ablation causes cell death
in situ. By killing tumors locally, ablative therapies make tumor antigens available as an in situ cancer
vaccine which has the potential to initiate a systemic antitumor immune response.

Thermal ablation technologies such as radiofrequency ablation (RFA), microwave ablation (MWA),
and high intensity focused ultrasound (HIFU) have all been shown to elicit immunomodulatory
effects, the magnitude of which is highly variable [1]. While each modality accomplishes the local
deposition of energy via different approaches, all these ablation methods cause cell death via necrosis.
Accidental necrosis is a rapid cell death process which lacks morphological and biochemical changes
that are typically associated with late apoptosis and secondary necrosis [2]. Although in vitro damage
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associated molecular patterns (DAMPs) released from necrotic cells led to maturation of antigen
presenting cells (APCs), in vivo necrotic cell vaccines showed an immunologically inert nature which
did not protect animals from tumor challenge [3,4].

The potential of dead and dying cells to trigger an antitumor immune response depends on
the regulated emission of DAMPs, such as the endoplasmic reticulum protein calreticulin (CRT),
ATP, and the chromatin-binding protein high mobility group Bl (HMGB1). These signals are
crucial for immunogenic cell death (ICD). The extracellular release of HMGB1 and ATP attracts
and activates APCs, whereas CRT exposure on the surface of dying tumor cells serves as an “eat-me”
signal for phagocytes [5-7]. Collectively, these signals enhance APCs ability to engulf, process,
and present tumor-derived antigens to T-cells, thus favoring the induction of a tumor-specific adaptive
immunity [5,8,9].

Several studies have shown that the stress responses that precede cell death control the temporally
coordinated emission of DAMPs [5,6,10]. Among these stress responses, the central role for endoplasmic
reticulum (ER) stress has been revealed in all scenarios of ICD described thus far [11]. The endoplasmic
reticulum is a crucial organelle that controls Ca?*-storage and buffering, lipid biosynthesis, and folding
and assembling of secretory and transmembrane proteins. Considering the relevance of maintaining
ER homeostasis, cells have developed an adaptation mechanism to rapidly sense and respond
to perturbations in the ER folding machinery, called the unfolded protein response (UPR) [11-13].
In mammalian cells, the UPR is controlled by three ER-resident stress sensors, namely, inositol-requiring
enzyme 1 alpha (IREl«), activating transcription factor 6 (ATF6), and protein kinase R-like ER kinase
(PERK). When the ER stress is mild, the UPR facilitates the re-establishment of the cellular homeostasis.
However, when ER stress intensity is too severe, the UPR engages signaling pathways culminating
into cell death executed through the apoptotic program [11,12,14,15].

Considering the dependence of ICD on the induction of sustained ER stress, it is no surprise that
the ER stress intensity caused by an ICD inducer has a strong impact on the quality and quantity of
the emitted DAMPs. This led to the subdivision of ICD inducers into two categories, Type I and type
II. Type I ICD inducers, such as anthracyclines, oxaliplatin, and radiotherapy, trigger apoptotic cell
death which is accompanied by collateral ER-stress. Type II inducers, such as hypericin-photodynamic
therapy (Hyp-PDT) or oncolytic viruses, selectively targets the ER, inducing ER stress-dependent
apoptosis [10,16-18]. Among the three ER-stress sensors, PERK has been shown to have a predominant
role in mediating the trafficking of DAMPs. PERK regulates the externalization of CRT in response to
chemotherapy [7,19-21] and the emission of both CRT and ATP after Hyp-PDT [22]. Moreover, ablation
of PERK in cancer cells compromises ICD by suppressing its tumor-rejecting anticancer vaccination
effect in vivo [19].

Pulsed electric fields (PEF) compromise the integrity of the cell plasma membrane, a process
referred to as electroporation or electropermeabilization [23-25]. Conventional electroporation pulses
are relatively long (us to ms) with lower electric fields (<1 kV/cm) and they have been widely used
in many biomedical applications including in vitro cell transfection [26], in vivo gene transfer [27,28],
and intracellular delivery of cytotoxic agents such as bleomycin to kill tumors [29-32]. Ablation of
tumors can also be achieved by more intense PEF treatments which cause irreversible electroporation
(IRE) [33-35]. Treatment of tissue with PEF requires the application of electrodes to the area to be
treated and the delivery of PEF according to specific protocols. The treatment intensity (as determined
by the pulse amplitude, number, and duration) needs to be sufficiently high to destroy the cells, but not
too high in order to avoid the concurrent Joule heating and thermal damage.

Recently, PEF protocols have been extended to nanosecond-duration pulses (nsPEF). Unlike micro-
and millisecond duration PEF, under specific conditions nsPEF have been shown to penetrate
the cell plasma membrane and permeabilize organelle membranes such as the ER, mitochondria,
and nucleus [36—41]. In the conventional electroporation, charging of the cell plasma membrane
compensates the external electric field and protects the cell interior. Characteristic charging time
constants for the plasma membrane of mammalian cells are in the order of 100 ns. However, for field
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magnitudes greater than 10 kV/cm, ultrashort nanosecond pulses can charge smaller intracellular
structures to the electroporation threshold faster than it would take for the plasma membrane to charge
and protect them [42-44]. Subsequent biological responses range from Ca?* mobilization [39-41,45,46],
reactive oxygen species (ROS) production [47,48], rapid externalization of phosphatidylserine [49-51],
activation of the c-Jun N-terminal kinase 1 (JNK) [52], and mitogen-activated protein kinase (MAPK) [53]
pathways to the induction of apoptotic and necrotic cell death [37,54-57].

Cancer cell killing by nsPEF has been extensively explored in vitro [37,55,57-60] followed by
successful tumor ablation trials in vivo in animals [57,61-66] and humans [67].

In addition to the high ablation efficiency, several groups, including ours, have reported that
nsPEF elicit an antitumor immune response which, depending on the tumor model or pulse parameters,
protected 100% to 25% of the treated animals from tumor challenge [57,65,66,68-71]. The mechanisms
responsible for this inhibition remain poorly understood.

In this study, we investigated the efficacy of nsPEF treatment at inducing ER stress and ICD in
both immunogenic CT-26 colon carcinoma and poorly immunogenic EL-4 lymphoma cells. Our results
show that nsPEF activate PERK, accompanied by apoptotic cell death and emission of major DAMPs.
Moreover, nsPEF-treated CT26 and EL-4 tumor cells vaccinated 78% and 50% of the animals from
tumor challenge, respectively.

2. Results

2.1. nsPEF Induce ER-Stress in Cancer Cells

Because nsPEF have been shown to directly permeabilize the ER leading to a rise in cytosolic
Ca?* [39,40] and to induce ROS production [47,48], we tested a hypothesis that nsPEF treatments could
trigger a generalized ER stress response in tumor cells.

In preliminary experiments we investigated the sensitivity to nsPEF of both immunogenic CT-26
and poorly immunogenic EL-4 cells and established 300 and 100 pulses (200 ns, 7 kV/cm, 10 Hz) as
iso-effective doses causing 60% cell death at 24 h, respectively. Using these pulse doses, we measured
the level of spliced XBP1 mRNA in both nsPEF-treated tumor cell lines. XBP1 is a key transcription
factor that regulates the UPR. Its expression is regulated by unconventional mRNA splicing that is
carried out by the ER-sensor IRE1 [72,73]. Figure 1A shows that in EL-4 cells (top panel) 200 ns pulses
did not induce an accumulation of spliced XBP1. Conversely, in CT-26 cells (bottom panel) nsPEF
increased the level of spliced XBP1 by five-fold.

During ICD, while all three sensors of the UPR are activated, only the PERK branch is so far
mandatory for ICD [19,21]. Therefore, we studied PERK activation in nanoporated cells. Our results
show that 200 ns pulses induce the activation of PERK in both cell lines as measured by the
phosphorylation of its substrate eukaryotic translation initiation factor 2« (elF2x) on serine 51
(Figure 1B).

Overall our data show that nsPEF induce ER stress accompanied by PERK activation while the
IRE1 branch of the UPR response appear to be activated in a cell type-specific manner.
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Figure 1. Effect of nsPEF on the activation of the endoplasmic reticulum (ER) stress sensors IRE1 (A)
and PERK (B). EL-4 cells (top panels) and CT26 cell (bottom panels) were treated with iso-effective
doses of 100 and 300 pulses, respectively (200 ns, 7 kV/cm, 10 Hz). Samples were collected at 5 h post
treatment. In (A) the expression level of XBP1 in both EL-4 and CT26 was measured by real-time
quantitative PCR. The gene mRNA level was normalized to the housekeeping HPRT gene mRNA and
is shown as relative expression. In (B) phosphorylation of elF2cc was measured by Western blot using
an anti-phospho-elF2« (Serine 51) antibody. Left panels show a representative image for both EL-4 (top
panel) and CT26 cells (bottom panel) with e[F2« (phosphorylated and total) and the housekeeping
Vinculin protein seen as a 38 and 140 kDa band, respectively. Graphs on the right are the quantifications
of the p-elF2«x expressed as fold to sham. 1 uM thaspigargin (Thaps.) was used as a positive control
for ER stress induction. Mean +/— s.e. n = 3 for both A and B. *p < 0.001 for the difference of nsPEF
from sham.

2.2. PERK Activation Correlates with Apoptosis Induction and CRT Translocation onto the Cell Plasma
Membrane of Nanoporated Tumor Cells

Unresolved ER stress triggers apoptotic cell death. Phosphorylation of elF2« by PERK induces
the proapoptotic transcription factor CAAT/enhancer binding protein (C/EBP) homologous protein
(CHOP), which is a pivotal element of the switch from pro-survival to pro-death signaling [14,15,74].
We previously reported that nsPEF induce apoptosis in U-937 monocyte lymphoma but not in B16F10
melanoma cells [57]. We, therefore, decided to investigate apoptosis in both CT26 and EL-4 cells and
compare it to B16F10 melanoma cells.

Cells were exposed to either 200 ns pulses (Figure 2A,B) or staurosporin as a positive control for
apoptosis induction (Figure 2C), and caspase-3/7 activity and viability were measured at 4 and 24 h
post treatment. The use of different numbers of pulses for the three cell lines reflects their different
sensitivity to nsPEF, with EL-4 and B16F10 being more sensitive than CT26 cells. Figure 2A shows that
nsPEF caused caspase activation at 24 h in both EL-4 and CT26 while, as expected, failed to do so in
B16F10 cells. In CT-26 cells the activity of caspase-3/7 increased fourteen-fold as compared to four-fold
in EL-4 cells. Notably, cell death kinetics vary considerably between cell lines (Figure 2B). While both
EL-4 and CT26 cells kept dying over 24 h, suggesting the occurrence of a slower programmed cell
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death, B16F10 cells died rapidly within the first 4 h, and in 24 h, cells already started to grow back
(Figure 2B). Notably, primary necrosis can contribute to nsPEF cytotoxicity [54] explaining why overall
cell death was similar in all treated cell types.
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Figure 2. nsPEF trigger apoptotic cell death in both CT-26 and EL-4 cells but not in B16F10 melanoma
cells. Cells were exposed in cuvettes to increasing numbers of 200 ns pulses (7kV/cm, 10 Hz).
Both caspase-3/7 activation (A) and cell viability (B) were measured at 4 h (black) and 24 h (red) post
treatment. Caspase activity is shown as relative luminescence units (RLU) per live cell while cell
viability is expressed in % to sham-exposed parallel control. In (C) cells were treated with 10 uM
staurosporin for 24 h. The left y-axis refers to cell viability (grey), and the right y-axis is the caspase
activity (blue). Mean +/—s.e. n = 3-5. *p <0.05, ** p < 0.01 for caspase activity of nsPEF from sham.

Previous studies have shown that PERK activation and the phosphorylation of its substrate elF2c
are essential for CRT exposure induced by anthracyclines, oxaliplatin, and Hyp-PDT [19,22]. Therefore,
we investigated whether PERK activation correlated with CRT exposure on the plasma membrane of
nanoporated tumor cells. Figure 3 shows that nsPEF triggered CRT translocation in both EL-4 (Figure 3A)
and CT26 (Figure 3B). Notably, the efficiency of nsPEF at inducing CRT relocalization to the cell plasma
membrane was comparable or even higher than the effect of the positive control mitoxantrone.
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Figure 3. nsPEF induce CRT externalization on the cell surface of both EL-4 (A) and CT26 cells
(B). EL-4 and CT26 cells were treated with iso-effective doses of 100 and 300 pulses, respectively
(200 ns, 7 kV/cm, 10 Hz). 1 uM mitoxantrone (MTX) was used as a positive control for CRT exposure.
At 24 h post-treatment, surface CRT was measured by FACS analysis. Left and middle panels show
representative FACS histograms. Bar graphs on the right are quantifications of the surface CRT
expressed as mean fluorescence intensity (MFI). Mean +/— s.e. n = 4 for both (A) and (B). *p < 0.01,
** p < 0.001 for the difference of nsPEF from sham.

2.3. Effect of nsPEF on Secreted Immunogenic DAMPs

Next, we analyzed the effect of nsPEF on DAMPs which are released in the cell supernatant
during ICD such as the nuclear protein HMGB1 and ATP (Figure 4). Our results show that while
nsPEF treatments induced HMGBI release in both tumor cell lines (Figure 4A), extracellular ATP was
detected only in CT26-treated cells (Figure 4B). In CT26 cells, HMGB1 and ATP levels were higher than
doxorubicin positive controls (Figure 4A,B, right graphs). Notably, ATP release was detected as late as
18 h after nsPEF exposure, suggesting that nanoporation can trigger active, persistent mechanisms for
ATP secretion.



Cancers 2019, 11, 2034 7 of 18

A EL-4 CT26
100 80 -
] % % %
80 —_
— % % % —_
E ' %, * %
D 60- %* %k =
- 5‘40-
B 40 o |
= =
T r |
204
0- 04
sham 50p 100p Doxo sham 300p 600p Doxo
B

16 400 &

14 —
o o .
2 _ T
5= 10 &=
32 ,¢ 32 200+
o TR~}
8= e
- ..*. i
ai ai

0- 0-

sham nsPEF Doxo sham nsPEF Doxo

Figure 4. Effect of nsPEF on HMGBI1 (A) and ATP (B) release. EL-4 and CT26 cells were treated
with (A) the indicated number of pulses or (B) iso-effective doses of 100 and 300 pulses, respectively
(200 ns, 7 kV/cm, 10 Hz). In (A) 24 h post treatment, supernatants were assessed for HMGB1 by ELISA.
In (B) ATP release in the supernatant was measured at 18 h post treatment using a luciferase-based
assay. Doxorubicin (10 tM) was used as a positive control for both HMGB1 and ATP release. Mean +/—
s.e. n =4-5 and 3-5 for (A) and (B), respectively. *p < 0.05, ** p < 0.01, *** p < 0.001 for the difference
of nsPEF from sham.

2.4. Immunogenicity of nsPEF-Induced Cell Death

Our in vitro results show that nsPEF induce ER stress accompanied by apoptosis and emission of
major DAMPs. The capacity of nsPEF to induce bona fide ICD was finally tested in standard vaccination
experiments. CT26 and EL-4 cells were treated with 600 and 200 pulses (200 ns, 7 kV/cm, 10 Hz),
respectively, and in order to allow ICD to occur in vivo, immediately injected in syngeneic mice.
Figure 2B shows that for both cell lines, even at the highest pulse doses, cell death leveled off to 80% to
85%. These results are consistent with previous studies showing that exposures of suspension cells in
electroporation cuvettes do not result in 100% cell killing [55,58,60]. Although treated with a vaccine
containing 15% to 20% live cells, tumors at vaccination sites did not develop in 60% (nine out of fifteen)
and 25% (six out twenty-five) of CT-26 and EL-4 syngeneic mice, respectively. The difference between
the two models may reflect their intrinsic immunogenicity with CT-26 being more immunogenic than
EL-4 cells [75,76]. In animals that did not develop tumors at the vaccination site, CT26 cells treated
with nsPEF and doxorubicin equally impaired the growth of tumors at challenge sites (Figure 5A)
eliciting a protective anticancer immune response in 78% (seven out of nine) and 80% (eight out of
ten) of the animals, respectively (Figure 5B). Among animals with tumors at the primary injection site,
five out of six developed tumors also at challenge sites, yet these tumors grew significantly slower
(Supplementary Figure S1). Compared to CT-26, nsPEF-treated EL-4 cells had a less pronounced
effect and protected 50% (three out of six) of the animals (Figure 6A). Notably, both 0.5 and 1 uM
mitoxantrone-treated cells failed to induce an effective antitumor immune response in EL-4 syngeneic
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mice (Figure 6B). Results for animals that developed tumors at vaccination site are not presented
because the fast tumor growth kinetic did not allow us to monitor the animals long term after challenge.
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Figure 5. nsPEF-treated CT26 cells vaccinated mice from tumor challenge. CT26 tumor cells were
treated with nsPEF (600, 200 ns, 7 kV/cm, 10 Hz) and immediately injected into the flank of syngeneic
BalbC mice (0.6 x 10° cells/mouse). Control groups were vaccinated with either PBS or with CT-26 cells
treated with doxorubicin (Doxo, 25 uM) for 24 h. After 7 days, animals were challenged with live cells
(0.1 x 10° cells/mouse) into the opposite flank. Panel (A) shows the tumor growth curves and (B) the %
of tumor free animals. Graphs show the effects measured in animals that did not develop tumor at the
vaccination site. Mean +/—s.e., n = 10, 10, and 9 for PBS, Doxo and nsPEF groups, respectively.
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Figure 6. Immunogenicity of killed EL-4 cells: nsPEF vs. mitoxantrone. In (A) EL-4 tumor cells were
treated with nsPEF (200, 200 ns, 7 kV/cm, 10 Hz) and immediately injected into the flank of syngeneic
C57BL6 mice (0.6 x 10° cells/mouse). In (B) cells were treated with either 0.5 uM (B, left graphs) or 1
uM (B, right graphs) mitoxantrone (MTX) for 24 h. Control groups were vaccinated with PBS. After
7 days, animals were challenged with live cells (0.03 x 10° cells/mouse) into the opposite flank. Top
graphs show the tumor growth curves and bottom graphs show % of tumor free animals. Graphs show
the effects measured in animals that did not develop tumor at the vaccination site. Mean +/—s.e.,,n = 9
and 6 for PBS, and nsPEF groups in (A), respectively. Mean +/—s.e.,,n =9, 9, 8, and 8 for PBS, 0.5 uM
MTX, PBS, and 1 uM MTX groups in (B), respectively. * p < 0.01.
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3. Discussion

In this study we show that nsPEF stimulate an anticancer immune response via induction of ICD.
Although Nuccitelli et al. [71] have previously reported the effect of nsPEF on DAMPs emission, this is
the first comprehensive study investigating ICD induction in nanoporated tumor cells. According to
Kepp et al. [77], we measured apoptosis, ER stress, CRT exposure, ATP secretion, and HMGBI release
and proved the ICD-inducing capacity of nsPEF in standard vaccination assays in immunocompetent
and syngeneic mouse models.

Our results show that nsPEF can induce the phosphorylation of elF2c in both CT26 and EL-4
tumor cells. The elF2x phosphorylation is the hallmark of the integrated stress response (IRS),
a complex signaling pathway that is activated in response to both cell extrinsic factors such as hypoxia,
amino acid and glucose deprivation, viral infections, and cell intrinsic stresses such as ER stress [78].
Four distinct specific kinases, namely, PERK, double-stranded RNA-dependent protein kinase (PKR),
heme-regulated elF2« kinase (HRI), and general control non-derepressible 2 kinase (GCN2) can
catalyze elF2a phosphorylation [78]. However, in the context of ICD, it is the ER stress sensor PERK
that phosphorylates elF2« [19,21,22]. Moreover, Morotomi-Yano et al. have previously reported that,
in HeLa cells, both PERK and GCN2 contribute to nsPEF-induced elF2« phosphorylation causing a
block in protein translation [79].

Our results also show that, in CT26 cells, nsPEF trigger a more generalized ER stress response by
activating both IRE1 and PERK, whereas, in EL-4 cells, nsPEF fail to activate IRE1. Notably, as reported
by Morotomi-Yano et al., IRE1 was also not activated in nanoporated HeLa cells. Moreover, the same
study reported that nsPEF-induced elF2x phosphorylation did not stimulate the expression of its main
downstream transcription factors, namely, activating transcription factor 4 (ATF4) and CHOP [79].
Although surprisingly, these results are in agreement with the recent study from Bezu et al. who
reported that the ICD inducers mitoxantrone, doxorubicin, and oxaliplatin cause PERK-mediated
elF2« phosphorylation but are unable to induce IRE-mediated splicing of XBP1 and fail to stimulate
ATF4 and CHOP expression [21]. These data suggest that an incomplete ER stress response is enough
to induce ICD, although, in certain tumor cell lines, nsPEF can engage more arms of this response.

Considering these results, a key question to consider is how nsPEF trigger ER stress. Perturbations
in cellular energy, Ca®* homeostasis or redox status can all cause ER stress and PERK activation.
Because nanosecond pulses are distinguished by their ability to permeabilize the ER and recruit Ca?*
from intracellular stores [39-41,45,46], one can speculate that nsPEF can cause ER CaZ* depletion.
Notably, thapsigargin, a pharmacological antagonist of sarcoplasmic/endoplasmic reticulum Ca?*
ATPase (SERCA), the pump that moves Ca?* into the ER, causes ER stress by draining the Ca?* ER
storage. This depletion decreases the activity of Ca?*-dependent chaperones leading to an increase in
unfolded proteins and activation of the UPR signaling [12].

Most ICD stimuli including anthracyclines, UVC radiation, and Hyp-PDT trigger ROS-dependent
ER stress. For instance, in Hyp-PDT, hypericin accumulates preferentially within the membranes of
the ER [80] and its photoactivation generates ROS [81]. These short-lived species act locally on ER
membrane phospholipids [82]. Lipid peroxidation can lead to inactivation of receptors and proteins
such as SERCA during Hyp-PDT [83-85]. Because PEF, including nsPEF, have been found to increase
the level of ROS in the cell [47,86,87], one could hypothesize that electroporation can induce ER stress
through mechanisms similar to Hyp-PDT. nsPEF exposure was shown to damage mitochondria causing
leakage of ROS and cytochrome C [37]. Moreover, electropermeabilization is accompanied by lipid
peroxidation, as previously shown in both mammalian cells and liposomes [88-92].

In our study we show that the capacity of nsPEF to engage more arms of the ER stress response
can affect the quality and quantity of emitted DAMPs. Indeed, while nsPEF trigger CRT externalization
in both CT26 and EL-4, ATP was detectable only in the supernatant of nanoporated CT26 cells.
Previous studies have reported that electroporation causes leakage of ATP through the pores [93].
However, in CT26 ATP release was detected 18 h after nsPEF exposure, suggesting the engagement
of active mechanisms for ATP secretion in nanoporated tumor cells. Active ATP release in response
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to ICD inducers was shown to be dependent on autophagy [6], a catabolic process evolved to
maintain the homeostasis of proteins and damaged organelles. Recently autophagy has emerged as an
essential protective mechanism during ER stress and IRE1-mediated JNK phosphorylation appears
to be a major regulator in this pathway. Specifically, IRE1 activation leads to JNK phosphorylation,
which in turn regulates the autophagy related protein Beclin-1 (BECN1). The activation of BECN1
is followed by direct phosphorylation of B-cell lymphoma 2 (BCL2), which in turn disrupts the
interaction between BECN1 and BCL2 and induces autophagy in tumor cells [94]. In addition
to the kinase activity, the endoribonuclease activity of IRE1 also participates in the induction of
autophagy. Spliced XBP1 binds directly to the BECN1 promoter supporting an autophagic response
via transcriptional upregulation of BECN1 [95]. Altogether, these evidences suggest that the capacity
to activate IRE1 can affect autophagy-dependent ATP secretion in nanoporated tumor cells. Indeed,
although autophagy was not investigated, our results show that ATP secretion correlates with IRE1
activation by nsPEF in CT26 cells. Moreover, nsPEF can induce autophagy, as shown by Ullery et al.,
in both human lymphoma U937 and Chinese Hamster Ovarian-K1 (CHO-K1) cells [96].

The discrepancy in ATP detection in the supernatant of nanoporated CT26 and EL-4 cells can
also reflect a different expression level of ATP-degrading ectoenzymes. Tumor cells are proficient
at converting ATP into adenosine through the expression of ectonucleotidases such as CD39 and
CD73 [97]. To support this hypothesis, our results show that even in response to positive controls such
as doxorubicin, the level of ATP secretion was markedly higher in CT26 than in EL-4 cells.

In addition to ER stress, apoptotic cell death was shown to be crucial for ICD [98]. Our study
shows that nsPEF triggered apoptotic cell death in CT26 and EL-4, although to a different extent, in
CT-26 cells the activity of caspase-3/7 increased fourteen-fold as compared with four-fold in EL-4 cells.
Several studies have shown that nsPEF can trigger intrinsic, mitochondria-mediated, apoptotic cell
death [99,100]. Notably, in the case of unresolved ER stress, both PERK and IRE1 arms of the UPR can
engage the mitochondrial apoptotic machinery. Regarding PERK, phosphorylation of e[F2« favors
the translation of ATF4 which in turn induces the expression of the proapoptotic factor CHOP [101].
Concerning IRE1, prolonged activation of JNK induces apoptosis by dissociating BCL2 Associated
X (BAX) from BCL2 leading to BAX activation [102]. Although the mechanisms through which the
UPR integrates pro-death and pro-survival signals are poorly understood, one can speculate that
the capacity of nsPEF to engage more arms of the ER stress response may determinate the extent of
apoptosis induction in nanoporated tumor cells.

From the above discussion it appears that different tumor cell types can respond differently to
nsPEF. This could be related to the extent of ROS formation or permeabilization of the ER achieved
by the pulse treatment in a specific tumor cell type. Indeed, CT26 are more resistant to nsPEF than
EL-4, suggesting that the higher doses needed to kill colon carcinoma cells could have triggered stress
responses and cell death pathways which are not activated at lower pulse doses. In addition to the
intensity of the pulse treatment, genetic or epigenetic alterations that compromise stress responses or
cell death signaling pathways can also affect ICD induction by nsPEF.

A challenge in our vaccination experiments was the inability to achieve complete cell killing
in vitro. This failure to reach 100% cell death was previously explained by possible nonuniform electric
field exposure of cells at the edges of the cuvette and in the suspension meniscus, or by possible
shielding of some cells by other cells, as well as by an unusual level of resistivity to nsPEF in a limited
subpopulation of cells [55,58,60]. In our experimental conditions, tumor cell vaccines contained 0.09 to
0.12 x 106 (15% to 20%) live cells. Although the residual live cells in the vaccine were more than enough
to establish a tumor (more than the cells used to challenge the animals), tumors at the vaccination site
did not develop in 60% and 25% of CT26 and EL-4 syngeneic mice, respectively. These results challenge
the recent study from Sulciner et al. where in multiple tumor models, including EL-4 cells, tumor cells
killed by chemotherapy (cisplatin, vincristine, gemcitabine, or docetaxel) or targeted therapy (erlotinib
or cetuximab) and co-injected with a subthreshold inoculum of live cells dramatically stimulated
primary tumor growth [103]. Remarkably, none of the drugs used in the study were ICD inducers
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which, together with our results, suggests that the occurrence of ICD can overwhelm and counteract
the cancer promoting effects of dying tumor cells. Considering the above discussion, what we initially
believed to be a limitation for the vaccination study turned out to be an additional evidence that
nsPEF-induced cell death is perceived by the immune system as immunogenic.

4. Materials and Methods

4.1. Cell Culture and Reagents

Both mouse EL-4 lymphoma and B16F10 melanoma cells were acquired from ATCC (ATCC,
Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle medium (DMEM, Corning, Corning,
NY, USA). CT26 colon carcinoma cells (ATCC) were cultured in RPMI 1640 (Corning). Culture media
were supplemented with L-glutamine (ATCC), 10% fetal bovine serum (Atlanta Biologicals, Norcross,
GA, USA), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Gibco, Gaithersburgh, MD, USA).

Thaspigargin (1 uM), mitoxantrone (0.5-1 pM), doxorubicin (10-25 pM), and staurosporin (10 uM)
were all from Sigma (Sigma-Aldrich, St. Louis, MO, USA).

4.2. Pulsed Electric Field Exposure Methods

Cell samples were resuspended at 1.2 to 3 x 10° cell/mL in the growth medium or PBS and loaded
in 1 mm gap electroporation cuvettes (BioSmith, San Diego, CA, USA). Samples were subjected to
either nsPEF or sham exposure at room temperature (22 + 2 °C). Trains of 200 ns pulses were delivered
to cuvettes from an AVIECH AVOZ-D2-B-ODA generator (AVIECH Electrosystems, Ottawa, Ontario,
Canada). Samples were exposed to up to 600, 200 ns, 7 kV/cm pulses at 10 Hz. Sample heating was
measured for the highest pulse dose (600, 200 ns, 7 kV/cm, 10 Hz) using a thermocouple thermometer
(Physitemp, Clifton, NJ, USA). By the end of PEF exposure, the measured values averaged 0.42 +/— 0.11.

Once exposure was completed, cells were seeded in 96, 24, or 6 well plates and placed at 37 °C in
the incubator for the different incubation times (4 to 24 h).

4.3. Viability and Caspase-3/7 Activity Assays

Viability was measured at 4 and 24 h after nsPEF treatment using the resazurin-based metabolic
assay Presto Blue (Life Technologies, Grand Island, NY, USA). Plates were read with a Synergy 2
microplate reader, with excitation/emission settings at 530/590 nm.

In certain experiments, concurrently with cell viability, caspase-3/7 activity was measured. We first
recorded fluorescence (Presto Blue/viability) and, then, added the Caspase-Glo 3/7 assay (Promega
Corporation, Madison, WI, USA) according to manufacturer’s instructions.

Samples were measured in triplicates, the data were averaged, corrected for the background,
and considered as a single experiment.

4.4. RT-PCR and Western Blot

The RT-PCR procedure was described in detail previously [51]. Gene expression analysis was
conducted using TagMan Gene Expression Assays for spliced XBP1 (Mm03464496_m1) [104] and the
endogenous housekeeping gene HPRT (Mm03024075_m1). Relative fold-changes were calculated
using the 2724¢! method. Significance was determined by comparing the 274¢
analysis of variance with a Dunnett’s post hoc test. Error bars represent the standard deviation of the
relative-fold expression between samples.

For Western blot, membranes were blocked in TBS 5% BSA bulffer for 1 h at room temperature.
Primary rabbit anti-phospho-elF2« (Serine 51) and rabbit anti-eIF2cc antibodies and secondary
anti-rabbit IgG HRP were from Cell Signaling (Cell Signaling Technology, Danvers, MA USA).
Rabbit anti-vinculin was from Abcam (Abcam, Cambridge, UK). Antibodies were diluted in TBS,
5% BSA, 0.2% Tween buffer according to the manufacturer’s instructions. The membranes were
incubated overnight at +4 °C and for 1 h at room temperature with primary and secondary antibodies,

value using a one-way
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respectively. Membranes were imaged using a ChemiDoc MP imaging system (BioRad, Hercules, CA,
USA). Blot images in Figure 1 have been cropped, full-length blots are presented in Supplementary
Figure S2.

4.5. DAMPs Detection

Cell membrane CRT was measured at 24 h post nsPEF by flow cytometry using a rabbit polyclonal
anti-CRT antibody (Abcam) and a secondary goat anti-rabbit IgG (H + L) 488 (Invitrogen, Carlsbad, CA,
USA). Dead cells staining positive for DAPI were excluded from the analysis. Samples were acquired
using a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany) and
analyzed with FlowJo software (Flow]o, Ashland, OR, USA).

HMGB1 was measured at 24 h post treatment by ELISA according to manufacturer’s instructions
(IBL International, Hamburg, Germany). ATP was measured at 18 h post nsPEF using the ENLITEN ATP
assay according to manufacturer’s instructions (Promega). Plates were read with a Synergy 2 microplate
reader. Samples were measured in triplicates, averaged, and considered as a single experiment.

4.6. Vaccination Experiments

Typically, millions of dead cells are used in vaccination experiments, however these numbers are
not feasible when using 1 mm electroporation cuvette to kill tumor cells. In preliminary experiments
aimed at optimizing the conditions for our vaccination experiments, we established that 0.6 x 10°
doxorubicin treated CT26 cells were enough to vaccinate a mouse by a challenge dose of 0.1 x 10° live
cells. For the poorly immunogenic EL-4 model we decided to keep 0.6 x 10 dead cells for the vaccine
but to lower the challenge dose to the minimum number of cells needed to establish an EL-4 tumor,
which we found to be 0.03 x 10° cells.

Both CT26 and EL-4 cells were resuspended at 3 X 10°/mL in PBS and aliquoted into the
electroporation cuvettes (about 3 cuvettes/animal). Immediately after the treatment, all samples were
pooled together, cells were counted, centrifuged, resuspended at 6 x 10%/mL in PBS and injected in vivo
in syngeneic mice (100 uL mouse).

As a positive control for ICD induction, CT26 and EL-4 cells were treated with doxorubicin (25 uM)
and mitoxantrone (0.5 and 1 uM), respectively. After 24 h, cells were washed three times with PBS,
resuspended similarly to nsPEF treated cells and injected in vivo.

After one week, animals were challenged into the opposite flank with either 0.1 x 10® CT26
or 0.03 x 10° EL4 live cells and monitored for the appearance of palpable tumors on both flanks.
Tumors were measured twice weekly using a caliper. The formula v = ab?7/6 was used to calculate
tumor volumes where a is the longest diameter and b is the diameter perpendicular to a.

Seven- to 8-week-old C57/BL6 and BalbC female mice (Jackson Laboratory, Bar Harbor, ME,
USA) were housed in individually ventilated cages in groups of 5 under pathogen-free conditions.
All procedures were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals, Eighth Edition and were approved by the Old Dominion University Institutional Animal
Care and Use Committee (permit number: 18-018).

4.7. Statistical Analysis

Data are presented as mean + standard error for n independent experiments. Statistical analyses
were performed using a two-tailed t test where p < 0.05 was considered statistically significant.
Statistical calculations were accomplished using Grapher 11 (Golden Software, Golden, CO, USA).

5. Conclusions

Altogether, we have demonstrated that nsPEF induce ER stress accompanied by ICD. Future
research should focus on tailoring the pulse treatment to boost the immunogenicity of tumor cell death
across multiple tumor cell types.



Cancers 2019, 11, 2034 13 of 18

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/2034/s1,
Figure S1: CT26 tumor growth curves, Figure S2: Full-length immunoblots images.

Author Contributions: Conceptualization, A.R. and C.M.; data curation, A.R.,, O.N.P,, A.G.P. and C.M.;
formal analysis, A.R., O.N.P,, PAM., A.G.P. and C.M.; funding acquisition, C.M.; methodology, A.R., O.N.P,,
PAM., M.C., UM. and C.M.; writing—Original draft, C.M.; writing—Review and editing, A.R., O.N.P,, A.G.P.
and C.M.

Funding: This work was supported by a grant from Pulse Biosciences, Inc. to C.M.

Acknowledgments: The authors would like to thank Gregory Nicholson and Ben Cuffee for their valuable help
with the animals and Robert Bruno for the data discussion.

Conflicts of Interest: We are reporting that O.N.P. and A.G.P. hold stocks in Pulse Biosciences, the company that
supported this research. Other authors declare no conflicts of interest. The sponsor had no role in the design,
execution, interpretation, or writing of the study.

References

1.  Kepp, O.; Marabelle, A.; Zitvogel, L.; Kroemer, G. Oncolysis without viruses—Inducing systemic anticancer
immune responses with local therapies. Nat. Rev. Clin. Oncol. 2019. [CrossRef] [PubMed]

2. Sachet, M.; Liang, Y.Y.; Oehler, R. The immune response to secondary necrotic cells. Apoptosis 2017, 22,
1189-1204. [CrossRef] [PubMed]

3. Gamrekelashvili, J.; Ormandy, L.A.; Heimesaat, M.M.; Kirschning, C.J.; Manns, M.P.; Korangy, F.; Greten, T.F.
Primary sterile necrotic cells fail to cross-prime CD8 (+) T cells. Oncoimmunology 2012, 1, 1017-1026.
[CrossRef] [PubMed]

4. Scheffer, SR.; Nave, H.; Korangy, F; Schlote, K.; Pabst, R.; Jaffee, E.M.; Manns, M.P,; Greten, T.F. Apoptotic,
but not necrotic, tumor cell vaccines induce a potent immune response in vivo. Int. J. Cancer 2003, 103,
205-211. [CrossRef] [PubMed]

5. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Inmunogenic cell death in cancer therapy. Annu. Rev. Immunol.
2013, 31, 51-72. [CrossRef] [PubMed]

6. Michaud, M.; Martins, L.; Sukkurwala, A.Q.; Adjemian, S.; Ma, Y.; Pellegatti, P; Shen, S.; Kepp, O.; Scoazec, M.;
Mignot, G.; et al. Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents
in mice. Science 2011, 334, 1573-1577. [CrossRef] [PubMed]

7. Obeid, M.; Tesniere, A.; Ghiringhelli, F.; Fimia, G.M.; Apetoh, L.; Perfettini, ].L.; Castedo, M.; Mignot, G.;
Panaretakis, T.; Casares, N.; et al. Calreticulin exposure dictates the immunogenicity of cancer cell death.
Nat. Med. 2007, 13, 54-61. [CrossRef]

8.  Ma, Y,;; Adjemian, S.; Mattarollo, S.R.; Yamazaki, T.; Aymeric, L.; Yang, H.; Portela Catani, ].P.; Hannani, D.;
Duret, H.; Steegh, K.; et al. Anticancer chemotherapy-induced intratumoral recruitment and differentiation
of antigen-presenting cells. Immunity 2013, 38, 729-741. [CrossRef]

9. Ma, Y,; Adjemian, S.; Yang, H.; Catani, J.P.; Hannani, D.; Martins, I.; Michaud, M.; Kepp, O.; Sukkurwala, A.Q.;
Vacchelli, E.; et al. ATP-dependent recruitment, survival and differentiation of dendritic cell precursors in
the tumor bed after anticancer chemotherapy. Oncoimmunology 2013, 2, e24568. [CrossRef]

10. Garg, A.D.; Agostinis, P. ER stress, autophagy and immunogenic cell death in photodynamic therapy-induced
anti-cancer immune responses. Photochem. Photobiol. Sci. 2014, 13, 474-487. [CrossRef]

11. Rufo, N.; Garg, A.D.; Agostinis, P. The Unfolded Protein Response in Immunogenic Cell Death and Cancer
Immunotherapy. Trends Cancer 2017, 3, 643-658. [CrossRef] [PubMed]

12. Xu, C,; Bailly-Maitre, B.; Reed, ].C. Endoplasmic reticulum stress: Cell life and death decisions. . Clin. Investig.
2005, 115, 2656-2664. [CrossRef] [PubMed]

13.  Schroder, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005, 74,
739-789. [CrossRef] [PubMed]

14. Maurel, M.; McGrath, E.P.; Mnich, K.; Healy, S.; Chevet, E.; Samali, A. Controlling the unfolded protein
response-mediated life and death decisions in cancer. Semin. Cancer Biol. 2015, 33, 57-66. [CrossRef]
[PubMed]

15. Han, J.; Back, S.H.; Hur, J.; Lin, Y.H.; Gildersleeve, R.; Shan, J.; Yuan, C.L.; Krokowski, D.; Wang, S.;
Hatzoglou, M.; et al. ER-stress-induced transcriptional regulation increases protein synthesis leading to cell
death. Nat. Cell Biol. 2013, 15, 481-490. [CrossRef]


http://www.mdpi.com/2072-6694/11/12/2034/s1
http://dx.doi.org/10.1038/s41571-019-0272-7
http://www.ncbi.nlm.nih.gov/pubmed/31595049
http://dx.doi.org/10.1007/s10495-017-1413-z
http://www.ncbi.nlm.nih.gov/pubmed/28861714
http://dx.doi.org/10.4161/onci.21098
http://www.ncbi.nlm.nih.gov/pubmed/23170250
http://dx.doi.org/10.1002/ijc.10777
http://www.ncbi.nlm.nih.gov/pubmed/12455034
http://dx.doi.org/10.1146/annurev-immunol-032712-100008
http://www.ncbi.nlm.nih.gov/pubmed/23157435
http://dx.doi.org/10.1126/science.1208347
http://www.ncbi.nlm.nih.gov/pubmed/22174255
http://dx.doi.org/10.1038/nm1523
http://dx.doi.org/10.1016/j.immuni.2013.03.003
http://dx.doi.org/10.4161/onci.24568
http://dx.doi.org/10.1039/C3PP50333J
http://dx.doi.org/10.1016/j.trecan.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28867168
http://dx.doi.org/10.1172/JCI26373
http://www.ncbi.nlm.nih.gov/pubmed/16200199
http://dx.doi.org/10.1146/annurev.biochem.73.011303.074134
http://www.ncbi.nlm.nih.gov/pubmed/15952902
http://dx.doi.org/10.1016/j.semcancer.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25814342
http://dx.doi.org/10.1038/ncb2738

Cancers 2019, 11, 2034 14 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Garg, A.D.; Dudek-Peric, A.M.; Romano, E.; Agostinis, P. Inmunogenic cell death. Int. J. Dev. Biol. 2015, 59,
131-140. [CrossRef]

Dudek, AM.; Garg, A.D.; Krysko, D.V.; De Ruysscher, D.; Agostinis, P. Inducers of immunogenic cancer cell
death. Cytokine Growth Factor Rev. 2013, 24, 319-333. [CrossRef]

Krysko, D.V,; Garg, A.D.; Kaczmarek, A.; Krysko, O.; Agostinis, P.; Vandenabeele, P. Immunogenic cell death
and DAMPs in cancer therapy. Nat. Rev. Cancer 2012, 12, 860-875. [CrossRef]

Panaretakis, T.; Kepp, O.; Brockmeier, U.; Tesniere, A.; Bjorklund, A.C.; Chapman, D.C.; Durchschlag, M.;
Joza, N.; Pierron, G.; van Endert, P,; et al. Mechanisms of pre-apoptotic calreticulin exposure in immunogenic
cell death. EMBO J. 2009, 28, 578-590. [CrossRef]

Kepp, O.; Semeraro, M.; Bravo-San Pedro, ].M.; Bloy, N.; Buque, A.; Huang, X.; Zhou, H.; Senovilla, L.;
Kroemer, G.; Galluzzi, L. elF2alpha phosphorylation as a biomarker of immunogenic cell death.
Semin. Cancer Biol. 2015, 33, 86-92. [CrossRef]

Bezu, L.; Sauvat, A.; Humeau, J.; Gomes-da-Silva, L.C.; Iribarren, K.; Forveille, S.; Garcia, P.; Zhao, L.; Liu, P;
Zitvogel, L.; et al. elF2alpha phosphorylation is pathognomonic for immunogenic cell death. Cell Death Differ.
2018, 25, 1375-1393. [CrossRef] [PubMed]

Garg, A.D.; Krysko, D.V;; Verfaillie, T.; Kaczmarek, A.; Ferreira, G.B.; Marysael, T.; Rubio, N.; Firczuk, M.;
Mathieu, C.; Roebroek, A.J.; et al. A novel pathway combining calreticulin exposure and ATP secretion in
immunogenic cancer cell death. EMBO ]. 2012, 31, 1062-1079. [CrossRef] [PubMed]

Teissie, J.; Eynard, N.; Gabriel, B.; Rols, M.P. Electropermeabilization of cell membranes. Adv. Drug Deliv. Rev.
1999, 35, 3-19. [CrossRef]

Neumann, E.; Rosenheck, K. Permeability changes induced by electric impulses in vesicular membranes.
J. Membr. Biol. 1972, 10, 279-290. [CrossRef]

Kinosita, K., Jr; Tsong, T.Y. Voltage-induced pore formation and hemolysis of human erythrocytes.
Biochim. Biophys. Acta 1977, 471, 227-242. [CrossRef]

Neumann, E.; Schaefer-Ridder, M.; Wang, Y.; Hofschneider, PH. Gene transfer into mouse lyoma cells by
electroporation in high electric fields. EMBO J. 1982, 1, 841-845. [CrossRef]

Heller, L.C.; Heller, R. In vivo electroporation for gene therapy. Hum. Gene 2006, 17, 890-897. [CrossRef]
Daud, A.L; DeConti, R.C.; Andrews, S.; Urbas, P,; Riker, A.L; Sondak, V.K.; Munster, PN.; Sullivan, D.M.;
Ugen, K.E.; Messina, J.L.; et al. Phase I trial of interleukin-12 plasmid electroporation in patients with
metastatic melanoma. J. Clin. Oncol. 2008, 26, 5896-5903. [CrossRef]

Belehradek, J., Jr.; Orlowski, S.; Poddevin, B.; Paoletti, C.; Mir, L.M. Electrochemotherapy of spontaneous
mammary tumours in mice. Eur. ]. Cancer 1991, 27, 73-76. [CrossRef]

Mir, L.M.; Orlowski, S.; Belehradek, J., Jr.; Paoletti, C. Electrochemotherapy potentiation of antitumour effect
of bleomycin by local electric pulses. Eur J. Cancer 1991, 27, 68-72. [CrossRef]

Miklavcic, D.; Mali, B.; Kos, B.; Heller, R.; Sersa, G. Electrochemotherapy: From the drawing board into
medical practice. Biomed. Eng. Online 2014, 13, 29. [CrossRef] [PubMed]

Campana, L.G,; Kis, E.; Bottyan, K.; Orlando, A.; de Terlizzi, F; Mitsala, G.; Careri, R.; Curatolo, P; Snoj, M.;
Sersa, G.; et al. Electrochemotherapy for advanced cutaneous angiosarcoma: A European register-based
cohort study from the International Network for Sharing Practices of Electrochemotherapy (InspECT).
Int. J. Surg. 2019. [CrossRef] [PubMed]

Davalos, R.V.; Mir, .L.M.; Rubinsky, B. Tissue ablation with irreversible electroporation. Ann. Biomed. Eng.
2005, 33, 223-231. [CrossRef] [PubMed]

Miller, L.; Leor, J.; Rubinsky, B. Cancer cells ablation with irreversible electroporation. Technol Cancer Res. Treat.
2005, 4, 699-705. [CrossRef]

Scheffer, H.J.; Nielsen, K.; de Jong, M.C.; van Tilborg, A.A.; Vieveen, ].M.; Bouwman, A.R.; Meijer, S.;
van Kuijk, C.; van den Tol, PM.; Meijerink, M.R. Irreversible electroporation for nonthermal tumor ablation
in the clinical setting: A systematic review of safety and efficacy. J. Vasc. Interv. Radiol. 2014, 25, 997-1011.
[CrossRef] [PubMed]

Batista Napotnik, T.; Wu, Y.H.; Gundersen, M.A.; Miklavcic, D.; Vernier, P.T. Nanosecond electric pulses cause
mitochondrial membrane permeabilization in Jurkat cells. Bioelectromagnetics 2012, 33, 257-264. [CrossRef]
[PubMed]

Beebe, S.J.; Fox, PM.; Rec, L.J.; Willis, E.L.; Schoenbach, K.H. Nanosecond, high-intensity pulsed electric
fields induce apoptosis in human cells. FASEB J. 2003, 17, 1493-1495. [CrossRef]


http://dx.doi.org/10.1387/ijdb.150061pa
http://dx.doi.org/10.1016/j.cytogfr.2013.01.005
http://dx.doi.org/10.1038/nrc3380
http://dx.doi.org/10.1038/emboj.2009.1
http://dx.doi.org/10.1016/j.semcancer.2015.02.004
http://dx.doi.org/10.1038/s41418-017-0044-9
http://www.ncbi.nlm.nih.gov/pubmed/29358668
http://dx.doi.org/10.1038/emboj.2011.497
http://www.ncbi.nlm.nih.gov/pubmed/22252128
http://dx.doi.org/10.1016/S0169-409X(98)00060-X
http://dx.doi.org/10.1007/BF01867861
http://dx.doi.org/10.1016/0005-2736(77)90252-8
http://dx.doi.org/10.1002/j.1460-2075.1982.tb01257.x
http://dx.doi.org/10.1089/hum.2006.17.890
http://dx.doi.org/10.1200/JCO.2007.15.6794
http://dx.doi.org/10.1016/0277-5379(91)90065-L
http://dx.doi.org/10.1016/0277-5379(91)90064-K
http://dx.doi.org/10.1186/1475-925X-13-29
http://www.ncbi.nlm.nih.gov/pubmed/24621079
http://dx.doi.org/10.1016/j.ijsu.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31618680
http://dx.doi.org/10.1007/s10439-005-8981-8
http://www.ncbi.nlm.nih.gov/pubmed/15771276
http://dx.doi.org/10.1177/153303460500400615
http://dx.doi.org/10.1016/j.jvir.2014.01.028
http://www.ncbi.nlm.nih.gov/pubmed/24656178
http://dx.doi.org/10.1002/bem.20707
http://www.ncbi.nlm.nih.gov/pubmed/21953203
http://dx.doi.org/10.1096/fj.02-0859fje

Cancers 2019, 11, 2034 15 of 18

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Nesin, O.M.; Pakhomova, O.N.; Xiao, S.; Pakhomov, A.G. Manipulation of cell volume and membrane pore
comparison following single cell permeabilization with 60- and 600-ns electric pulses. Biochim. Biophys. Acta
2011, 1808, 792-801. [CrossRef]

Semenov, I; Xiao, S.; Pakhomov, A.G. Primary pathways of intracellular Ca(2+) mobilization by nanosecond
pulsed electric field. Biochim. Biophys. Acta 2013, 1828, 981-989. [CrossRef]

Semenov, L; Xiao, S.; Pakhomova, O.N.; Pakhomov, A.G. Recruitment of the intracellular Ca2+ by ultrashort
electric stimuli: The impact of pulse duration. Cell Calcium 2013, 54, 145-150. [CrossRef]

White, J.A.; Blackmore, P.F,; Schoenbach, K.H.; Beebe, S.J. Stimulation of capacitative calcium entry in HL-60
cells by nanosecond pulsed electric fields. . Biol. Chem. 2004, 279, 22964-22972. [CrossRef] [PubMed]
Vernier, P; Li, A.; Marcu, L.; Craft, C.; Gundersen, M. Ultrashort pulsed electric fields induce membrane
phospholipid translocation and caspase activation: Differential sensitivities of Jurkat T lymphoblasts and rat
glioma C6 cells. IEEE Trans. Dielectr. Electr. Insul. 2003, 10, 795-809. [CrossRef]

Schoenbach, K.H.; Beebe, S.J.; Buescher, E.S. Intracellular effect of ultrashort electrical pulses.
Bioelectromagnetics 2001, 22, 440-448. [CrossRef]

Tekle, E.; Oubrahim, H.; Dzekunov, S.M.; Kolb, ]J.E.; Schoenbach, K.H.; Chock, P.B. Selective field effects on
intracellular vacuoles and vesicle membranes with nanosecond electric pulses. Biophys. J. 2005, 89, 274-284.
[CrossRef] [PubMed]

Craviso, G.L.; Choe, S.; Chatterjee, P; Chatterjee, I.; Vernier, PT. Nanosecond electric pulses: A novel stimulus
for triggering Ca2+ influx into chromaffin cells via voltage-gated Ca2+ channels. Cell Mol. Neurobiol. 2010,
30, 1259-1265. [CrossRef] [PubMed]

Vernier, P.T.; Sun, Y.; Marcu, L.; Salemi, S.; Craft, C.M.; Gundersen, M.A. Calcium bursts induced by
nanosecond electric pulses. Biochem. Biophys. Res. Commun. 2003, 310, 286-295. [CrossRef]

Pakhomova, O.N.; Khorokhorina, V.A.; Bowman, A.M.; Rodaite-Riseviciene, R.; Saulis, G.; Xiao, S.;
Pakhomov, A.G. Oxidative effects of nanosecond pulsed electric field exposure in cells and cell-free
media. Arch. Biochem. Biophys. 2012, 527, 55-64. [CrossRef]

Nuccitelli, R.; Lui, K.; Kreis, M.; Athos, B.; Nuccitelli, P. Nanosecond pulsed electric field stimulation of reactive
oxygen species in human pancreatic cancer cells is Ca(2+)-dependent. Biochem. Biophys. Res. Commun. 2013,
435, 580-585. [CrossRef]

Vernier, P.T.; Sun, Y.; Marcu, L.; Craft, C.M.; Gundersen, M.A. Nanoelectropulse-induced phosphatidylserine
translocation. Biophys. J. 2004, 86, 4040-4048. [CrossRef]

Vincelette, R.L.; Roth, C.C.; McConnell, M.P; Payne, J.A.; Beier, H.T.; Ibey, B.L. Thresholds for
phosphatidylserine externalization in Chinese hamster ovarian cells following exposure to nanosecond
pulsed electrical fields (nsPEF). PLoS ONE 2013, 8, e63122. [CrossRef]

Muratori, C.; Pakhomov, A.G.; Gianulis, E.; Meads, J.; Casciola, M.; Mollica, P.A.; Pakhomova, O.N.
Activation of the phospholipid scramblase TMEM16F by nanosecond pulsed electric field (nsPEF) facilitates
its diverse cytophysiological effects. J. Biol. Chem. 2017. [CrossRef] [PubMed]

Morotomi-Yano, K.; Uemura, Y.; Katsuki, S.; Akiyama, H.; Yano, K. Activation of the JNK pathway by
nanosecond pulsed electric fields. Biochem. Biophys. Res. Commun. 2011, 408, 471-476. [CrossRef] [PubMed]
Morotomi-Yano, K.; Akiyama, H.; Yano, K. Nanosecond pulsed electric fields activate MAPK pathways in
human cells. Arch. Biochem. Biophys. 2011, 515, 99-106. [CrossRef] [PubMed]

Pakhomova, O.N.; Gregory, B.W.; Semenov, I.; Pakhomov, A.G. Two modes of cell death caused by exposure
to nanosecond pulsed electric field. PLoS ONE 2013, 8, €70278. [CrossRef] [PubMed]

Ibey, B.L.; Pakhomov, A.G.; Gregory, B.W.; Khorokhorina, V.A.; Roth, C.C.; Rassokhin, M.A.; Bernhard, J.A;
Wilmink, G.J.; Pakhomova, O.N. Selective cytotoxicity of intense nanosecond-duration electric pulses in
mammalian cells. Biochim. Biophys. Acta 2010, 1800, 1210-1219. [CrossRef] [PubMed]

Ren, W.; Beebe, S.J. An apoptosis targeted stimulus with nanosecond pulsed electric fields (nsPEFs) in E4
squamous cell carcinoma. Apoptosis 2011, 16, 382-393. [CrossRef]

Rossi, A.; Pakhomova, O.N.; Pakhomov, A.G.; Weygandyt, S.; Bulysheva, A.A.; Murray, L.E.; Mollica, PA.;
Muratori, C. Mechanisms and immunogenicity of nsPEF-induced cell death in B16F10 melanoma tumors.
Sci. Rep. 2019, 9, 431. [CrossRef]

Ibey, B.L.; Roth, C.C.; Pakhomov, A.G.; Bernhard, J.A.; Wilmink, G.J.; Pakhomova, O.N. Dose-dependent
thresholds of 10-ns electric pulse induced plasma membrane disruption and cytotoxicity in multiple cell
lines. PLoS ONE 2011, 6, e15642. [CrossRef]


http://dx.doi.org/10.1016/j.bbamem.2010.12.012
http://dx.doi.org/10.1016/j.bbamem.2012.11.032
http://dx.doi.org/10.1016/j.ceca.2013.05.008
http://dx.doi.org/10.1074/jbc.M311135200
http://www.ncbi.nlm.nih.gov/pubmed/15026420
http://dx.doi.org/10.1109/TDEI.2003.1237329
http://dx.doi.org/10.1002/bem.71
http://dx.doi.org/10.1529/biophysj.104.054494
http://www.ncbi.nlm.nih.gov/pubmed/15821165
http://dx.doi.org/10.1007/s10571-010-9573-1
http://www.ncbi.nlm.nih.gov/pubmed/21080060
http://dx.doi.org/10.1016/j.bbrc.2003.08.140
http://dx.doi.org/10.1016/j.abb.2012.08.004
http://dx.doi.org/10.1016/j.bbrc.2013.05.014
http://dx.doi.org/10.1529/biophysj.103.037945
http://dx.doi.org/10.1371/journal.pone.0063122
http://dx.doi.org/10.1074/jbc.M117.803049
http://www.ncbi.nlm.nih.gov/pubmed/28982976
http://dx.doi.org/10.1016/j.bbrc.2011.04.056
http://www.ncbi.nlm.nih.gov/pubmed/21521634
http://dx.doi.org/10.1016/j.abb.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21933660
http://dx.doi.org/10.1371/journal.pone.0070278
http://www.ncbi.nlm.nih.gov/pubmed/23894630
http://dx.doi.org/10.1016/j.bbagen.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20691249
http://dx.doi.org/10.1007/s10495-010-0572-y
http://dx.doi.org/10.1038/s41598-018-36527-5
http://dx.doi.org/10.1371/journal.pone.0015642

Cancers 2019, 11, 2034 16 of 18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Muratori, C.; Pakhomov, A.G.; Xiao, S.; Pakhomova, O.N. Electrosensitization assists cell ablation by
nanosecond pulsed electric field in 3D cultures. Sci. Rep. 2016, 6, 23225. [CrossRef]

Gianulis, E.C.; Labib, C.; Saulis, G.; Novickij, V.; Pakhomova, O.N.; Pakhomov, A.G. Selective susceptibility
to nanosecond pulsed electric field (nsPEF) across different human cell types. Cell Mol. Life Sci. 2017, 74,
1741-1754. [CrossRef]

Nuccitelli, R.; Huynh, J.; Lui, K.; Wood, R.; Kreis, M.; Athos, B.; Nuccitelli, P. Nanoelectroablation of human
pancreatic carcinoma in a murine xenograft model without recurrence. Int. J. Cancer 2013, 132, 1933-1939.
[CrossRef] [PubMed]

Nuccitelli, R.; Tran, K.; Sheikh, S.; Athos, B.; Kreis, M.; Nuccitelli, P. Optimized nanosecond pulsed electric
field therapy can cause murine malignant melanomas to self-destruct with a single treatment. Int. . Cancer
2010, 127,1727-1736. [CrossRef] [PubMed]

Nuccitelli, R.; Chen, X.; Pakhomov, A.G.; Baldwin, W.H.; Sheikh, S.; Pomicter, ].L.; Ren, W.; Osgood, C.;
Swanson, R.J.; Kolb, ].E; et al. A new pulsed electric field therapy for melanoma disrupts the tumor’s blood
supply and causes complete remission without recurrence. Int. |. Cancer 2009, 125, 438—-445. [CrossRef]
[PubMed]

Nuccitelli, R.; Pliquett, U.; Chen, X.; Ford, W.; James Swanson, R.; Beebe, S.J.; Kolb, J.E.; Schoenbach, K.H.
Nanosecond pulsed electric fields cause melanomas to self-destruct. Biochem. Biophys. Res. Commun. 2006,
343, 351-360. [CrossRef] [PubMed]

Chen, R.; Sain, N.M.; Harlow, K.T.; Chen, Y.J.; Shires, PK.; Heller, R.; Beebe, S.J. A protective effect after
clearance of orthotopic rat hepatocellular carcinoma by nanosecond pulsed electric fields. Eur. ]. Cancer 2014,
50, 2705-2713. [CrossRef]

Guo, S;; Jing, Y.; Burcus, N.L; Lassiter, B.P; Tanaz, R.; Heller, R.; Beebe, S.J. Nano-pulse stimulation induces
potent immune responses, eradicating local breast cancer while reducing distant metastases. Int. . Cancer
2018, 142, 629-640. [CrossRef] [PubMed]

Nuccitelli, R.; Wood, R.; Kreis, M.; Athos, B.; Huynh, J.; Lui, K.; Nuccitelli, P; Epstein, E.H., Jr. First-in-human
trial of nanoelectroablation therapy for basal cell carcinoma: Proof of method. Exp. Derm. 2014, 23, 135-137.
[CrossRef]

Skeate, ].G.; Da Silva, D.M.; Chavez-Juan, E.; Anand, S.; Nuccitelli, R.; Kast, W.M. Nano-Pulse Stimulation
induces immunogenic cell death in human papillomavirus-transformed tumors and initiates an adaptive
immune response. PLoS ONE 2018, 13, e0191311. [CrossRef]

Nuccitelli, R.; Berridge, J.C.; Mallon, Z.; Kreis, M.; Athos, B.; Nuccitelli, P. Nanoelectroablation of Murine
Tumors Triggers a CD8-Dependent Inhibition of Secondary Tumor Growth. PLoS ONE 2015, 10, e0134364.
[CrossRef]

Nuccitelli, R.; Tran, K.; Lui, K.; Huynh, J.; Athos, B.; Kreis, M.; Nuccitelli, P.; De Fabo, E.C. Non-thermal
nanoelectroablation of UV-induced murine melanomas stimulates an immune response. Pigment. Cell
Melanoma Res. 2012, 25, 618-629. [CrossRef]

Nuccitelli, R.; McDaniel, A.; Anand, S.; Cha, J.; Mallon, Z.; Berridge, J.C.; Uecker, D. Nano-Pulse Stimulation
is a physical modality that can trigger immunogenic tumor cell death. . Immunother. Cancer 2017, 5, 32.
[CrossRef] [PubMed]

Lee, A.H.; Iwakoshi, N.N.; Glimcher, L.H. XBP-1 regulates a subset of endoplasmic reticulum resident
chaperone genes in the unfolded protein response. Mol. Cell Biol. 2003, 23, 7448-7459. [CrossRef] [PubMed]
Yoshida, H.; Matsui, T.; Yamamoto, A.; Okada, T.; Mori, K. XBP1 mRNA is induced by ATF6 and spliced
by IRE1 in response to ER stress to produce a highly active transcription factor. Cell 2001, 107, 881-891.
[CrossRef]

Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced
apoptosis. EMBO Rep. 2006, 7, 880-885. [CrossRef]

Lechner, M.G.; Karimi, S.S.; Barry-Holson, K.; Angell, T.E.; Murphy, K.A.; Church, C.H.; Ohlfest, J.R.; Hu, P;
Epstein, A.L. Immunogenicity of murine solid tumor models as a defining feature of in vivo behavior and
response to immunotherapy. J. Immunother. 2013, 36, 477-489. [CrossRef]

Wilcox, R.A.; Flies, D.B.; Zhu, G.; Johnson, A.J.; Tamada, K.; Chapoval, A.L; Strome, S.E.; Pease, L.R.; Chen, L.
Provision of antigen and CD137 signaling breaks immunological ignorance, promoting regression of poorly
immunogenic tumors. . Clin. Investig. 2002, 109, 651-659. [CrossRef]


http://dx.doi.org/10.1038/srep23225
http://dx.doi.org/10.1007/s00018-016-2434-4
http://dx.doi.org/10.1002/ijc.27860
http://www.ncbi.nlm.nih.gov/pubmed/23001643
http://dx.doi.org/10.1002/ijc.25364
http://www.ncbi.nlm.nih.gov/pubmed/20473857
http://dx.doi.org/10.1002/ijc.24345
http://www.ncbi.nlm.nih.gov/pubmed/19408306
http://dx.doi.org/10.1016/j.bbrc.2006.02.181
http://www.ncbi.nlm.nih.gov/pubmed/16545779
http://dx.doi.org/10.1016/j.ejca.2014.07.006
http://dx.doi.org/10.1002/ijc.31071
http://www.ncbi.nlm.nih.gov/pubmed/28944452
http://dx.doi.org/10.1111/exd.12303
http://dx.doi.org/10.1371/journal.pone.0191311
http://dx.doi.org/10.1371/journal.pone.0134364
http://dx.doi.org/10.1111/j.1755-148X.2012.01027.x
http://dx.doi.org/10.1186/s40425-017-0234-5
http://www.ncbi.nlm.nih.gov/pubmed/28428881
http://dx.doi.org/10.1128/MCB.23.21.7448-7459.2003
http://www.ncbi.nlm.nih.gov/pubmed/14559994
http://dx.doi.org/10.1016/S0092-8674(01)00611-0
http://dx.doi.org/10.1038/sj.embor.7400779
http://dx.doi.org/10.1097/01.cji.0000436722.46675.4a
http://dx.doi.org/10.1172/JCI0214184

Cancers 2019, 11, 2034 17 of 18

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Kepp, O,; Senovilla, L; Vitale, I; Vacchelli, E.; Adjemian, S.; Agostinis, P.; Apetoh, L.; Aranda, F; Barnaba, V.;
Bloy, N.; et al. Consensus guidelines for the detection of immunogenic cell death. Oncoimmunology 2014, 3,
€955691. [CrossRef]

Pakos-Zebrucka, K.; Koryga, I.; Mnich, K.; Ljujic, M.; Samali, A.; Gorman, A.M. The integrated stress response.
EMBO Rep. 2016, 17, 1374-1395. [CrossRef]

Morotomi-Yano, K.; Oyadomari, S.; Akiyama, H.; Yano, K. Nanosecond pulsed electric fields act as a novel
cellular stress that induces translational suppression accompanied by elF2alpha phosphorylation and 4E-BP1
dephosphorylation. Exp. Cell Res. 2012, 318, 1733-1744. [CrossRef]

Agostinis, P.; Vantieghem, A.; Merlevede, W.; de Witte, P.A. Hypericin in cancer treatment: More light on the
way. Int. ]. Biochem. Cell Biol. 2002, 34, 221-241. [CrossRef]

Diwu, Z.; Lown, ].W. Photosensitization with anticancer agents. 17. EPR studies of photodynamic action of
hypericin: Formation of semiquinone radical and activated oxygen species on illumination. Free Radic Biol.
Med. 1993, 14, 209-215. [CrossRef]

Hadjur, C.; Richard, M.].; Parat, M.O.; Jardon, P.; Favier, A. Photodynamic effects of hypericin on lipid
peroxidation and antioxidant status in melanoma cells. Photochem. Photobiol. 1996, 64, 375-381. [CrossRef]
[PubMed]

Kaplan, P; Babusikova, E.; Lehotsky, J.; Dobrota, D. Free radical-induced protein modification and inhibition
of Ca2+-ATPase of cardiac sarcoplasmic reticulum. Mol. Cell Biochem. 2003, 248, 41-47. [CrossRef] [PubMed]
Viner, R.I.; Williams, T.D.; Schoneich, C. Peroxynitrite modification of protein thiols: Oxidation, nitrosylation,
and S-glutathiolation of functionally important cysteine residue(s) in the sarcoplasmic reticulum Ca-ATPase.
Biochemistry 1999, 38, 12408-12415. [CrossRef] [PubMed]

Buytaert, E.; Callewaert, G.; Hendrickx, N.; Scorrano, L.; Hartmann, D.; Missiaen, L.; Vandenheede, J.R.;
Heirman, I.; Grooten, J.; Agostinis, P. Role of endoplasmic reticulum depletion and multidomain proapoptotic
BAX and BAK proteins in shaping cell death after hypericin-mediated photodynamic therapy. FASEB ]. 2006,
20, 756-758. [CrossRef] [PubMed]

Gabriel, B.; Teissie, J. Generation of reactive-oxygen species induced by electropermeabilization of Chinese
hamster ovary cells and their consequence on cell viability. Eur. ]. Biochem. 1994, 223, 25-33. [CrossRef]
Bonnafous, P.; Vernhes, M.; Teissie, J.; Gabriel, B. The generation of reactive-oxygen species associated
with long-lasting pulse-induced electropermeabilisation of mammalian cells is based on a non-destructive
alteration of the plasma membrane. Biochim. Biophys. Acta 1999, 1461, 123-134. [CrossRef]

Maccarrone, M.; Rosato, N.; Agro, A.F. Electroporation enhances cell membrane peroxidation and
luminescence. Biochem. Biophys. Res. Commun. 1995, 206, 238-245. [CrossRef]

Benov, L.C.; Antonov, P.A.; Ribarov, S.R. Oxidative damage of the membrane lipids after electroporation.
Gen. Physiol. Biophys. 1994, 13, 85-97.

Breton, M.; Mir, L.M. Investigation of the chemical mechanisms involved in the electropulsation of membranes
at the molecular level. Bioelectrochemistry 2018, 119, 76-83. [CrossRef]

Maccarrone, M.; Bladergroen, M.R.; Rosato, N.; Finazzi Agro, A.F. Role of lipid peroxidation in
electroporation-induced cell permeability. Biochem. Biophys. Res. Commun. 1995, 209, 417—425. [CrossRef]
[PubMed]

Zhao, W,; Yang, R.; Liang, Q.; Zhang, W.; Hua, X; Tang, Y. Electrochemical reaction and oxidation of lecithin
under pulsed electric fields (PEF) processing. J. Agric. Food Chem. 2012, 60, 12204-12209. [CrossRef]
[PubMed]

Rols, M.P,; Teissie, J. Electropermeabilization of mammalian cells. Quantitative analysis of the phenomenon.
Biophys. ]. 1990, 58, 1089-1098. [CrossRef]

Ogata, M.; Hino, S.; Saito, A.; Morikawa, K.; Kondo, S.; Kanemoto, S.; Murakami, T.; Taniguchi, M.; Tanii, L;
Yoshinaga, K.; et al. Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol. Cell Biol.
2006, 26, 9220-9231. [CrossRef] [PubMed]

Margariti, A.; Li, H.; Chen, T.; Martin, D.; Vizcay-Barrena, G.; Alam, S.; Karamariti, E.; Xiao, Q.; Zampetaki, A.;
Zhang, Z.; et al. XBP1 mRNA splicing triggers an autophagic response in endothelial cells through BECLIN-1
transcriptional activation. J. Biol. Chem. 2013, 288, 859-872. [CrossRef] [PubMed]

Ullery, J.C.; Tarango, M.; Roth, C.C.; Ibey, B.L. Activation of autophagy in response to nanosecond pulsed
electric field exposure. Biochem. Biophys. Res. Commun. 2015, 458, 411-417. [CrossRef]


http://dx.doi.org/10.4161/21624011.2014.955691
http://dx.doi.org/10.15252/embr.201642195
http://dx.doi.org/10.1016/j.yexcr.2012.04.016
http://dx.doi.org/10.1016/S1357-2725(01)00126-1
http://dx.doi.org/10.1016/0891-5849(93)90012-J
http://dx.doi.org/10.1111/j.1751-1097.1996.tb02474.x
http://www.ncbi.nlm.nih.gov/pubmed/8760577
http://dx.doi.org/10.1023/A:1024145212616
http://www.ncbi.nlm.nih.gov/pubmed/12870653
http://dx.doi.org/10.1021/bi9909445
http://www.ncbi.nlm.nih.gov/pubmed/10493809
http://dx.doi.org/10.1096/fj.05-4305fje
http://www.ncbi.nlm.nih.gov/pubmed/16455754
http://dx.doi.org/10.1111/j.1432-1033.1994.tb18962.x
http://dx.doi.org/10.1016/S0005-2736(99)00154-6
http://dx.doi.org/10.1006/bbrc.1995.1033
http://dx.doi.org/10.1016/j.bioelechem.2017.09.005
http://dx.doi.org/10.1006/bbrc.1995.1519
http://www.ncbi.nlm.nih.gov/pubmed/7733908
http://dx.doi.org/10.1021/jf304236h
http://www.ncbi.nlm.nih.gov/pubmed/23185993
http://dx.doi.org/10.1016/S0006-3495(90)82451-6
http://dx.doi.org/10.1128/MCB.01453-06
http://www.ncbi.nlm.nih.gov/pubmed/17030611
http://dx.doi.org/10.1074/jbc.M112.412783
http://www.ncbi.nlm.nih.gov/pubmed/23184933
http://dx.doi.org/10.1016/j.bbrc.2015.01.131

Cancers 2019, 11, 2034 18 of 18

97.

98.

99.

100.

101.

102.

103.

104.

Allard, B.; Longhi, M.S.; Robson, S.C.; Stagg, J. The ectonucleotidases CD39 and CD73: Novel checkpoint
inhibitor targets. Immunol. Rev. 2017, 276, 121-144. [CrossRef]

Casares, N.; Pequignot, M.O.; Tesniere, A.; Ghiringhelli, F.; Roux, S.; Chaput, N.; Schmitt, E.; Hamai, A.;
Hervas-Stubbs, S.; Obeid, M.; et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor cell
death. J. Exp. Med. 2005, 202, 1691-1701. [CrossRef]

Garon, E.B; Sawcer, D.; Vernier, P.T,; Tang, T.; Sun, Y.; Marcu, L.; Gundersen, M. A ; Koeffler, H.P. In vitro and
in vivo evaluation and a case report of intense nanosecond pulsed electric field as a local therapy for human
malignancies. Int. J. Cancer 2007, 121, 675-682. [CrossRef]

Ren, W.; Sain, N.M.; Beebe, S.J. Nanosecond pulsed electric fields (nsPEFs) activate intrinsic caspase-dependent
and caspase-independent cell death in Jurkat cells. Biochem. Biophys. Res. Commun. 2012, 421, 808-812.
[CrossRef]

Sano, R.; Reed, J.C. ER stress-induced cell death mechanisms. Biochim. Biophys. Acta 2013, 1833, 3460-3470.
[CrossRef] [PubMed]

Wei, Y.; Weng, D.; Li, E; Zou, X.; Young, D.O.; Ji, ].; Shen, P. Involvement of JNK regulation in oxidative
stress-mediated murine liver injury by microcystin-LR. Apoptosis 2008, 13, 1031-1042. [CrossRef] [PubMed]
Sulciner, M.L.; Serhan, C.N.; Gilligan, M.M.; Mudge, D.K,; Chang, J.; Gartung, A.; Lehner, KA,
Bielenberg, D.R.; Schmidt, B.; Dalli, J.; et al. Resolvins suppress tumor growth and enhance cancer
therapy. J. Exp. Med. 2018, 215, 115-140. [CrossRef] [PubMed]

D’Antonio, M.; Musner, N.; Scapin, C.; Ungaro, D.; Del Carro, U.; Ron, D.; Feltri, M.L.; Wrabetz, L. Resetting
translational homeostasis restores myelination in Charcot-Marie-Tooth disease type 1B mice. |. Exp. Med.
2013, 210, 821-838. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/imr.12528
http://dx.doi.org/10.1084/jem.20050915
http://dx.doi.org/10.1002/ijc.22723
http://dx.doi.org/10.1016/j.bbrc.2012.04.094
http://dx.doi.org/10.1016/j.bbamcr.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23850759
http://dx.doi.org/10.1007/s10495-008-0237-2
http://www.ncbi.nlm.nih.gov/pubmed/18594987
http://dx.doi.org/10.1084/jem.20170681
http://www.ncbi.nlm.nih.gov/pubmed/29191914
http://dx.doi.org/10.1084/jem.20122005
http://www.ncbi.nlm.nih.gov/pubmed/23547100
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	nsPEF Induce ER-Stress in Cancer Cells 
	PERK Activation Correlates with Apoptosis Induction and CRT Translocation onto the Cell Plasma Membrane of Nanoporated Tumor Cells 
	Effect of nsPEF on Secreted Immunogenic DAMPs 
	Immunogenicity of nsPEF-Induced Cell Death 

	Discussion 
	Materials and Methods 
	Cell Culture and Reagents 
	Pulsed Electric Field Exposure Methods 
	Viability and Caspase-3/7 Activity Assays 
	RT-PCR and Western Blot 
	DAMPs Detection 
	Vaccination Experiments 
	Statistical Analysis 

	Conclusions 
	References

