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Abstract

Improved therapeutics for malignant brain tumors are urgently needed. High-frequency
irreversible electroporation (H-FIRE) is a minimally invasive, nonthermal tissue ablation
technique, which utilizes high-frequency, bipolar electric pulses to precisely kill tumor cells.

The mechanisms of H-FIRE-induced tumor cell death and potential for cellular recovery are
incompletely characterized. We hypothesized that tumor cells treated with specific H-FIRE
electric field doses can survive and retain proliferative capacity. F98 glioma and LL/2 Lewis

lung carcinoma cell suspensions were treated with H-FIRE to model primary and metastatic brain
cancer, respectively. Cell membrane permeability, apoptosis, metabolic viability, and proliferative
capacity were temporally measured using exclusion dyes, condensed chromatin staining, WST-8
fluorescence, and clonogenic assays, respectively. Both tumor cell lines exhibited dose-dependent
permeabilization, with 1,500 V/cm permitting and 3,000 V/cm inhibiting membrane recovery

24 hours post-treatment. Cells treated with 1,500 VV/cm demonstrated significant and progressive
recovery of apoptosis and metabolic activity, in contrast to cells treated with higher H-FIRE doses.
Cancer cells treated with recovery-permitting doses of H-FIRE maintained while those treated
with recovery-inhibiting doses lost proliferative capacity. Taken together, our data suggest that
H-FIRE induces reversible and irreversible cellular damage in a dose-dependent manner, and the
presence of dose-dependent recovery mechanisms permits tumor cell proliferation.
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1. Introduction

High-grade primary brain tumors such as glioblastoma (GBM) and secondary brain
metastases (BM) remain a clinical challenge to treat despite years of dedicated research.
Gliomas comprise approximately 80% of all primary malignant brain tumor diagnoses, with
6 in 100,000 people diagnosed annually in the United States [1]. Despite decades of research
efforts, GBM prognosis remains grim with 5-year survival hovering at approximately 5%
[1]. The current standard of care for high grade gliomas is a combination of maximum safe
surgical resection, temozolomide chemotherapy, and radiotherapy [2, 3]. Surgical resection
nearly doubles life expectancy and relieves patients of some tumor-associated symptoms.
However, it is estimated that >98% extent of tumor resection is necessary to significantly
improve survival, and GBM recurrence is still rarely prevented [4]. The aggressive nature of
high-grade glioma cells [5], their resistance to chemotherapy and radiotherapy [6], minimal
efficacy of chemotherapeutics due to ineffective delivery across the blood-brain barrier
(BBB) [7, 8], and residual cell populations left behind following surgical resection all
contribute to the inherent recurrence of GBM [4, 5]. The incidence of brain metastasis

(BM) is estimated to be ~2-10 times greater than primary brain tumors like GBM, with an
estimated 20-50% of patients diagnosed with certain cancers expected to develop BM in
their lifetime [9-15]. Along with breast, colon, and renal cell carcinomas and melanoma, one
of the most common cancers to result in BM are lung carcinomas [13-17], which account
for ~10-20% of all cases of BM [13, 15, 18]. Standard treatments for BM, including surgery,
stereotactic radiosurgery, and whole-brain radiotherapy harbor similar limitations to primary
brain tumor therapies, with survival times for BM patients after these treatments remaining
on the order of months [19-21].

The poor prognosis associated with current GBM and BM treatment modalities has led

to substantial interest in various non- and minimally invasive ablative technologies for

the treatment of primary and metastatic brain tumors. To that end, electroporation, the
application of pulsed electric fields to a cell population to elevate transmembrane potential
and result in the formation of nanopores in the plasma membrane, has gained interest

as a therapeutic [22-24]. Depending on treatment parameters, membrane nanopores may
reseal over time (reversible electroporation) or may result in irreparable damage, leading

to cell death by irreversible electroporation (IRE). IRE has been applied clinically as

a minimally-invasive, nonthermal ablative therapeutic for precise, targeted ablation of a
variety of tissue and tumor types [25-30]. IRE pulses are typically high voltage, relatively
long duration (100 ps) and unipolar, which can trigger muscle contractions, necessitating the
use of neuromuscular blockade and cardiac synchronization during treatment [31-33]. These
limitations are addressed by the development of high-frequency irreversible electroporation
(H-FIRE), which utilizes high-frequency bipolar pulses to induce irreversible electroporation
and death of treated cells while mitigating muscle contractions [30, 34].
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H-FIRE has been shown to precisely and nonthermally ablate meningiomas in dogs
diagnosed with the disease while sparing surrounding healthy brain tissue, demonstrating
the applicability of H-FIRE as an alternative to surgical debulking of brain tumors

[35]. Another potential clinical advantage of H-FIRE ablation is its entirely nonthermal
mechanism of cell death, which is crucial for avoiding unwanted skull heating during
treatment [30]. Additionally, both IRE and H-FIRE have been demonstrated to safely ablate
primary brain tumors /n vivo while simultaneously increasing peritumoral BBB permeability
surrounding the zone of nonthermal ablation, which can be exploited for improved delivery
of therapeutics to target infiltrative tumor cells [26, 35-38]. Further, the propensity of IRE
and H-FIRE to stimulate both local and systemic immune responses has been described

[25, 39-50]. However, the exact mechanisms of cell death that give rise to these observed
downstream effects are not yet fully characterized. Preliminary investigations suggest that
apoptosis, pyroptosis, and necrosis are likely involved [36, 46, 51], but little is known about
potential mechanisms of cellular recovery which could lead to therapeutic resistance or
tumor recurrence. Further, because treatment parameter optimization for H-FIRE treatments
is highly complex, a complete understanding of H-FIRE-induced tumor cell death and
recovery is critical for ensuring truly irreversible cell damage after treatment and prevention
of tumor recurrence [52]. The intricacies of such treatment-induced cell death mechanisms
weigh heavily on downstream changes in the local and systemic microenvironments, such as
the engagement of the immune system and disruption of peritumoral BBB. Thus, additional
work investigating the complexities of H-FIRE-induced tumor cell death and recovery
mechanisms is urgently needed.

In this work, we modeled H-FIRE treatment of primary and metastatic brain tumors using
rat glioma and murine Lewis lung carcinoma cell lines, respectively. The aim of this study
was to characterize the /n vitro dose-dependence and temporal profiles of cell membrane
permeability, apoptosis, metabolic viability, and proliferative capacity of tumor cells treated
with H-FIRE, to contribute to the characterization of H-FIRE-induced tumor cell death and
recovery.

2. Materials and Methods

2.1 Cell culture

Murine Lewis lung carcinoma cell line LL/2 (LLC1) (ATCC, CRL-1642) and rat glioma cell
line F98 (ATCC, CRL-2397) were grown in DMEM (ATCC, 30-2002) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, Gibco) and 1% penicillin-streptomycin
(Thermo Fisher Scientific, Gibco). Cells were incubated at 37 °C in a humidified
environment containing 5% CO, and subcultured regularly. All cells used were between
passages 5 and 14, and were detached for use in experiments using TrypLE Express Enzyme
at room temperature (Thermo Fisher Scientific, Gibco).

2.2 Cancer Cell H-FIRE treatment

At near confluence and following detachment with TrypLE, LL/2 and F98 cells were washed
and resuspended in a 5.5:1 ratio of low-conductivity sucrose solution (85 g sucrose, 3
g glucose, 7.25 ml DMEM, and 992.75 ml DI water) to unsupplemented DMEM to a
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concentration of 1.25x10° cells/ml. 800 pl of cell suspension were aliquoted into 4 mm
sterile electroporation cuvettes (USA Scientific). H-FIRE pulse parameters were delivered
to cuvettes using a custom-built H-FIRE pulse generator (MoltMed Inc, Blacksburg, VA).
In order to maximize electroporation without inducing thermal cell death, preliminary
experiments were carried out to determine the maximum electric field and number of bursts
that could be delivered without raising temperature by more than 20°C during treatment.
Temperature changes were measured by inserting a fiber optic temperature probe into the
cuvette during treatment. It was determined that 200 bursts at an electric field strength of
3,000 V/cm was the maximum parameter combination to prevent significant temperature
changes capable of inducing thermal cell death. Therefore, H-FIRE treatments consisted of
200 bursts of bipolar pulses delivered at a frequency of 1 burst per second, with electric
fields escalating to 3,000 VV/cm. An individual burst of bipolar pulses consisted of a 2 ps
positive pulse, a 5 s interphase delay, a 2 s negative pulse, and a 5 ps interpulse delay
(2-5-2 pattern) which was repeated until a total energized time of 100 ps was achieved.
Treatment voltage and current were monitored using an oscilloscope. H-FIRE treatments
consisting of these parameters were delivered at electric field magnitudes of 0, 750, 1,500,
2,500, and 3,000 V/cm. All H-FIRE treatments were performed in triplicates.

2.3 YO-PRO®-1/PI/Hoechst-33342 assay

Immediately following treatment, cells were removed from electroporation cuvettes and
centrifuged at 250 x g for 6 minutes. Triplicate aliquots of 100,000 cells were removed

for staining for the immediate post-treatment time point, and remaining cells were divided
equally in 12-well plates for analysis 6h and 24h post-treatment in triplicates. Membrane
permeability and apoptosis were measured using Chromatin Condensation and Membrane
Permeability Dead Cell Apoptosis Kit with Hoechst 33342, YO-PRO®-1, and propidium
iodide (PI) dyes (Thermo Fisher) following manufacturers protocol. Cells were analyzed by
flow cytometry in duplicates (Cytoflex, Beckman Coulter). In addition to the sham (0 \VV/cm)
treatment group, the electric field for each cell line that did not result in significant recovery
of membrane integrity by 24h was deemed “recovery-inhibiting” and carried forward for
subsequent assays. The lowest electric field for each cell line that did result in significant
recovery of membrane integrity by 24h was deemed “recovery-permitting” and also carried
forward for subsequent assays.

2.4 WST-8 metabolic viability assay

Immediately following treatment, cell suspensions were diluted with complete
electroporation buffer, and 10,000 cells were plated in a 96-well plate in triplicates to

be analyzed immediately post-treatment. Remaining cells were centrifuged at 250 x g

for 6 minutes, resuspended in complete media, and plated and incubated at a density of
1x10° cells/ml in triplicates in 96-well plates to be analyzed 6h and 24h post-treatment. At
indicated time points, cells were lysed and evaluated for metabolic viability using the WST-8
Cytotoxicity Assay (abcam) per manufacturers protocol.

2.5 Clonogenic proliferation assay

After H-FIRE treatment, cell suspensions were centrifuged at 250 x g for 6 minutes and
resuspended in complete media. Cells were plated in 10 mm cell culture dishes (Millipore
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Sigma) at appropriate densities. LL/2 cells treated at 0, 1,500, and 3,000 V/cm were plated
at densities of 100, 500, and 1,000 cells/dish respectively, and incubated for 7 days. F98
cells treated at 0, 1,500, and 3,000 V/cm were plated at densities of 500, 1,000, and 10,000
cells/dish respectively, and incubated for 8 days. Media was refreshed 24h after plating.
After the indicated incubation period, cells were washed twice with ice-cold PBS. Cells
were fixed with 100% ice-cold methanol for 12 minutes, and rinsed twice again with
ice-cold PBS. Cells were stained with 0.5% w/v crystal violet in DI water for 45 minutes.
Dishes were rinsed in tap water, and colonies were counted and photographed using an
inverted microscope (Olympus 1X37). Colonies were defined as containing =50 cells each.
Plating efficiency of sham-treated cells (Equation 1) and survival fractions of treated cells
(Equation 2) were calculated.

(no. colonies formed)sham
(no. cells seeded)sham

Plating efficiency (PE)gam, = o)

(no. colonies formed)eated
(no. cells seeded)ireated X (PE)sham

Survival fraction (SE)yeated =

@

2.6 Statistical analysis

All experiments were performed with at least three replicates per experiment. Results are
presented as mean + standard deviation (SD) unless otherwise noted. For evaluation of
statistical significance of permeability, apoptosis, and metabolic viability data, two-way
ANOVA with multiple comparisons and Tukey post-hoc test was used. For evaluation

of statistical significance of proliferation, ordinary one-way ANOVA with multiple
comparisons and Tukey post-hoc test was used. Statistical analysis was performed on
Graphpad Prism 9 for Mac OS, (GraphPad Software, San Diego, California USA,
www.graphpad.com).

3. Results

3.1. Dose-dependent irreversible and recoverable permeabilization

Preliminary experiments quantifying treatment-induced temperature changes demonstrated
that the maximum parameter combination to prevent temperature changes capable of
inducing thermal cell death was 200 bursts of 3,000 V/cm electric field (data not shown). All
subsequent treatments consisted of 200 bursts of electric field magnitudes less than or equal
to 3,000 V/cm. Membrane permeability to YO-PRO®-1 and PI was assessed at specific
time points post-treatment for tumor cell lines treated with escalating H-FIRE electric fields
according to these parameters. The percentage of tumor cells permeable to YO-PRO®-1
and Pl increased as H-FIRE electric fields escalated (Fig. 1a, 1b). Statistically significant
differences in immediate post-treatment permeability (p<0.05) compared to sham were
observed at electric fields of 1,500 V/cm and above for LL/2 cells, and 750 VV/cm and above
for F98 cells (Fig 1b). For LL/2 cells, all electric fields 1,500 VV/cm and above induced
permeability changes that were significantly different from the immediately preceding
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electric field (Fig 1b). For F98 cells, only 1,500 V/cm induced permeability changes that
were significantly different from the immediately preceding electric field (Fig 1b).

For both tumor cell lines, electric fields were identified that induced permeabilization

that did and did not significantly (p<0.05) recover by 24 hours post-treatment. When
compared to the immediate post-treatment timepoint, electric fields of 1,500 V/cm induced
permeability changes that recovered significantly by the 24 hour timepoint for both cell
lines (Fig. 1c). Likewise, electric fields of 3,000 V/cm induced permeability changes that
did not significantly recover by 24 hours for both cell lines (Fig 1c). Initial permeability

of sham-treated F98 cells significantly recovered by 24 hours post treatment. The LL/2
cells did not exhibit statistically significant differences in permeability by 24 hours post
treatment. F98 cells treated with 3,000 VV/cm exhibited significantly increased permeability
at 24 hours compared to immediate post-treatment, while no such differences were found in
LL/2 cells.

3.2 Dose-dependent irreversible and recoverable apoptosis and metabolic viability

Chromatin condensation is a well-established step of apoptosis [53], and Hoechst-33342

is a DNA-binding dye that dimly stains chromatin of viable cells while brightly staining
condensed chromatin, an identifying characteristic of apoptotic cells. We assessed chromatin
condensation at specific time points post-treatment for tumor cell lines treated with
escalating H-FIRE electric fields to quantify apoptosis. The percentage of tumor cells

that stained brightly with Hoechst-33342 increased with escalating H-FIRE electric fields
(Fig. 2a, 2b). Statistically significant increases in immediate post-treatment chromatin
condensation (p<0.05) compared to sham were observed at electric fields of 1,500 V/cm
and above for LL/2 and F98 cells (Fig 2b). For LL/2 cells, all electric fields 1,500 V/cm and
above induced significantly increased chromatin condensation compared to the immediately
preceding electric field (Fig 2b). For F98 cells, only 1,500 V/cm induced significantly more
chromatin condensation compared to the immediately preceding electric field (Fig 2b).

In order to further investigate potential recovery of cellular damage induced by H-FIRE, we
identified electric fields for both tumor cell lines that induced permeabilization that did and
did not significantly (p<0.05) recover by 24 hours post-treatment (Fig 1c). These electric
fields were 1,500 and 3,000 V/cm, respectively. For both tumor cell lines, Hoechst-33342
staining of condensed chromatin exhibited statistically significant recovery by 24 hours post-
treatment at 1,500 V/cm (Fig 2c). Likewise, there was no statistically significant recovery

of chromatin condensation by 24 hours post-treatment in the 3,000 V/cm group. Initial
chromatin condensation of sham-treated F98 cells significantly recovered by 24 hours post
treatment, while sham-treated LL/2 cells did not exhibit statistically significant differences
in chromatin condensation by 24 hours post treatment. LL/2 cells treated with 3,000 V/cm
exhibited significantly increased chromatin condensation at 24 hours compared to immediate
post-treatment, while no such differences were found in F98 cells (Fig 2c).

WST-8 was used to quantify mitochondrial/metabolic viability of tumor cell lines at selected
timepoints after treatment with recovery-permitting and -inhibiting H-FIRE electric fields
(1,500 and 3,000 V/cm, respectively). NADH produced in the mitochondria reduces WST-8
tetrazolium salt, producing a fluorescent dye indicating metabolically active cells. LL/2
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cells treated with 1,500 and 3,000 V/cm had significantly decreased WST-8 fluorescence
relative to sham at the immediate timepoint (Fig 2d). No statistically significant differences
in WST-8 fluorescence relative to sham were noted for F98 cells at the immediate timepoint
treated with 1,500 or 3,000 V/cm, but nonstatistically significant dose-dependent trends
were noted. No statistically significant differences relative to sham were noted for LL/2 or
F98 cells at the immediate or 6 hour timepoints (Fig 2d). At the 24 hour timepoint, LL/2 and
F98 cells treated with 3,000 VV/cm had significantly reduced WST-8 fluorescence relative to
sham. F98 cells treated with 1,500 V/cm also had significantly reduced WST-8 fluorescence
relative to sham at 24 hours. Compared to the immediate post-treatment timepoint, no
significant differences in relative WST-8 fluorescence were noted for LL/2 or F98 cells
treated with 1,500 V/cm by 24 hours post treatment, but nonstatistically significant time-
dependent trends were noted for both cell lines. Compared to the immediate post-treatment
timepoint, significant decreases in relative WST-8 fluorescence were noted for LL/2 cells
treated with 3,000 V/cm by 24 hours post treatment, while nonstatistically significant time-
dependent decreases were noted for F98 cells treated at the same electric field (Fig 2d).

3.3 Tumor cell proliferative capacity is consistent with recovery of H-FIRE-induced

damage

Clonogenic assays were used to assess proliferative capacity of tumor cell lines treated with
H-FIRE at selected field strengths observed to permit and inhibit significant recovery of
membrane permeability (1,500 V/cm and 3,000 V/cm, respectively) (Fig. 3b). Both LL/2
and F98 cells treated with 1,500 V/cm had significantly decreased survival fractions relative
to sham (0.134 and 0.449, respectively) (Fig. 3a). Both LL/2 and F98 cells treated with
3,000 V/cm had significantly reduced survival fractions relative to sham (0.009 and 0.014,
respectively), but only LL/2 cells treated at this electric field had statistically significant
reduced survival fraction relative to 1,500 V/cm (Fig. 3a).

4. Discussion

Our results indicate that H-FIRE induces cellular damage in a dose-dependent manner in

our model cell lines. This damage includes cell membrane permeabilization, apoptosis, and
interference with mitochondrial metabolic activity. Our data also show specific H-FIRE
electric field doses induce cell membrane permeabilization that recovers significantly by

24 hours post-treatment, supporting our hypothesis that tumor cells treated with specific
H-FIRE electric field doses can repair induced cellular damage. Results of clonogenic assays
suggest that cancer cell lines treated with H-FIRE electric field doses that permitted recovery
of cellular damage maintain their proliferative capacity, while those treated with doses that
inhibited recovery are unable to proliferate.

We measured permeability of H-FIRE treated cancer cells to exclusion dyes YO-

PRO®-1 and PI at selected timepoints post-treatment to quantify induced cell membrane
permeabilization and recovery of membrane integrity. We demonstrate electric field dose-
dependent permeabilization of these cancer cell lines immediately post-treatment, in
agreement with previous studies of H-FIRE [46, 51]. We show that specific H-FIRE

electric field doses allow statistically significant recovery of membrane permeability to these
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exclusion dyes. However, tumor cells treated with higher electric fields do not significantly
recover membrane integrity by the same timepoint, suggesting the tentative presence of

a cell membrane recovery activity at certain H-FIRE doses. This is in agreement with a
previous study of H-FIRE permeabilization up to 3 hours post-treatment, that demonstrated
significant recovery of YO-PRO®-1 permeability of pancreatic adenocarcinoma cells within
one hour of treatment [51]. They similarly found that an electric field of 1,200 V/cm
permitted this membrane recovery, while 3,800 V/cm did not. For both of our tumor cell
lines, the observed recovery of cell membrane integrity occurred when cells were treated
with 1,500 V/cm, while 3,000 V/cm treatments induced irreversible cell membrane damage
with no recovery by 24 hours post-treatment. We noted similar escalation of cell membrane
permeability to YO-PRO®-1 and PI for both F98 and LL/2 tumor cell lines, but F98

cells were more sensitive to the experimental setup required for treatment. Specifically,

the sham-treated cells exhibited substantially higher YO-PRO®-1 and Pl permeability at
the immediate timepoint, but recovered significantly by the 24 hour timepoint. However,
F98 cells treated at an electric field strength of 3,000 VV/cm did not recover by the 24

hour timepoint, demonstrating distinct treatment-induced effects, and not just sensitivity to
experimental setup. Although not within the scope of our study, future work should seek to
identify and characterize specific mechanisms of cell membrane repair.

Consistent with previous studies of variable pulsed electric fields and irreversible
electroporation, our study confirms apoptosis as a component of the mechanism of /n vitro
H-FIRE-induced cell death, as evidenced by treatment-induced chromatin condensation [46,
51, 54-59]. Other studies have additionally implicated necrosis and pyroptosis [46, 59]

in electroporation-induced cell death. Further investigation of the involvement of multiple
mechanisms in H-FIRE-specific cell death are warranted. In line with the dose-dependent
trends of cell membrane permeabilization, both tumor cell lines exhibited increasing
chromatin condensation when treated with escalating H-FIRE electric fields. Similarly,
F98 cells exhibited chromatin condensation at lower electric fields where LL/2 cells did
not, indicating potential cell-dependent treatment sensitivities. Chromatin condensation of
sham-treated F98 cells also significantly recovered by the 24 hour timepoint. Following
the same trends as cell membrane permeability, tumor cell lines treated with 1,500 V/cm
(membrane recovery-permitting) also significantly recovered chromatin configuration by
24 hours, whereas those treated with 3,000 VV/cm (membrane recovery-inhibiting) did not
recover chromatin configuration in the same time. This suggests a relationship between
irreversible membrane permeabilization and a lack of recovery from the apoptotic cascade.
Likewise, the recovery of chromatin condensation by tumor cells treated with 1,500 V/cm
suggests that irreversible membrane permeabilization is required to induce irreversible
apoptosis. One /n vivo study of IRE ablation of gastric tissue demonstrated recovery of
apoptosis within the treated lesion 10 hours after ablation, which was presumed to be a
result of robust metabolic activity from blood circulation [60]. Here, we have demonstrated
such apoptotic recovery /n vitro in the absence of blood-flow, suggesting the presence of an
intracellular, blood flow-independent mechanism of apoptotic recovery.

To further characterize cellular damage, death, and recovery induced by H-FIRE, we
temporally analyzed the reduction of WST-8 by tumor cells treated with sham, membrane
recovery-permitting (1,500 V/cm), and membrane recovery-inhibiting (3,000 VV/cm) doses of
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H-FIRE. WST-8 is a tetrazolium salt that, upon reduction by the mitochondrial coenzyme
NADH, produces a fluorescent dye which can be used to quantify the mitochondrial
synthesis of NADH and thus indicate metabolic viability of cells. Our data show that,
consistent with recovery or irreversibility of membrane permeability and apoptosis, tumor
cells treated with 1,500 V/cm trended toward recovery of metabolic viability by 24 hours.
Significant recovery of metabolic viability by F98 cells treated with 1,500 V/cm is apparent,
although metabolic deficiency is more substantial in F98 cells than LL/2 cells treated

with the same electric field. That is to say, F98 cells again appear to be more sensitive

to H-FIRE treatment than LL/2 cells. Both tumor cell lines treated with 3,000 VV/cm

were significantly less metabolically active 24 hours post-treatment than immediately post-
treatment, suggesting a progressive loss and obvious lack of recovery of metabolic activity
when treated with H-FIRE doses that inhibit recovery of membrane integrity and apoptosis.
These data further suggest that irreversible membrane permeabilization is required to
irreversibly kill tumor cells, and that recovery of such membrane permeabilization may
allow cells to recover other viability functions. Previous studies have similarly demonstrated
the impact of other irreversible electroporation protocols on mitochondrial function [61-63].
To the best of our knowledge, our study is the first to demonstrate H-FIRE’s direct impact
on tumor cell mitochondrial function and dose-dependent metabolic recovery.

To test whether or not tumor cells that demonstrated recovery or irreversible damage could
proliferate, we employed clonogenic assays. Although tumor cells treated with 1,500 V/cm
had significantly reduced survival fractions relative to sham, they maintained some level of
proliferative capacity, as evidenced by survival fractions of >0.1 for both cell lines treated
with this dose. In other words, LL/2 and F98 cells treated with 1,500 V/cm proliferated with
13% and 45% of the proliferative capacity of the sham, respectively. Although significantly
reduced relative to sham, these maintained proliferative capacities could present a significant
threat of tumor recurrence /in vivo. Glioma cells that are able to repair damage and survive
radiation treatment are known to give rise to radioresistant populations and tumor recurrence
[64]. 1t is estimated that >98% reduction of tumor volume is necessary to prevent recurrence
and improve survival of GBM patients [4]. Due to similar pitfalls of resistance and tumor
cell survival after therapy, BM recurrence occurs in approximately 10-34% of patients

even after complete surgical resection and radiotherapy [65-67]. In our study, the survival
fractions of tumor cells treated with recovery-inhibiting doses of H-FIRE did not exceed
0.01, and therefore are suggestive of a potentially reduced risk of tumor recurrence. Though
these results suggest the dose-dependence of long-term tumor cell proliferation, these
findings must be further confirmed /7 vivo to identify potentially dose-dependent tumor
recurrence.

Although we demonstrate the relationship between dose-dependent recoverable and
irreversible cellular damage and proliferative capacity of cancer cells treated with H-FIRE,
our study is subject to typical limitations of /n vitro electroporation. Specifically, the use
of a cancer cell suspension model alters the morphology of cancer cells relative to /n vive.
This altered morphology increases electric field thresholds for electroporation [68], and
therefore the specific electric field thresholds required to induce the described effects in
vivo must first be determined for cells with physiologically-representative morphology. It
has also been shown that the presence of calcium during electroporation treatments can
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alter the dynamics of electroporation. Specifically, Ciobanu et al. demonstrated that cells
electroporated in the presence of calcium ([Ca2*]<0.5 mM) were less permeable to PI
than cells electroporated in the absence of calcium five minutes post-treatment, suggesting
that low calcium concentrations may contribute to the resealing of membrane pores at
early timepoints [69, 70]. The complete electroporation buffer used in the present study
contains approximately 0.3 mM calcium, which may contribute to the dose-dependent
membrane recovery effects demonstrated and the relatively high H-FIRE electric field doses
required to induce damage without recovery. Further, due to temperature concerns and

the goal of maximum electroporation, cancer cells were suspended in a low-conductivity
sucrose-based buffer solution instead of media. F98 cells proved sensitive to this buffer
solution as demonstrated by elevated permeability in the sham group immediately post-
treatment. Although significant recovery of membrane function occurred by 24 hours
post-treatment, this sensitivity must be noted when interpreting potential cell-specific
dose effects. Finally, although we demonstrate consistent trends between cellular damage
recovery and proliferative capacity, causative relationships between individual metrics of
cellular damage, as we have described them, and proliferative capacity cannot be inferred
from the present study.

5. Conclusions

We demonstrated that H-FIRE exerts electric field-dependent cell membrane
permeabilization. We also showed that tumor cells treated with certain H-FIRE doses
tentatively possess recovery mechanisms that allow for repair of induced membrane damage,
apoptosis, and metabolic dysfunction. These recovery mechanisms may ultimately allow
tumor cells to survive and proliferate following permitting doses of H-FIRE. The results of
our study highlight the importance of choosing appropriate pulsing parameters, potentially
specific to tumor cell type. Our study suggests that H-FIRE pulsing protocols intended to
induce irreversible cell death may still permit recovery of cellular damage and eventually
proliferation of tumor cells. At the same time, we have shown that higher doses of H-
FIRE effectively suppress cellular damage recovery and tumor cell proliferation in vitro,
supporting the therapeutic potential of H-FIRE to control highly-recurrent primary and
metastatic brain tumors.
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Highlights
. H-FIRE induces dose dependent permeability, apoptosis, and metabolic
dysfunction.
. Select H-FIRE doses permit tumor cell damage recovery, allowing for
proliferation.
. Higher H-FIRE doses suppress tumor cell damage recovery, inhibiting

proliferation.
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Figure 1. H-FIRE induces dose-dependent irreversible and recoverable tumor cell membrane
permeability.
Suspensions of 1x108 cancer cells were treated with a single in vitro H-FIRE treatment

protocol using escalating electric fields. Cells were stained and analyzed by flow cytometry
immediately, 6h, and 24h post-treatment. YO-PRO®-1 and Pl exclusion dye staining was
used to quantify membrane permeability. (a) Representative flow cytometry dot plots and
gating of LL/2 cells treated with 0, 1,500, and 3,000 VV/cm H-FIRE showing immediate post-
treatment YO-PRO®-1 and PI permeabiliy (green dots, right upper and lower quandrants).
(b) Tumor cell membrane permeability (YO-PRO®-1 and PI double-positive cells) for

all treatment levels for the immediate post-treatment timepoint. Percentages of cells
permeabilized are presented as mean. Significant differences are shown between each
treatment level and the sham group with black stars. Statistically significant differences

are shown between each treatment level and the immediately preceding treatment level with
red stars. (c) Temporal profiles of tumor cell permeability for select treatment levels that
resulted in significant recovery of membrane permeability by 24 hours post-treatment (1,500
V/ecm), no recovery (3,000 VV/cm), and sham. Data are presented as mean + SD. Significant
differences between timepoints are noted compared to immediate post-treatment timepoint
within each treatment level. Statistical analysis using a two-way ANOVA (Mixed Effects).
ns p = 0.05, * p< 0.05, ** p < 0.01,*** p < 0.001, **** p < 0.0001. n=3 for all groups.
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Figure 2. H-FIRE induces dose-dependent irreversible and recoverable tumor cell viability.
Suspensions of 1x106 cancer cells were treated with a single in vitro H-FIRE treatment

protocol at 0, 1,500, 3,000 V/cm. For analysis of chromatin condensation, cells were
stained with Hoechst-33342 and analyzed by flow cytometry immediately, 6h, and 24h
post-treatment. For quantification of metabolic viability, cells were treated and plated to

be analyzed immediately, 6h, and 24h post-treatment. (a) Representative flow cytometry
dot plots and gating of LL/2 cells treated with 0, 1,500, and 3,000 VV/cm H-FIRE

showing immediate post-treatment Hoechst staining (purple dots). (b) Tumor cell chromatin
condensation for all treatment levels at the immediate post-treatment timepoint. Data are
presented as mean percentage of positive cells. Statistically significant differences are
shown between each treatment level and the sham group in black. Statistically significant
differences are shown between each treatment level and the immediately preceding
treatment level in red. (c) Temporal profiles of tumor cell chromatin condensation for

select treatment levels that resulted in significant recovery of membrane permeability by

24 hours post-treatment (1,500 V/cm), no recovery (3,000 V/cm), and sham. Data are
presented as mean + SD. Significant differences between timepoints are noted compared

to immediate post-treatment timepoint within each treatment level in black. (d) Temporal
profiles of WST-8 absorbance for select treatment levels that resulted in significant recovery
of membrane permeability by 24 hours post-treatment (1,500 V/cm) and no recovery (3,000
V/cm) normalized to sham. Data are presented as mean + SD. Significant differences
between timepoints compared to immediate post-treatment within the same electric field are
noted in black. Significant differences between electric fields compared to sham at the same
timepoint are noted in red. Statistical analysis using a two-way ANOVA (Mixed-effects). ns
p =0.05, * p< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. n =3 for all groups.
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Figure 3. Tumor cells treated with damage recovery-permitting doses of H-FIRE maintain
proliferative capacity.

Suspensions of 1x108 cancer cells were treated with a single in vitro H-FIRE treatment
protocol at 0, 1,500, 3,000 V/cm and seeded in culture dishes at predetermined densities.
Cells were incubated with growth media for 8 days and observed for colony formation.
Colonies were stained with crystal violet to visualize and quantify colony formation and
proliferative capacity. a) Survival fractions of tumor cell lines treated with varying doses of
H-FIRE normalized to sham. Data are presentated as mean + SD. Significant differences are
noted between sequential electric fields in red and compared with sham in black. Statistical
analysis using one-way ANOVA. ns p = 0.05, * p< 0.05, ** p < 0.01, *** p < 0.001, **** p
<0.0001. n=3 for all groups. (b) Clonogenic assay plates for LL/2 and F98 tumor cell lines
treated with specified doses of H-FIRE. Purple dots indicate cancer colonies.
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