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Irreversible electroporation (IRE) is a nonthermal ablation modality used clinically for treating unresectable
tumors while preserving vital structures through controlled application of pulsed electric fields. Previous
data suggest that patient outcomes are enhanced with the induction of an anti-tumor immune response,
but current research focuses on using immune checkpoint inhibitors, which function through conventional
immune pathways that may be down-regulated by cancer or dysregulated by chemo-induced lymphodepletion.
Chimeric antigen receptor (CAR) T cells overcome this limitation, as they are engineered with synthetic
receptors that redirect lymphocytes to recognize and target cells expressing tumor-specific structures.
CARs are engineered to have an increased binding affinity compared to insitu T-cell binding, amplify internal
stimulation cascades, and release pro-inflammatory cytokines that can modulate the endogenous immune
system. However, there are still major limitations for adoptive cell therapies in solid tumors, including life-
threatening on-target off-tumor cytotoxicity, antigen escape, and failure to infiltrate and persist in solid
tumors. Given the substantial evidence that IRE overcomes many of the challenges associated with immune
infiltration and persistence in solid tumors, there is a strong premise for using targeted cell therapies following
IRE, which would then target residual cancer that could repopulate the lesion. Here, we present the first
proof-of-concept combination of IRE with CAR T cells. We validated that the cell membrane CAR target is
not affected in electroporated cells that survive IRE, allowing for subsequent binding and elimination of
residual tumor. The research demonstrates the feasibility and synergy of a novel combination of 2 clinically
used techniques.
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Introduction

Pancreatic cancer is the seventh leading cancer-related death
worldwide, with a 5-year survival rate of ~13% [1]. Despite
decades of work improving surgical procedures, chemoradiation,
and early diagnostic techniques, pancreatic cancer is still an
insidious prognosis due to its surreptitious and aggressive growth.
Consequently, most pancreatic cancer patients are diagnosed at
locally advanced or metastatic stages, with 80% to 90% having
pancreatic ductal adenocarcinoma (PDAC) [2]. PDAC is char-
acterized by substantial vascular and ductal involvement that
precludes surgical resection in >80% of patients [3]. Further, even
for amenable patients who undergo surgical resection, >50%
experience local tumor recurrence within a year [4]. The poor
tumor location for pancreatic cancer is paralleled by extensive
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genetic heterogeneity, an impenetrable stroma, and an immuno-
suppressive “cold” tumor microenvironment (TME), which limits
the localization and persistence of targeted therapies [5].
Irreversible electroporation (IRE) is a nonthermal focal pulsed
field ablation technique used clinically for the treatment of unre-
sectable and aggressive tumors in the prostate [6-8], kidney
[9-11], liver [12], and pancreas [13,14]. Clinical NanoKnife IRE
employs 90 pulses of high-voltage (1,000 to 3,500 V) 90-us mono-
phasic pulses, applied through thin surgical probes placed within
or adjacent to the tumor [15,16]. The electric field generated
within the tissue from the applied voltage permeabilizes the cel-
lular membrane through the formation of nanoscale pores (elec-
troporation) [17-19]. If persistent, cells die due to inability to
maintain homeostasis [20]. Due to nonthermal mechanisms, IRE
can ablate large volumes of tissue (>50 cm’) without significantly
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heating the surrounding tissue or structures [21,22], allowing it
to be delivered near the bowel [23], ducts [24], mature blood
vessels [25,26], and nerves [27,28]. Thus, IRE is one of the few
treatments available when current surgical resection and ther-
mal ablation methods are contraindicated. Consequently, IRE
nearly triples the median survival of patients diagnosed with
stage Il locally advanced pancreatic cancer (LAPC) from 6-13 to
17-44 months [29-38].

Although treatment success is not predicated by the induc-
tion of a pro-inflammatory response, immune activation cor-
relates with survival outcomes [30]. Both the innate and adaptive
immune systems are demonstrated to activate and localize
within the TME following IRE [39]. However, systemic anti-
tumor responses following IRE are not consistent between
patients, which may lead to eventual tumor recurrence. Many
patients receive chemotherapy before and/or after IRE treatment
[34,36,40], which can induce lymphodepletion and weaken the
adaptive T-cell response [41]. In an attempt to more consistently
generate a persistent peripheral anti-tumor immune response,
IRE has predominantly been combined with immunotherapies
(i.e., anti-CTLA-4, anti-PD-L1, and anti-PD-1) [42-45]. He
et al. [45] presented promising clinical results when combining
IRE with anti-PD-1 in LAPC, achieving an overall survival of
44.3 months compared to the 23.4 months for IRE alone.
However, major histocompatibility complex I (MHC I) is sig-
nificantly down-regulated in many cancer types, precluding the
binding of primed T cells, with PDAC patients specifically
exhibiting suppression rates of 40% to 100% [46,47]. Without
receptors for immune cell recognition, micrometastases or por-
tions of the tumor not directly involved within the ablation [48]
are hidden from the heightened immune response and eventu-
ally repopulate local and distant sites.

Chimeric antigen receptor (CAR) T cells overcome this
limitation, as they are engineered with synthetic receptors
that redirect T lymphocytes to recognize and target cells
expressing disease-specific surface structures, proteins, and
glycans, while the T-cell receptor (TCR)-MHC complex tar-
gets processed intracellular proteomes [49-51]. CARs are
engineered to have an increase in binding affinity over in situ
TCR-MHC binding, and generation IT to IV CARs have inter-
nal signal cascade amplification, which can lead to higher func-
tionality over conventional TCR pathway activation [52,53].
Further, activated CAR T cells release pro-inflammatory cyto-
kines that modulate the endogenous immune system [49,54,55],
sometimes with side effects when excessive [55]. Although
CAR-T therapy has achieved unprecedented success in hema-
topoietic cancers [56], there are still major limitations that
must be addressed, including life-threatening on-target oft-
tumor cytotoxicity, antigen escape, and failure to infiltrate and
persist in solid tumors. There are also well-defined pathways
that inhibit CAR T-cell immunity and recruitment within the
TME, including anti-inflammatory cytokines and chemo-
kines released by immunosuppressive immune cells, physical
barriers created by tumor-recruited fibroblasts, and immune
inhibitors [55].

Given the substantial evidence that IRE overcomes many of
the challenges associated with endogenous T-cell infiltration
and persistence in solid tumors that are shared with CAR-T
therapy, there is a strong premise for using targeted adoptive
cell therapies following IRE, which we hypothesize would then
target residual cancer that could repopulate the lesion. Here,
we demonstrate a proof-of-concept combination of IRE with
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human CAR T-cell therapy. We demonstrate that the cell mem-
brane CAR target is not affected in electroporated cells that
survive IRE, allowing for subsequent binding and elimination
of residual tumor. The research presented demonstrates the
scientific and clinical feasibility of the novel combination of 2
actively used clinical techniques.

Results

Local tumor recurrence is indicated following
IRE of pancreatic cancer in an immunodeficient

mouse model

While overall survival and progression-free survival for LAPC
have been significantly extended with IRE, curative outcomes
are still limited by local and distant recurrence [57-59]. Both
IRE and CAR T-cell therapy are immunogenic, with the immune
system influencing the response to primary and metastatic dis-
ease. Tumor response following IRE is enhanced in immuno-
competent mice compared to that in immunodeficient nude
mice [58], and recent work indicates that IRE produces an
abscopal effect in an immunocompetent contralateral Pan02
pancreatic cancer C57BL/6 mouse model, with the size of the
secondary tumors remaining stable following treatment of the
primary tumor [60]. However, many patients receive chemo-
radiation that weakens the immune response; therefore, we
investigated tumor control following IRE in immunodeficient
Pan02-bearing NOD/SCID/IL2gc-KO (NSG) mice. NSG mice
lack functional T, B, and natural killer (NK) cells, allowing for
the assessment of IRE without adaptive immune-mediated
cytotoxicity of residual disease. Although cell death is indicated
<24 h after IRE, the necrotic portions of the tumor need to be
cleared by the innate immune system. Together with potential
scabbing, the presence of small residual tumors cannot be mea-
sured with calipers, so we transfected the Pan02 cells to express
firefly luciferase (FLuc) for In Vivo Imaging System (IVIS) use
to assess the treatment response via tumor luminescence.

To determine the distance-normalized voltage for mouse
tumor treatments, we first utilized our Pan02-laden collagen
hydrogels to quantify the lethal threshold of the Pan02 cells to
conventional NanoKnife IRE (Fig. 1A, 525 + 77 [442 to 613] V/
cm). To account for potential variations in tumor conductivity
and size, we simulated the electric field with randomized con-
ductivities and tumor diameters ranging from 4 to 8 mm (Fig.
1B), as previously detailed [61,62]. The percent tumor coverage
by the lethal threshold was then calculated in each simulation
for applied voltage-to-distance ratios ranging from 1,000 to
3,000 V/cm. From the pre-treatment model, we determined that
a voltage-to-distance ratio of 2,500 V/cm should fully ablate
every tumor (Fig. 1C). Informed by the computational model,
each tumor was then treated, with adjustments to the electrode
spacing and voltage made based on the measured tumor size at
the time of treatment. A significant drop in luminescence was
observed on IVIS imaging on days 3 and 7 (Fig. 1D), indicating
complete coverage of the tumor by the ablative field. All tumors
were also visibly flattened and scabbed by day 3 post-treatment
(Fig. 1E), confirming tumor ablation and justifying the need for
imaging to determine tumor response following pulsed electric
field treatments. Despite tumor clearance indicated by imaging
on days 3 and 7 post-treatment, scabbing was mostly healed, and
tumor regrowth was evident in all mice and 66% (4/6) of tumors
on day 17. The total measured photon flux within the tumor
region of interest (Fig. 1F), as determined from the IVIS images,
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Fig. 1. (A) Calculated irreversible electroporation (IRE) lethal electric field thresholds for Pan02 mouse pancreatic cancer using a 3-dimensional (3D) collagen hydrogel; mean +
SD; n = 5. (B) COMSOL Multiphysics finite element model (FEM) representing subcutaneous mouse tumors with a 5-mm spacing shown. (C) Simulated percent tumor coverage
by the lethal electric field using the subcutaneous FEM with randomized tissue conductivities and tumor sizes (4 to 8 mm); mean + SD; n = 30. (D) InVivo Imaging System (IVIS)
imaging of FLuc-eGFP* Pan02 cells inimmunodeficient NOD/SCID/IL2gc-KO (NSG) mice (m) follows complete ablation and subsequent microtumor recurrence after IRE treatment
at 2,500 V/cm; n = 6. (E) Tumor scabbing and flattening at day 3 post-treatment. (F) Total photon flux within the tumor region of interest from the IVIS images; mean and range
presented; multiple 2-tailed t tests between the data compared to the initial day O total photon flux; n = 6. (G) Measured tumor size over time from tumor inoculation; mean and range
presented; multiple 2-tailed t tests between the data compared to pre-treatment tumor size on day 30; n = 6. *#*P < 0.01; ****P < 0.0001. FLuc-eGFP, firefly-luciferase-enhanced

green fluorescent protein. SAT, subcutaneous fat.

and the tumor volume over time confirmed partial tumor
regrowth in several mice following initial regression (Fig. 1G).
Further, for all recurrent tumors, the growths appear to originate
in a small region on the edge of the tumor. These findings suggest
that while IRE induces acute cytoreduction in pancreatic tumors,
residual viable cells can persist and repopulate the lesion in
immunodeficient mice. These results underscore the critical role
of immune surveillance in achieving durable treatment responses
and motivate the development of adjunct immunotherapeutic
strategies, such as CAR T-cell therapy, to eliminate post-IRE
residual disease.

CAR target binding is not affected in viable cells
following IRE

Due to the thinness of the cell membrane, the induction of a
transmembrane potential during IRE pulse delivery can generate
electric fields within the membrane on the order of ~200 MV/m,
large enough to potentially destabilize or denature membrane
proteins [17,63,64]. Further, the organization and function of
membrane proteins are also dependent on lipid interactions, and
electroporation physically alters the cell membrane composition
and structure [65-67], possibly disrupting the recognizable
binding motif within the lipoprotein complex. Therefore, to
interrogate whether electroporation precludes the binding of
CARTT cells due to dysregulating membrane proteins, we evalu-
ated mesothelin binding via flow cytometry following treatment.
Mesothelin is a membrane protein that is commonly overex-
pressed in human pancreatic cancers and is consequently a fre-
quent CAR target [68,69]. We utilized the AsPC-1 human
pancreatic cancer cell line, which is indicated to overexpress
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mesothelin and has been used for human CAR T-cell experi-
ments [70,71]. Although IRE disrupts cellular homeostasis,
residual cellular function and proteins can be partially preserved
during delayed cell death. Therefore, the cells were also stained
to identify viable cells, with the gating set based on the control,
nontreated AsPC-1 cell population (Fig. 2B), to distinguish
between high-viability and low-viability populations and
between high mesothelin and low mesothelin expression.
Compared to Jurkat human leukemia cells, which are negative
for mesothelin (Fig. 2C) [72], the wild-type AsPC-1 cells were
validated for high mesothelin expression (Fig. 2D).

We next treated AsPC-1 cell suspensions with conventional
IRE pulses at different electric fields to induce significantly dif-
ferent brackets of percent viability (Fig. 2E), with no death in
the negative control (94.99% + 1.74% [93.53% to 97.10%]),
moderate cell death at 1 kV/cm (34.40% + 18.65% [13.37% to
54.59%]), and almost complete cell death at 2 kV/cm (3.30% =+
2.19% [0.47% to 5.40%]). The percent high mesothelin expres-
sion was then determined within the high-viability and low-
viability populations (Fig. 2F). For each treatment magnitude
group, the high-viability population had a significantly higher
mesothelin expression. However, when examining either the
high-viability or low-viability populations, no significant differ-
ences in mesothelin expression were observed between the treat-
ments. Subsets of the treated cells were then plated to allow for
the viable cells to rebound over 7 d (Fig. 2G). The viability quali-
tatively matched the trends observed for the percent viability of
cells observed with flow cytometry at 3 h post-treatment. For
all 3 groups, a portion of the treated cells rebounded (Fig. 2H).
Analyzing the viable cells indicated high mesothelin expression
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in the high-viability population that rebounded following treat-
ment (Fig. 2I), with no significant difference between treatment
groups within the high-viability populations at 3 h or 7 d after
IRE. These data suggest that residual cancer cells surviving IRE
treatment present proteins that CARs can recognize.

An invitro assay for monitoring treatment response

and tumor recurrence following IRE

While the protein targets for CAR binding are still functional
in viable cells following electroporation, it is necessary to vali-
date that the target protein is recognizable by CAR T cells for
subsequent removal. Here, we employed a tumor spheroid
viability assay as previously described for high-throughput CAR
T-cell analysis [73], with modifications to include IRE treat-
ments within the pipeline (Fig. 3A). In vitro tumor spheroids
provide a bridge between computational modeling and in vivo
validation to determine treatment efficiency and explore bio-
logical mechanisms in a reproducible and high-throughput
system [74,75]. Three-dimensional (3D) cultures have emerged
to achieve higher biomimicry of cell-cell and cell-extracellular
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matrix interactions [76,77], gene expression, cellular heteroge-
neity, and microarchitecture of the native tissue [78-80]. Conse-
quently, 3D models improve the predictability of therapeutic
toxicity and sensitivity, with significantly higher drug resistance
observed in 3D models than in 2-dimensional models [81].
Given their unique advantages, developing in vitro 3D models
has been of growing interest within adoptive cell therapy devel-
opment for assessing target binding affinity, comparing treat-
ment efficacies, and determining patient-specific treatment
responses before clinical delivery [82].

Multicellular tumor spheroids (MCTSs) were fabricated using
mesothelin-positive (MSLN™) AsPC-1 cells, and an initial study
was performed to evaluate the treatment response to IRE at differ-
ent electric field strengths (1 to 2.5kV/cm). Similar to the suspen-
sion and flow cytometry data, the live/dead staining revealed a
stark decrease in viability for all treatment groups at 3 h post-
treatment that persisted at 72 h post-treatment (Fig. 3B). To
validate the observed trends in viability, we utilized a quantitative
XTT (sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay. The


https://doi.org/10.34133/research.1105

Research

o

(5) 3@ CAR T

4)

) ®)

MCTSs (2)\_/

Electric field magnitude (kV/cm)

C

Normalized absorbance (nm)

3 h posttreatment D 72 h posttreatment
% % %k %
1.59 * ok kK TE‘ 1.59 * 3k ok k
% %k Kk 5 % % %k
* K K K [0} *
1‘0_ % % * Xk Xk k 8 10_ * %k
Sk kK 8 * % ok
(%) * % % ‘g _} ¥
o)
054 o * S 054
* ©
[0
- 2 ﬁ_
@© A
€
0.0 P § o00- ;E +
1 1 1 1 1 1 1 1 1 1
0 1 15 2 25 0 1 15 2 25

Electric field (kV/cm) Electric field (kV/cm)

E eGFP AsPC-1 . o _ .
24h 48h 72h Spheroid viability Spheroid size
. b 30- 6_
‘@
& N
E 5 T
= . E ~7
O X AN
8 g # I]** :
S < # j *
@© 3 %
£
2
2# I I I
0 20 40 60 0 20 40 60
Time posttreatment (h) Time posttreatment (h)
-~ Control &= 1 - 15 =+ 2 < 25

Fig. 3. Invitro assay for longitudinal combinatorial treatment evaluation. (A) Invitro multicellular tumor spheroid (MCTS) assay to assess the treatment response to electroporation
and CAR T-cell therapy. (1) MCTSs were formed within a low-adherent U-bottom 96-well plate and (2) then moved to a 4-well rectangular plate with low-conductivity buffer to
(3) deliver electroporation via parallel-plate electrodes. (4) The MCTSs were immediately moved back into the original U-bottom well, where (5) adjuvant CAR T-cell therapy
or sham was delivered. (B) Live (green) and dead (red) imaging of AsPC-1 MCTSs at 3 and 72 h after treatment at different electric field magnitudes; the scale bar is 1 mm.
Normalized absorbance for the XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay at (C) 3 and (D) 72 h
post-treatment at different electric fields; one-way ANOVA with Tukey’s post hoc and correction; mean + SD; n = 3. (E) Green fluorescent intensity of FLuc-eGFP* AsPC-1
MCTSs over time and across different electric field intensities. (F) Normalized green fluorescent protein (GFP) intensity and (G) MCTS area over time; one-way ANOVAs with
Tukey's post hoc between groups on the last timepoints (P < 0.05; ** P < 0.01; ##* P < 0.001; **#* P < 0.0001); multiple one-sample Wilcoxon signed-ranked tests between

that timepoint and the initial zero timepoint (*P<005);n=3.

tetrazolium salt is reduced to a formazan product, which is directly
proportional to the number of viable and metabolically active cells.
There was a significant decrease in metabolic activity for all treat-
ment groups (1 to 2.5 V/cm) when compared to that of the control,
atboth 3 and 72 h post-treatment (Fig. 3C and D). The metabolic
activity of MCTSs treated with 1 and 1.5 V/cm was significantly
different from that of every other group at 3 h, but the metabolic
activity for the 1.5 V/cm treatment significantly decreased by 72 h,
with no significant differences to the 2.0 and 2.5 V/cm groups.
These data support that cell death and recovery following IRE are
dynamic, providing a rationale for the need to track treatment
response at multiple timepoints. However, the XTT assay has limi-
tations for tracking spheroid viability with cellular therapies, as
the measured metabolic activity will be influenced by the activa-
tion and proliferation of CAR T cells, especially with concurrent
cell death following IRE.

To enable longitudinal and isolated tracking of MCTS response
with CAR T-cell treatments, we transfected MSLN' AsPC-1 cells
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with a firefly-luciferase-enhanced green fluorescent protein (FLuc-
eGFP) lentivirus (Fig. 3E). We observed a stark decrease in eGFP
fluorescent intensity as soon as 3 h following IRE for all treatment
groups compared to the control, and we continued to measure
the average green fluorescent protein (GFP) intensity within the
MCTSs to quantify viability for up to 72 h (Fig. 3F). The GFP
intensity at 3 h dropped significantly from baseline for all treatment
groups. However, for 1 and 1.5 kV/cm, the GFP intensity then
increased over the following 69 h, with significantly higher GFP
intensities at 72 h compared to those at 3 h, indicating incomplete
treatment and proliferation of surviving cells within the tumor
spheroid. The 2 and 2.5 kV/cm groups did not significantly change
from their initial drop at 3 h. These data validated the viability data
observed from the live/dead imaging and metabolic assays, provid-
ing a novel method for tracking individual tumor spheroid viability
and proliferation for longitudinal electroporation studies.
Following treatment, the size of the MCTSs significantly
increased for every IRE group compared to their pre-treatment
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measurements (Fig. 3G). The spheroid size did not change sig-
nificantly for the control across all timepoints and remained
unchanged for all IRE groups after the initial significant
increase in size measured at 3 h. Further, the change in spheroid
size increased significantly with higher applied electric fields.
Since the metabolic activity decreased with increased electric
field and the initial number of cells within the spheroid was
equal across all replicates, the increase in MCTS size cannot be
attributed to proliferation but is due to electroporation dys-
regulating the MCTS organization.

In vitro spheroid study supports that CAR T-cell

therapy can eliminate residual cancer following IRE

Utilizing the MCTS assay, we observed that the cellular orga-
nization was disrupted following IRE, and proliferation was
preserved in portions of the MCTSs for applied electric fields
below 1,500 V/cm. To investigate whether CAR T-cell therapy
can eliminate residual cancer and whether the lower density
facilitates CAR T-cell penetration into the MCTSs, we utilized
our FLuc-eGFP" AsPC-1 MCTS assay again, with the addition
of adjuvant CAR T cells (Fig. 4A to C). CAR T cells were fab-
ricated using primary human T cells as previously described
[83-85] to express a second-generation anti(a)-human(hu)
MSLN-m28-mCD3z CAR gene against huMSLN [86-88]. CAR
T cells were added to spheroids at a 1:5 ratio of tumor cells to
T cells. The size of the spheroids treated with only CAR T cells
decreased significantly over time, in contrast to that of the con-
trols, which remained steady (Fig. 4D). The size of the spheroid
again increased significantly at 3 h following 1,500 V/cm IRE
due to dysregulation of the MCTSs. However, with the subse-
quent addition of CAR T cells, the size then decreased signifi-
cantly over time, suggesting a potential combinatorial effect on
the cells within the MCTSs. The improved cytotoxicity from
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the combinatorial therapy was further supported by the nor-
malized GFP intensity within the spheroid (Fig. 4E). The GFP
intensity within the combinatorial treatment dropped by 3 h
and remained low, with a significantly lower GFP intensity than
those of the other groups, including the IRE-only group that
showed evidence of partial recurrence by 72 h. Although the
size of the MCTSs decreased over time within the CAR T-cell
group, the fluorescent intensity was not significantly different
from that of the control until 72 h, when the GFP intensity
decreased significantly. This suggests that the CAR T cells are
binding and inducing cytotoxic effects on the outer layers of
the MCTSs without deeper penetration until 72 h. To investi-
gate CAR T-cell localization within or around the MCTSs, we
stained CAR T cells with CellTracker Deep Red. Using the
eGFP images, we defined a region of interest outlining the
MCTS border and then overlaid it on the CellTracker Deep
Red images to quantify the normalized deep-red intensity
within the MCTSs (Fig. 4E). The deep-red intensity was ini-
tially significantly higher within the MCTSs following IRE.
Measuring over 72 h, the intensity remained unchanged
within the combinatorial group but significantly increased
within the CAR-T-cell-only group (Fig. 4F). The increase in
infiltration by 72 h within the CAR-T-cell-only group corre-
sponds with the decrease in spheroid size and decrease in
viability at 72 h, verifying the successful generation of anti-
tumor CAR T cells and validating cytotoxicity against cancer
cells expressing bindable CAR targets. The initially higher infil-
tration within the combinatorial group suggests that the
disrupted MCTS allows for the penetration of CAR T cells;
however, due to the significantly lower viability and subsequent
lower presence of bindable CAR targets, the CAR T cells do not
have pressure to invade. Further, the data indicated that there is
an increase in the efficacy of combinatorial IRE and CAR T-cell
therapy, preventing the few viable cells from repopulating the
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MCTSs and that many of the CAR T cells within the combina-
torial group did not need to invade for additional cytotoxic
effects.

Combinatorial IRE and CAR T-cell therapy
enhance efficacy in a preclinical human

pancreatic cancer mouse model

While in vitro studies are essential for evaluating novel CAR
designs, the limitations for CAR T cells are well-documented
in vivo and cannot be fully recapitulated in vitro [55,69,82].

Immunotherapies, including CAR T-cell therapies, are also
required to be evaluated in vivo for efficacy and are shown to
be mouse strain dependent, highlighting the need for appropri-
ate strain selection for specific studies [89-91]. Severely immu-
nodeficient NSG mice are the most common model in adoptive
cell therapy research, as they can engraft human cancers,
enabling the development of patient-specific therapies [89]. To
validate the proof-of-concept combination of IRE and CAR
T-cell therapy, as demonstrated by the in vitro MCTS assay, we
performed a 60-d survival study (Fig. 5A) in which mice were
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tracked for 5 weeks after treatment. NSG mice were inoculated
with 1 x 10° nontransfected MSLN™" AsPC-1 cells. The tumors
were treated with IRE as detailed above, with an immediate
local peritumoral injection of 5 X 10° chuMSLN CAR T cells.
To visualize CAR T-cell localization and verify successful trans-
fection, the CAR gene was concomitantly expressed with firefly
luciferase. IVIS imaging, both before and after treatment, veri-
fied the successful delivery of CAR T cells locally (Fig. 5B). All
mice showed a steady, continuous increase in body weight, in
line with that of healthy mice of their age and sex (Fig. 5C).
Further, wellness checks by the researchers and the department
of animal research staft did not indicate cytotoxicity associated
with treatment, with early euthanasia all performed due to
tumor sizes growing to 12 mm in any direction (Fig. 5D and
E). These data and observations suggest that the combinatorial
treatment was well tolerated. For both the combinatorial and
IRE-only groups, tumors were eradicated within 48 h of treat-
ment, whereas none of the control or CAR T cell groups disap-
peared. Both the combinatorial and IRE-only groups resulted
in tumor scabbing similar to that in the in vivo Pan02 IRE
treatments, which resolved by ~14 to 21 d post-treatment (Fig.
5D). A small amount of pigmentation from scarring persisted
after the scabbing healed in the IRE-only and combinatorial
groups. Similar to the in vivo Pan02 IRE treatments, a few (4/6)
of the IRE tumors recurred during follow-up (Fig. 5D and E).
However, none of the combinatorial groups had tumor recur-
rence during the 5-week follow-up. Both the IRE-only and
combinatorial groups significantly increased the progression-
free and overall survival, compared to the sham and CAR-T-
only groups. The combination of IRE and CAR T-cell therapy
significantly increased the progression-free survival (Fig. 5G)
but not the overall survival (Fig. 5H) over that of the IRE-only
group within the 5-week post-treatment follow-up. These data
validate the in vitro results and support the improved thera-
peutic efficacy of combinatorial IRE and CAR T-cell therapy.

Discussion

Here, we demonstrate the scientific and clinical feasibility of com-
bining IRE with engineered cells and support the use of pulsed
field ablation techniques with an adoptive cell therapy, specifically
CAR T-cell therapy. Our findings suggest that IRE does not com-
promise the structural integrity of membrane-bound tumor anti-
gens in cells that survive treatment, thereby preserving the
binding potential of CARs. This mechanistic insight is critical, as
other ablation techniques use thermal energy, which can indis-
criminately denature proteins, potentially limiting compatibility
with targeted immunotherapies. In contrast, IRE uniquely retains
epitope integrity in viable cells within the treatment margin,
enabling CAR T cells to recognize and eliminate residual disease.
This highlights the potential for IRE to serve not only as a cyto-
reductive tool for otherwise unresectable tumors but also as a
unique facilitator of antigen-targeted immune engagement in
solid tumors commonly treated by thermal ablation.
Nevertheless, mesothelin is a cell surface glycoprotein with
a heavy and light chain that may not denature as easily from
high electric fields as other CAR targets that are complexes
composed of many constitutive parts (e.g., HER2 and IL13Ra2).
Thus, evaluations similar to those used to investigate mesothelin
binding through flow cytometry should be performed to verify
the recognition of other CAR targets following electroporation.
In addition to direct disruption, there are many theorized
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mechanisms of cell death following IRE that can occur con-
comitantly and evolve over hours to days [92]. Programmed
cell death mechanisms, such as autophagy [93], may also be
involved in this process or exert a bystander effect on nearby
tumor cells, which could indirectly affect membrane protein
expression. High-voltage pulsed electric fields also affect the
cellular cytoskeleton, which is structurally and functionally
linked to the cellular membrane and transmembrane proteins.
This can potentially affect tumor antigen binding and cell-cell
adhesion that influences immune infiltration. While adjuvant
therapies would not be delivered after tumor recurrence, future
work should also analyze recurrent tumors following IRE to
validate similar CAR antigen expression in these tumors com-
pared to untreated antigen-positive control tumors.

We contend that IRE and CAR T-cell therapy may also syn-
ergize their treatment pipelines. Many patients receive chemo-
therapy before IRE [34,36,40], so T cells can be removed to
manufacture CAR T cells ex vivo for reinfusion at treatment.
This combination can then overcome the aspects of a weakened
anti-tumor immune response due to lymphodepletion and lack
of endogenous T-cell priming in these patient populations [41].
Delivery of NK cells and allogenic yd T cells has been briefly
demonstrated concomitant with IRE in humans [94-96], but
NK cells do not generate a sustained or specific anti-tumor
immune response [97]. Further, while y3 T cells are less restricted
by specific tumor antigens, potentially enabling broader cancer
recognition, they still require MHC I binding, which may be
down-regulated. Aggressive cancers can similarly escape CAR
T-cell therapy by down-regulating the target antigen [98].
Tandem CAR T cells aim to overcome this by targeting multiple
antigens simultaneously, decreasing the chance that cells can
down-regulate both targets. Dual and triple CAR T cells have
been demonstrated to increase therapeutic efficacy but have
the chance to significantly increase on-target off-tumor cyto-
toxicity [99]. Cytopenias and neurotoxicity are also directly
correlated with CAR T-cell concentration [55], which can limit
the efficacy of the therapy, as high concentrations are typically
required for solid tumors. Reducing the necessary CAR T-cell
concentration with cytoreductive IRE may allow for the safer
use of CAR T-cell variations. The AsPC-1 tumors utilized here
were wild-type for mesothelin, but future work should inves-
tigate if cytoreduced IRE can decrease the concentration of
CAR T cells necessary using controlled levels of antigen expres-
sion, heterogeneous antigen expression, or mixtures of antigen-
positive and antigen-negative cells.

Multiple cell populations contribute to the immunosuppres-
sive TME, including differentiated cancer cells, cancer stem cells,
tumor-associated fibroblasts, and immunosuppressive immune
cells [5]. IRE acts indiscriminately on proliferating and nonpro-
liferating cells within the lethal electric field [100], producing
submillimeter demarcations between ablated and nonablated tis-
sue. Therefore, recalcitrant (e.g., cancer stem cells) and immuno-
suppressive immune cells are removed in addition to bulk tumor
cytoreduction [37,43,101]. IRE also alters the physical properties
of the TME by reducing extracellular matrix density and rigidity
[42,102], as well as increasing tumor-associated blood vessel
permeability [102-105]. Together, this reverses stroma-induced
immunosuppression and tumor-associated hypoxia [42]. For all
tumors that recurred following IRE in both the Pan02 IRE treat-
ments and AsPC-1 IRE treatments, we observed that regrowth
typically occurred at the edge of the scabbing. As the electric field
magnitude decreased away from the electrodes, a few cells were
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potentially not above the lethal electric field. This highlights the
need for adjuvant therapeutics that can remove potentially viable
cancer that repopulates the lesion.

A previous study found that 5 x 10° MSLN CAR T cells alone
could not clear the primary pancreatic tumor in NSG mice but
significantly prevented the initiation and progression of lung
metastases [106], informing the concentration used for this
proof-of-concept combination of IRE with CAR T-cell therapy.
We found similar results for the standalone CAR T-cell group,
with a nonsignificant decrease in tumor growth and a nonsig-
nificant increase in progression-free and overall survival com-
pared to those of the control. Within this study, we investigated
the local peritumoral delivery of CAR T cells after IRE. Local
delivery is demonstrated clinically to achieve reduced side
effects and higher efficacy than systemic delivery, although with
many of the same limitations due to the immunosuppressive
TME. As IRE is delivered percutaneously, with electrodes placed
within and around the tumor, we contend that local delivery
through electrodes would be feasible and clinically preferable
to systemic delivery for the control of LAPC. However, pancre-
atic cancer is often metastatic, so future work should investigate
how IRE may improve the infiltration of systemically delivered
CART cells into the TMEs of IRE-treated primary tumors and
nontreated metastatic tumors.

The application of either IRE or CAR T cells as a monotherapy
has proven successful in enabling an endogenous anti-tumor
response through the induction of pro-inflammatory cytokines,
facilitating local immune cell recruitment. Additionally, IRE has
been shown to activate systemic anti-tumor response, resulting

Immunosuppressive “cold”
tumor microenvironment

. Target residual
local disease

° Exclusion
. ——_ from TME

Lymph node

"
CAR T-cell trafficking

in the reduction of distant metastasis in rodents [103], similar
to the “abscopal effect” that is rarely observed in patients exposed
to radiotherapy. With the sequential delivery of IRE and CAR
T cells, the combinatorial treatment offers the potential to more
consistently generate a robust local and systemic immune
response that can persist beyond the initial treatment by priming
the adaptive immune response. An adaptive immune response
may then recognize the cancer that has down-regulated the CAR
target. While this work demonstrated a proof of concept for treat-
ing human disease, future work should utilize a synergistic tumor
and allogenic CAR T-cell combination within an immunocom-
petent model to investigate the use of IRE for facilitating the
infiltration and persistence of adoptive cell therapies in an immu-
nogenically active TME (Fig. 6). We expect that CAR-T infiltra-
tion and persistence will be significantly improved following IRE,
with increased recruitment of the endogenous immune system.
This may then “wake up” a potentially dysregulated immune
response to respond to local and metastatic disease (Fig. 6).

Methods

Cell culture

Pan02 mouse pancreatic cancer cells (Cytion, 300501), AsPC-1
human pancreatic cancer cells (American Type Culture Collection
[ATCC], CRL-1682), and Jurkat immortalized human T lympho-
cytes (ATCC, TIB-152) were cultured in RPMI 1640 medium
(Thermo Fisher, 11875093) supplemented with 10% (v/v) fetal
bovine serum (Fisher Scientific, FB12999102) and 1% (v/v)
10,000 U/ml penicillin-streptomycin (Gibco, 16140122). The
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Fig. 6. Summary and future directions. IRE indiscriminately ablates cells within the dense and immunosuppressive tumors, clearing the regulatory T cells (T,), tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and the bulk tumor. Post-ablation, systemic CAR T-cell therapy can then effectively persist within the tumor
microenvironment to clear the residual tumor. Adapted from Jacobs etal. [15] (Creative Commons Attribution 4.0 International License). TME, tumor microenvironment; DAMP,
damage-associated molecular pattern; DC, dendritic cell; TAF, tumor-associated fibroblast.
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cells were maintained at 37 °C and 5% CO, in a regulated, humid-
ified incubator (Fisher Scientific, 13-998-086). Pan02 cells and
AsPC-1 cells were passaged between 70% and 90% confluency,
and Jurkats were maintained in cell suspension between 1 X
10° and 2 x 10° cells/ml. All cells were utilized between pas-
sages 10 and 20.

Cell transfection with reporter FLuc-eGFP

Pan02 or AsPC-1 cells were plated at 1 X 10* per well into a
96-well plate and incubated overnight. A 2-fold titration of a
FLuc-eGFP lentivirus (BPS Bioscience, no. 79980), driven under
a single cassette by the cytomegalovirus (CMV) promoter for
co-expression, was performed from a max multiplicity of infec-
tion of 100, with the lentivirus diluted in supplemented cell
culture media (as described in the “Cell culture” section). The
cells were incubated for 8 h, then the medium-lentivirus mixture
was replaced with fresh supplemented cell culture media. The
cells were incubated for 3 to 5 d until confluent, with transfection
confirmed through green fluorescence from eGFP using a fluo-
rescence microscope (Leica, LMI8). The cells were then fully
passaged into a 6-well plate for expansion. Once confluent, the
cells were released and suspended in 10 ml of supplemented
media for cell sorting using a 9-color FACSMelody cell sorter
(BD Biosciences). Following gating for the cells and isolation of
single cells, the cells were then gated for high eGFP expression,
and the population was collected. The cells were then resus-
pended for cell culture and further expansion. Stocks of FLuc-
eGFP Pan02 and AsPc-1 cells were frozen in liquid nitrogen.

NSG mice

NSG mice were obtained through breeding at the Georgia Tech
Department of Animal Research (GT DAR), with ages ranging
from 5 to 7 weeks at the start of experiments. Equal numbers
of male and female mice were used. All rodent experiments
were conducted at GT DAR under Institutional Animal Care
and Use Commiittee approval (protocol no. A100702) at Georgia
Tech and in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals. Mice
were maintained in sterile housing with food, water, and cage
changes occurring under fumigation.

Pan02-NSG local tumor recurrence experiments

FLuc-eGFP Pan02 cells were washed 2 times with sterile HanK’s
balanced salt solution (HBSS; Thermo Fisher, 14025092), resus-
pended at 20 x 10° cells/ml, and then mixed with an equal volume
of sterile Matrigel (Corning Matrigel Matrix, CB-40234C). At
GT DAR, NSG mice were subcutaneously inoculated with 100 pl
of the cell suspension after the site was shaved and sterilized
with an isopropyl wipe. Injection sites were measured 3 times a
week to monitor tumor size. Mice were treated once the tumors
reached >100 mm®, where volume = 0.5 X length x width*.
Prior to IRE pulse delivery, the mice were initially imaged using
IVISat GT DAR. Briefly, 10 pl of a 15 mg/ml p-luciferin (GoldBio,
LUCK-1G) in sterile HBSS was injected intraperitoneally, with
serial imaging performed every 2 min for 45 min to determine
the optimal imaging time window. Following imaging, IRE was
delivered through custom 2-needle electrodes, as previously
described [61,62], using a custom pulsed electric field generator
(OmniPorator, Vitave Inc., Czech Republic). Conventional 90
bursts of 90-ps pulses were applied at a rate of 1 Hz. The applied
voltage was adjusted to deliver 2,500 V/cm of center-to-center
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electrode spacing, with the spacing set to be ~1 mm less than the
max tumor diameter to facilitate insertion into the tumor. The
applied voltages and currents were recorded using a WaveSurfer
5-GHz oscilloscope (Teledyne LeCroy, 4024HD) equipped with
a 1,000 attenuated high-voltage probe (Siglent, DPB5700) and
a 10X attenuated current probe (Pearson Electronics, 3972).
Following treatment, the needle insertion sites were inspected
for potential bleeding, and the animals were recovered. Mice were
then imaged again using IVIS on day 3, day 7, and day 17. In vivo
imaging luminescent data were collected and analyzed with
Living Image 4.4.5 (PerkinElmer).

Mesothelin binding and viability

following electroporation

AsPC-1 cells (1 x 10°) were suspended in osmotically balanced
low-conductivity buffer [107], and 100 pl was pipetted into a
sterile 4-mm cuvette (BTX, no. 45-0142). Pulsed electric fields
were delivered using the custom generator and pulsing scheme
described above at 0, 400, and 800 V to generate electric field
magnitudes of 0, 1,000, and 2,000 V/cm, respectively. The treated
cells were then either transferred to a 24-well plate with fresh cell
culture media or to a 1.5-ml tube with 400 pl of cell culture media
for flow cytometry. For the plated cells, the cell culture medium
was replaced on day 3, and on day 7, they were released to resus-
pend in media in a 1.5-ml tube for flow cytometry. The process-
ing and flow cytometry steps were identical for both the 3-h and
7-d timepoints, with the timing for the 3-h group adjusted so
that flow cytometry occurred at 3 h following treatment. Cell
suspensions were centrifuged at 500 X g, with the liquid aspirated
and resuspended in 500 pl of flow cytometry buffer (Thermo
Fisher, 00-4222-26). The cells were again centrifuged and resus-
pended with 1 il (10 pl/10° cells) Human Mesothelin Alexa Fluor
488-conjugated Antibody (R&D Systems, FAB32652G) and
0.5 pl of Invitrogen CellTrace Calcein Red-Orange, AM (Fisher
Scientific, 50-113-7411) in 500 pl of flow cytometry buffer. Tubes
were placed on a tube rocker on low within a dark 4 °C refrigera-
tor for 45 min. The cells were then washed twice with flow cytom-
etry buffer to remove excessive stain, resuspended in 500 pl of
flow cytometry buffer, and then analyzed using Cytek Aurora
(Cytek Biosciences). Flow cytometry data were collected with
BD FACSDiva v8 (BD Biosciences, San Jose) and analyzed using
FlowJo X v11 (FlowJo, Ashland). Gates for viability and meso-
thelin expression were established using the unstained and
stained antigen-positive control (AsPC-1) samples and the anti-
gen-negative control (Jurkat) samples, with guidance from the
flow cytometry core. Gates were maintained for each subsequent
experiment.

Plated cells not used for flow cytometry were stained for
viability at 3 h and 7 d following treatment. The cell culture
medium was replaced with a live/dead stain consisting of 0.5 pl
of Invitrogen CellTrace Calcein Green, AM (Thermo Fisher,
C3100MP) and 2.5 pl of propidium iodide (Thermo Fisher, P3566)
in 250 pl of phosphate-buffered saline (Thermo Fisher, 10010023),
and then the cells were imaged using a Leica DMIS fluorescence
microscope. Cells were counted within the Leica LasX software
within the region of interest corresponding to the image gathered
using the X10 objective.

CAR T-cell fabrication
Human T cells were isolated from the peripheral blood mono-
nuclear cells of a healthy donor using Human CD3+ T cell
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Isolation Kit (STEMCELL, no. 17751) and activated using «CD3/
CD28 Dynabeads (Thermo Fisher, no. 11132D) and 200 U/ml
human interleukin-2 (hIL-2; R&D Systems, no. 202-IL) for
24 h. During the activation, T cells were transduced with hMSLN-
(M5)-h28Z-Luc-CAR encoding y-retrovirus [108] to make
T cells targeting human MSLN by centrifugation at 1,800 rpm
for 2 h at room temperature. T cells were then expanded in the
presence of 100 U/ml hIL-2 and 2-mercaptoethanol (0.1% of
the total culture medium volume) for an additional 7 to 8 d
before use.

MCTS experiments

To create MCTSs, either AsPC-1 or FLuc"eGFP* AsPC-1 cells
were passaged and resuspended in supplemented cell culture
media at 5 x 10 cells/ml, with 100 pl pipetted into the wells of
a 96-well ultralow-adherent plate [109]. The plate was centri-
fuged at 150 X g for 5 min, and the cells were monitored for 2 d
to verify MCTS formation. To apply IRE, the spheroids were
removed and placed in a rectangular 4-well plate (Ibidi) con-
taining 400 pl of low-conductivity buffer. Custom flat-plate
electrodes with an 8.5-mm spacing were used to deliver uni-
form pulsed electric fields, with the voltages and currents moni-
tored as described above. The MCTSs were then placed back
into the ultralow-adherent plate with fresh 200 pl of supple-
mented cell culture media. CAR T cells were stained for 30 min
with 1 pM CellTracker Deep Red (Thermo Fisher, C34565).
For groups receiving CAR T-cell treatments, CAR T cells were
added at a 5:1 ratio to the pre-treatment AsPC-1 cell count (i.e.,
25 x 10° cells). The viability of nontransfected AsPC-1 cells was
imaged using the live/dead stain detailed above. The XTT assay
was performed according to the manufacturer’s instructions;
50 pl of the XTT-activated assay reagent was added to each well
and incubated for 18 h. The supernatant within each well was
then transferred to a 96-well plate, and absorbance was recorded
at 475 and 660 nm (Biotech Synergy HT'). The measured absor-
bance at 475 nm was normalized using the readings at 660 nm.
The size and fluorescent intensity of the FLuc*eGFP* AsPC-1
MCTSs were quantified within Image] (NIH). Each image was
separated into the individual channel components (i.e., bright
field, green, and deep red). A region of interest, informed by
bright-field imaging and green fluorescence, was drawn around
the border of the MCTSs. The intensities of both the green and
deep-red channels were measured within the MCT'Ss and out-
side to obtain background intensity, with the color intensities
normalized by subtracting the background intensities.

AsPC-1 NSG mouse experiments

AsPC-1 cells (1 x 10°) were prepared and subcutaneously
inoculated into NSG mice as described above for the Pan02-
NSG experiment, with the injection sites measured 3 times a
week to monitor tumor size. Mice were randomly grouped and
treated at day 23 with either (a) sham electrode insertion with
local saline injection, (b) IRE with local saline injection, (c)
sham electrode insertion with local CAR T-cell injection, or
(d) combinatorial treatment using IRE with local injection of
CAR T cells within 1 min following treatment. IRE delivery
was performed as detailed above. The local injections were per-
formed slowly to prevent backflow, and for CAR T-cell delivery,
5 % 10° cells were injected in 100 pl of sterile saline. The mice
were imaged before and after treatment using IVIS. Following
treatment, the needle insertion sites were inspected for poten-
tial bleeding, and the animals were recovered.
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Statistical analyses

Statistics within the main text are presented as mean + SD [mini-
mum to maximum]. Statistical analyses were performed using
GraphPad Prism 10.5.0 (GraphPad Software, Boston), with the
specific tests used outlined within the text. Postexperimental
power analyses were performed using G*Power 3.1 (Heinrich
Heine Universitit, Diisseldorf).
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