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Abstract: Comprehensive understanding of the immunophenotypic response to local therapy will likely be required
to improve outcomes for pancreatic ductal adenocarcinoma (PDAC). While the desmoplastic stroma has rendered
PDAC resistant to immunotherapies, irreversible electroporation (IRE), a non-thermal method of tumor ablation, can
overcome some of this resistance and immune suppression. We studied the systemic immunophenotype of patients
following local treatment of PDAC. Stored lymphocytes from peripheral blood collected pre- and post-operatively
for patients with PDAC who underwent surgical treatment from 12/2018 until 12/2019 were prepared for mass
cytometry and a 30-marker panel identifying 37 immune-cell clusters were analyzed and compared to all clinical
parameters. Stored lymphocytes from patient samples were collected pre-operatively postoperatively (Day 1, 3, 5
and 14) and during surveillance (Month 3, 6, 9 and 12). Thirty patients with locally advanced pancreatic cancer
(LAPC) who underwent IRE were evaluated prospectively for changes in their immunophenotype. No significant dif-
ferences in baseline demographics or tumor markers were identified. CA19-9 levels were significantly higher among
patients who developed a recurrence (P=0.03). In the early perioperative period, CD4 and CD8 central memory
cells were significantly higher among patients who did not recur (P=0.02 and 0.009 respectively). These findings
were maintained in the late (>3 month) surveillance period. Early natural killer (NK) cells were significantly higher
among those who did not recur (P=0.004) in the early postoperative period. The early immune-cell populations of
CD4 and CD8 central memory cells and early NK cells were significantly higher among populations who did not recur
following IRE for PDAC during the study period, with maintenance of the CD4 and CD8 central memory populations
during later surveillance. Monitoring the early immunophenotype may offer opportunities to augment the immune
response following tumor-disruptive IRE for PDAC.
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Introduction tion, while around 35% have locally advanced
disease and 50% are metastatic at presenta-
tion [3]. Cytotoxic chemotherapy is the back-

bone of systemic treatment for PDAC but is lim-

Pancreatic ductal adenocarcinoma remains
one of the most lethal forms of cancer. It

accounts for approximately 2.5% of cancers
worldwide; however, it is responsible for close
to 10% of cancer deaths [1]. In the U.S., PDAC
is the fourth-leading cause of cancer death in
2020, with an estimated 47,050 new deaths
alone with only 57,600 new diagnoses [2]. Un-
fortunately, PDAC incidence is increasing, with
current projections forecasting PDAC death
rates to surpass breast cancer worldwide [1].

Surgical resection remains the best opportuni-
ty for long-term survival, however only 10-20%
of patients are resectable at time of presenta-

ited in efficacy in part by the cumulative toxicity
of therapy and its immunosuppressive effects.
Newer treatments are needed, but PDAC typi-
cally fails to respond to immune checkpoint
blockade. The dense peri-tumoral stroma, lim-
ited neo-antigen expression and generally unfa-
vorable local tumoral environment have ren-
dered PDAC resistant to checkpoint therapy
[4-6], with perhaps modest response rates
seen only in MSI-H PDAC [7].

Strategies to overcome the resistance to sys-
temic cytotoxic and immunotherapy are critical
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to improve survival. One such strategy, irre-
versible electroporation (IRE), utilizes short
electrical pulses across targeted tissue. IRE
disrupts cell-wall homeostasis and cellular ap-
optosis ensues. IRE has demonstrated promise
in locally advanced PDAC due to its efficacy
around critical vascular structures, with im-
proved median survival in selected patients [8].
This non-thermal tumor disruptive therapy also
disrupts the peri-tumoral milieu [9, 10]. We
have previously demonstrated that IRE induces
PD-L1 expression [11], and have shown sys-
temic immunophenotypic changes following
IRE with reduction of CD4+ T-regulatory cells
and significant increases in proportions of
CD4+ effector memory T cells in the immediate
postoperative period [11, 12].

Examination of the local tumor milieu over time
is not clinically feasible in pancreatic cancer,
given the inaccuracies of dynamic imaging and
the invasiveness of repeat biopsies every 3
months. Surrogate attempts through evalua-
tion of a patient’s systemic immunophenotype
are attractive to detect clinically actionable
data points to augment the immunologic
response to the tumor. In this study, mass
cytometry was utilized to evaluate the serum
of surgically treated patients with PDAC. We
hypothesized that the immunophenotype im-
mediately following and sustained after IRE
may predict recurrence-free survival. We sou-
ght to compare the immunophenotype bet-
ween patients with known recurrence to th-
ose without evidence of disease using clinical
correlation.

Methods
Patient selection

An Institutional Review Board (IRB)-approved
prospective cohort of preoperatively diagnos-
ed National Comprehensive Cancer Network
(NCCN) stage Il LAPC of patients treated by IRE
between December 2018 and December 2019
was evaluated. Patients with biopsy-proven
non-metastatic PDAC amenable to surgical
therapy were selected. All patients provided
written informed consent. A diagnosis of LAPC
disease was established by biopsy-proven ade-
nocarcinoma of the pancreas with unrecon-
structable venous involvement or greater than
180° encasement of the superior mesenteric
artery (SMA) or celiac artery without evidence
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of metastatic lesions [13-15]. Patients were
further considered for inclusion in the study if
the treating physician at the aforementioned
participating institutions believed that ablation
of their soft tissue would be feasible in the care
of their disease, as has been previously de-
scribed and outlined [16-18]. Staging included
triple-phase computed tomographic (CT) scan
with less than 1.5-mm cuts at the time of diag-
nosis and repeated 1-2 weeks prior to IRE [19,
20].

Irreversible electroporation

Patients found to be free of metastatic disease
and without primary tumor progression on
restaging were included and further received
an open surgical in situ IRE based on intraop-
erative findings and location of the primary
tumor as described previously [19]. Open IRE
was performed utilizing the NanoKnife (Angio-
Dynamics, Latham, NY, USA) system, as previ-
ously described, and were performed by sur-
geons in the operating room [21-23]. All partici-
pating institutions utilized the registry protocol
for standardization of settings setup and deliv-
ery of energy during the IRE procedure as previ-
ously reported [16, 18, 24, 25]. In short, IRE
was performed with continuous ultrasound
guidance to bracket the tumor with electrodes
through a transmesocolic approach for caudal-
ly oriented pancreatic head/uncinate tumors or
directly for cranially oriented lesions. Patients
were deeply paralyzed and electrical pulses
were delivered until efficacy through changes
in resistance was realized. Critical structure
patency was then confirmed. Pancreatoduo-
denectomy was performed when possible after
extensive intraoperative ultrasonography of the
liver and pancreas determined feasibility for
resection.

Peripheral blood was obtained preoperatively
and on postoperative days 1, 3 and 5. Additional
blood draws were performed at the 2-week and
1-month postoperative visits and each subse-
quent follow up (every 3 months from IRE) until
recurrence or completion of surveillance. Four
patients were selected who underwent RO pan-
creatoduodenectomy as a form of baseline
control. Subsequent blood draws were per-
formed during surveillance follow up until re-
currence. Patient variables and demographics
were recorded. Preoperative treatment was
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noted, including chemotherapy and chemora-
diation. Serum cancer antigen 19-9 (CA 19-9)
levels were measured during follow up visits.
Adjuvant treatment details were noted, in-
cluding systemic therapy and chemoradiation.
Disease recurrence was noted.

Post-procedure evaluation and follow up

After IRE follow-up imaging via triple-phase CT
scan was performed during the immediate
postoperative period to evaluate for early com-
plications, assess the patency of vital struc-
tures, and to establish a baseline of the post-
ablation bed, as has been previously reported
[15, 26, 27]. Ablation success was evaluated at
3 months post-IRE treatment via triple-phase
CT scan following pancreatic imaging protocol,
along with CA19-9, and PET-CT. Ablation suc-
cess and recurrence have been previously
defined [14]. Participating institutions stan-
dardized utilization of CT scans to avoid the dif-
ficulty encountered with cross-comparing CT
scans to MRI or CT scan to PET scans in previ-
ous studies. Response and progression were
evaluated using the international criteria pro-
posed by RECIST 1.1 [28]. Serial imaging over
at least two months was subsequently used to
detect recurrence through study comparison in
combination with clinical and serum CA19-9
studies. If equivocal findings were seen on CT
then a PET was obtained to either confirm or
refute local and/or regional recurrence when
required.

Mass cytometry

Mass cytometry utilizes metal-conjugated anti-
bodies rather than fluorophores for character-
ization of material of interest with the practi-
cal advantage of detecting substantially more
parameters per cell than in typical flow cytom-
etry without the same broad-emission contami-
nation. We characterized the immunopheno-
type broadly, using the Maxpar® Direct Immune
Profiling Assay (Fluidigm, South San Francisco,
CA, USA) enabling 37 immune-cell populations
to be characterized. These populations includ-
ed major lymphocyte populations of CD3(+)
T-cell subsets, B-cell subsets, and natural killer
(NK) cells, as well as monocyte subsets, den-
dritic cells, and granulocyte subsets.

Stored frozen lymphocytes from date of collec-
tion were thawed rapidly and assessed for via-
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bility using Trypan blue. Samples with at least
3x1076 cells with >80% viability were selected.
Cells were washed with staining buffer and
incubated with FcR block for 10 minutes. Cells
were fixed with 16% formaldehyde and then
permeabilized and stained with the manufac-
turer’s proprietary buffers. Cells were incubat-
ed overnight at 4C. On day 2, cells were washed
and suspended in staining buffer for data
acquisition using the Cytof® mass cytometry
and Helios® software (Fluidigm, CA, USA). Data
acquisition reports were exported from the
Helios system for processing with SPSS v 27
(IBM Armonk, NY) for statistical analysis. When
appropriate, chi-square, student t-tests and
analysis of variance (ANOVA) with posthoc Tu-
key method were performed for comparative
analyses. Repeated measures of ANOVA with
Bonferroni correction were utilized to detect
differences in the trend of populations over
time.

Statistical analyses

OS was defined as the time from the start of
treatment for their PDA to the date of death,
due to any reason. PFS was defined as the time
from the start of initial IRE treatment to the
date of first observed disease progression. All
patients who received operative resection with
IRE margin accentuation were excluded from
PFS and OS analyses. The rates of OS and
PFS were estimated by Kaplan-Meier method.
Multivariable Cox survival regression was per-
formed to determine independent predictors of
PFS and OS after backward selection (criterion
P<0.05) to include all variables of interest. All
statistical analyses were performed using SAS
version 9.3 (SAS Institute, Cary, NC, USA), and
P values less than 0.05 were considered sig-
nificant. When appropriate, student t-tests or
analysis of variance (ANOVA) with posthoc
Tukey method were performed for comparative
analyses.

Results
Patient demographics

Patients underwent surgical treatment for pan-
creatic adenocarcinoma between 12/1/2018-
12/1/2019 and were followed clinically until
study conclusion on 12/1/2020. Four patients
(13%) underwent pancreaticoduodenectomy,
while 26 patients (87%) underwent IRE alone
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Table 1. Baseline characteristics

IRE + concurrent

IRE alone Overall P Resection
chemotherapy

Mean Age (SD) 62.0 (9.5) 60.0 (9.6) 62.4 (9.1) 0.50 69.5 (6.36)
Recurrence (%) 3 (50%) 3 (60%) 6 (61.5%) 0.52 2 (100%)
XRT (%) 3 (50%) 2 (40%) 5 (39.5%) 0.52 0 (0%)
Preop CA 19-9 (SD) 107.0 (120.4) 36.1 (39.0) 78.6 (95.6) 0.50 45.5 (39.4)
Lymphocytes (SD) 52.1 (8.5) 53.7 (15.3) 52.9 (11.7) 0.85
CD3 T cells (SD) 37.9(9.0) 44.2 (13.4) 41.0 (11.3) 0.41
CDA4 T cells (SD) 27.0 (9.9) 30.0 (7.7) 28.5 (8.5) 0.61
CD8 T cells (SD) 8.8 (3.1) 11.2 (4.0) 10.0 (3.6) 0.31
CD4/CD8 ratio (SD) 3.4 (1.6) 2.7 (0.4) 3.1(1.2) 0.42

(In-Situ). Baseline characteristics are reported
in Table 1. The mean age was 62.4 yrs (SD +/-
9.1) and did not differ between groups (P>0.05).
Baseline CA19-9 was 69.2 (SD 89.3) and did
not differ between treatment groups (P>0.05).
Completion chemotherapy and chemoradiation
therapy were utilized per protocol in 80% (n=24)
of patients, with the other 6 receiving only com-
pletion chemotherapy. During the study period,
63% of patients had recurrence of disease
(n=19/30) with a median disease-free interval
of 21.7 months (range 10 to 44 months); 100%
of patients who underwent resection had a
recurrence (n=4/4) and 53% (n=16) of patients
in the In-Situ IRE group.

Chemoradiotherapy was utilized in the adjuvant
setting in 33% of patients (n=10/30): 10 in the
IRE group and O in the resection group. Uti-
lization of neoadjuvant or adjuvant chemora-
diotherapy did not influence recurrence rates
(P>.05); 50% of patients who did not receive
radiation recurred and 50% who received radia-
tion recurred. The average serum tumor marker
CA 19-9 during the surveillance period was sig-
nificantly lower among patients who did not
recur (64.6 vs 720.0, P=0.03). No differences
in CA19-9 existed at baseline and between
treatment groups (P>0.05).

Mass cytometry

As reported above, mass cytometry was per-
formed to characterize the immune cell profile
of patients in the perioperative and surveil-
lance periods (Figure 1).

The Cen-se’ map revealed heterogeneous lym-
phocyte clusters, including the CD3 T-cell popu-
lations, CD4 T-cell populations, B-cell popula-
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tions, monocyte populations, dendritic cell po-
pulations, etc. The CyTOF-generated data of
cell subpopulations were identified as the per-
centage of intact live cells. Thus, we performed
advanced analysis to create a heat map repre-
sented as pre-IRE, post-IRE (day 5 and day 90)
in the patients who had no recurrence and the
patient with recurrence. In the patient who had
no recurrence, increases of both T-cell and
B-cell lymphocyte subpopulations were found
post-IRE in comparison with pre-IRE. However,
in the patient with recurrence, decreased lym-
phocyte subpopulations of both T cells and B
cells were found post-IRE, in comparison with
pre-IRE (Figure 2).

Lymphoid markers allowed the determination
of CD3+, natural-killer (NK), and B-cell subsets.
Within the CD3+ population, CD4+ cells includ-
ing T-regulatory cells, T-helper subsets 1, 2, and
17, and CD4+ memory subsets naive, central
memory, effector and terminal effector cell
types were profiled. Additionally, CD3+ CD8+
memory subsets, gamma delta T cells, and
mucosal-associated invariant T-cells were pro-
filed as well as subsets of NK and B cells.
Profiling was also performed of classical, tran-
sitional, and nonclassical monocytes, myeloid
and plasmacytoid dendritic cells, and granulo-
cyte populations of neutrophils, basophils, and
eosinophils. This comprehensive panel was
performed iteratively preoperatively and on su-
ccessive postoperative days. This study includ-
ed immune profiling of patients who under-
went concurrent chemotherapy until and during
operative IRE. We performed comparative anal-
yses to determine whether systemic immuno-
phenotype differed between resection alone
and IRE group. Across every immune cell pro-
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Lymphocytes

Natural Killer
Subsets: early, late

CDa+

Subsets: Memory cells, T helper, T reg

MAIT

Dendritic cells
Subsets: Myeloid, plasmacytoid

Granulocytes

Subsets: Neutrophils, basophils,
eosinophils

Subsets: naive, memory, plasmablasts

CD8+
Subsets: Memory

Gamma Delta

Monocytes |
Subsets: Classical, nonclassical, transitional |

Figure 1. Mass cytometry characterization of immune cell phenotypes.

filed, no differences existed in the preoperative
or early postoperative immunophenotype bet-
ween groups (all P>0.05). Thus, these arms
were combined for comparative analyses bet-
ween the patient who recurred and those who
did not (Table 2).

Lymphocyte populations

Repeated measures of ANOVA were performed
to determined differences in total lymphocyte
populations in patients that recurred following
IRE and those who did not over the course of
surveillance. There were no outliers, as asse-
ssed by boxplot. There was not homogeneity of
variance (P=0.03) as assessed by Levene’s
Test or Mauchly’s test of sphericity (P<0.005)
therefore Greenhouse-Geisser correction was
assumed for all subsequent repeated ANOVA.
There was no statistically significant interaction
between total lymphocytes and time (P=0.13).
There was a statistically significant increase in
total lymphocytes among patients who did not
recur F (1, 9) =8.249, partial eta squared
=0.478.

B-cell populations were evaluated at baseline
in the preoperative setting and patients who
did not recur had significantly higher total B-cell
populations (4.2% vs 1.8%, P<0.007), as well
as naive B cells (3.4% vs 1.6%, P=0.014) and
memory B cells (0.66% vs 0.17%, P=0.014). In
the early postoperative period (postoperative
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days 1-14), patients who did not recur had sig-
nificantly higher total B-cell populations com-
pared to those who did recur (6.2% vs 1.8%,
P<0.001). No differences existed in memory
B-cell populations (0.5% vs 0.2%, P=0.17), but
naive B populations were significantly higher
in those who did not recur (5.7% vs 1.3%,
P<0.001). No differences existed in plasma-
blasts at baseline or in early perioperative set-
tings. During the surveillance period from post-
operative day 90 onward, there remained no
significant difference in populations of memory
B cells (0.7% vs 0.8%, P=0.8) and no differenc-
es were detectable in total B-cell populations,
naive B cells or plasmablasts (all P>0.05).

In the total, early, and late NK-cell populations,
no differences existed at baseline with respect
to recurrence status (all P>0.05). In the early
postoperative period, Early NK cells were sig-
nificantly higher among patients who did not
recur (4.4% vs 2.5%, P=0.004). No differences
in total NK or late NK subsets were identified
(P>0.05). No differences in the surveillance
period were identified in NK cells or subtypes
with respect to recurrence status.

To improve detection of differences in the
trends of these B- and NK-cell subset popula-
tions over time with respect to baseline and
identify trends that may help in prediction of
recurrence, repeated measures of ANOVA were
undertaken comparing baseline, early postop-
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Post-IRE Day 90
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Figure 2. Representative Cen-se’ maps of pre-IRE and post-IRE (day 5 and day 90) from a patient without recur-
rence and a patient with recurrence. In Cen-se’ map, top-left clusters show CD3 T cells, top-right clusters show CD4
T cells. B-cell clusters are shown in the middle. Heat map was created by the cell subpopulations as the percentage

of intact live cells.

erative (day 5) and surveillance (day 90) values.
No differences in population trends were identi-
fied in B or NK subsets with respect to recur-
rence status (all P>0.05).
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CD3+ cells were evaluated in all patients and
there was no differences in CD3+ cells existed
at baseline within the early postoperative peri-
od or in the surveillance period (all P>0.05). The
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Table 2. Baseline preoperative characteristics by recurrence sta-
tus in patients treated by electroporation

No Recurrence Recurrence

Cell Population (SD) (SD) P
Lymphocytes 55.9 (13.2) 49.9(10.5) 0.44
CD3 T cells 42.6(15.1) 39.5(7.0) 0.69
CD4 T cells 27.3(10.3) 29.6(7.3) 0.70
CD8T cells 11.3 (4.7) 8.8 (1.6) 0.30
CD4/CD8 ratio 2.7(1.1) 5(1.2) 0.30
GD T cells 3.0(2.5) 8 (0.6) 0.10
Mucosal Associated Invariant T cells 1.0 (0.7) 3(0.3) 0.08
B Cells 4.2 (1.0) 8(1.1) 0.007*
NK Cells 9.2 (5.9) 5(3.8) 0.84
Monocytes 17.3 (4.5) 14.4 (5.8) 0.40
Granulocytes 4.3 (4.3) 9.6 (8.6) 0.26
Note: *, Statistical significance.

CD3+ Lymphocytes

Recurence

== No
—Yes
€0

»
=1

% of Lymphocytes

*)
S

| N W

Preoperative Postop Day 5 Postop Day 90

Time

Error bars: 95% CI
Figure 3. CD3+ lymphocyte populations evaluated from preoperative to

postoperative day 90, demonstrating a statistically significant increase in
CD3+ among patients who did not recur later in their disease follow up.

CD8 lymphocyte populations
between patients who recu-
rred versus those who were
disease free at study conclu-
sion (P=0.24). Among CD8
subtypes, no differences were
noted among CD8 naive cells,
CD8 effector memory cells, or
CDS8 terminal effector cells (all
P>0.05). Mean CD8 central
memory was significantly high-
er among those without recur-
rence (2.6% vs 0.8%, P=0.09).

During the surveillance period
from postoperative day 90 on,
again no differences were not-
ed in total CD8 populations
with respect to recurrence sta-
tus (P=0.55). Among CD8 sub-
types, no differences were not-
ed in populations of terminal
effector cells (P=0.16), effec-
tor memory cells (P=0.16), or
naive cells (P=0.13). CD8 cen-
tral memory cells remained si-
gnificantly higher among tho-
se without recurrence (3.3%
vs 1.1%, P=0.047). Repeated
measures of ANOVA were un-
dertaken to determine signifi-
cance in the change in popula-
tions over time. No significant
changes in cell populations of
CD8+ subsets were identified
in the preoperative, early post-
operative or surveillance peri-
ods (all P>0.05). Collectively,
CD8+ central memory popula-
tions were significantly higher

trend in total CD3+ cells was significant, how-
ever (Figure 3). There was a statistically signifi-
cant increase in CD3+ among patients who did
not recur F (1, 9) =6.055, partial eta squared
=0.402 (P=.036).

CD8 subtypes were evaluated in all patients
and mass cytometry provided characterization
of CD8 subtypes including CD8 naive T cells,
CD8+ central memory cells, CD8+ effector me-
mory cells, and CD8+ terminal effector cells.
No differences were detected in baseline val-
ues of CD8+ T cells or its subsets (all P>0.05).
In the early postoperative period (postoperative
days 1-14), no differences were noted in total
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following IRE in patients who did not recur with-
out change in the trend of these populations
over time compared to patients who ultimately
recurred.

Total CD4 cell populations or CD+ subsets in
the preoperative setting did not differ with
respect to ultimate recurrence (all P>0.05).
Total CD4+ populations in the early postopera-
tive period did not differ between patients who
recurred or did not recur (P=0.141). Among
CDA4+ subtypes, no differences were noted am-
ong CD4 naive, CD4 effector memory, or CD4
terminal effector cells (all P>0.05). Patients
who did not have a recurrence had significantly

Am J Cancer Res 2022;12(1):165-175



Immunophenotype following irreversible electroporation

CD4+ Central Memory Population
Recurrence
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% of CD4 Cells
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Time

Error bars: 95% Cl

Figure 4. CD4+ central memory cell populations over time. Collectively,
baseline levels of CD4 cells were similar, but patients who did not recur had
higher levels of CD4 central memory populations in the early postoperative
period and maintained higher levels of effector memory cells in later surveil-

(10.3% vs 6.4%, P=0.04). CD4
central memory was not signifi-
cantly higher (11.2% vs 5.6%,
P=0.053). However, during re-
peated measures of ANOVA,
there were statistically signifi-
cant higher levels of CD4+ cen-
tral memory populations am-
ong patients who did not re-
cur F (1, 9) =5.222, partial eta
squared =0.367 (P=.048). Co-
llectively, baseline levels of
CD4 cells were similar, but pa-
tients who did not recur had
higher levels of CD4 central
memory populations in the
early postoperative period, hi-
gher levels of effector memory
cells in later surveillance peri-
ods, while the trend of CD4

lance periods.

Mucusal Associated Invariant T Cells

5

Percentage of Lymphocytes
|
’ [ (

li
}_

central memory populations in
those who recurred decreased
significantly over time (Figure

Recurrence 4)

w— o
w=—Yes

Cell characterization was also
possible in additional CD3+
subsets. Gamma delta T cells
(GDT) are highest in abun-
dance in gut mucosa and have
been postulated to have roles
in both adaptive immunity and
innate immune responses. Mu-
cosal-associated invariant T
cells (MAIT) demonstrate in-

Preoperative Postop Day 5
Time

Error bars: 95% Cl|

Figure 5. Mucosal associated invariant T cell populations over time. Statisti-
cally significant higher levels of MAIT were seen among patients at 90 days

who did not recur later in their disease surveillance.

higher levels of CD4 central memory popula-
tions in the early postoperative period (11.3%
vs 6.0%, P=0.02) than those who did recur.

During the surveillance period, no differences
were noted among total CD4 populations with
respect to recurrence status, or among CD4
naive cells, or CD4 terminal effector cells (all
P>0.05). CD4 effector memory cells were sig-
nificantly higher among those who did not recur
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Postop Day 90

nate cytolytic function but may
play a role in immunothera-
py through ligand modulation
[29]. T-regulatory and T-helper
subsets have been demon-
strated to play a role inimmune
modulation.

In this study, no differences were found in IRE-
treated patients with respect to recurrence sta-
tus in the preoperative, early postoperative, or
late surveillance cell populations of GDT, MAIT,
immunosuppressive T regulatory CD4+ cells, or
T helper subsets Th-1, 2 or 17 (all P>0.05).
There were statistically significant higher levels
of MAIT among patients over time (Figure 5)
who did not recur on repeated measures of
ANOVA (F (1, 9) =8.116, partial eta squared
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=0.474 (P=.019)). Collectively, no significant
differences in population levels were found
regarding recurrence status, but MAIT levels
were sustained at higher amounts in patients
who did not recur.

Monocytes may play a prominent role in tu-
mor progression through immunosuppressive
functions but also can differentiate into tu-
mor-induced macrophages [30]. Dendritic cells
have emerged as a major target of therapeutic
strategies through inducing anti-tumor immu-
nity but can have substantial immune suppres-
sion in the local tumor milieu [31]. We sought
to determine differences in these populations
and within their subsets. No differences were
identified in baseline, early postoperative, and
surveillance populations with respect to recur-
rence status in total monocytes or monocyte
subsets, plasmacytoid dendritic cells or mye-
loid dendritic cells (all P>0.05). No differences
in the repeated measures of ANOVA popula-
tions over time were detected among monocyte
populations (all P>0.05). There were statisti-
cally significant higher levels of plasmacytoid
dendritic cells among patients who did not
recur F (1, 9) =7.075, partial eta squared
=0.440 (P=.026).

Granulocyte subpopulations included neutro-
phils, basophils and eosinophils. No differenc-
es with respect to recurrence status were
detected among granulocytes or subpopula-
tions at baseline (all P>0.05). No differences
were detected in the cell populations of granu-
locytes, basophils, neutrophils, or eosinophils
in the early postoperative period with respect
to recurrence status (all P>0.05). In the surveil-
lance period, there were significantly lower lev-
els of neutrophils in those who did not recur
(2.9% vs 15.6%, P=0.038). The repeated mea-
sures of ANOVA did not detect differences in
the change in proportion of these cell popula-
tions over time (all P>0.05).

No differences were noted in utilization of
chemoradiation for recurrence status (P=0.59)
or in adjuvant chemotherapy (P=1.0). However,
patients who received chemoradiation did have
increased populations of CD4 central memory
cells (13.8% vs 6.0%, P=0.009) in the surveil-
lance period of the study. This finding was not
correlated with recurrence when controlled for
chemoradiation. No differences were noted in
CD8 subsets or the remainder of CD4 subsets.
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Chemotherapy utilization had no impact on cell
populations of CD4 or CD8 subsets with respect
to recurrence (all P>0.05).

Discussion

We present our data utilizing mass cytometry to
characterize the immune profile following local
therapy for PDAC. Recent data has accumulat-
ed in murine models that combination IRE +
anti-PD1 therapy led to increased intratumoral
CD8+ T cells with higher CD8-to-Treg ratios
[10]. As repeated measures of intratumoral
immune profiles are simply not clinically feasi-
ble, we have investigated systemic immune
profile changes following IRE [11, 12]. Following
IRE, systemic reduction in circulating CD4 Treg
between postoperative days 1-5 have been
previously reported [12]. On that foundation,
concurrent PD1 blockade with IRE was investi-
gated demonstrating increased in CD4(+) effec-
tor memory populations by postoperative day
90 [11]. This study expands the immune profile
surveillance through a large cohort of cell popu-
lations including T cells, B cells, dendritic cells,
monocytes and many other subsets during the
early postoperative and follow up phases of
care.

In the present study, we have shown that
patients without evidence of recurrence have a
robust early immune response to IRE with the
establishment of significantly higher levels of
CD4 and CD8 central memory populations as
well as enhanced early NK response. These
central memory levels are maintained through-
out the surveillance period. Central memory,
especially of CD8 origin, likely confers greater
antitumor immunity compared to other memory
subsets [32]. The migration of CD4 central
memory subsets to peritoneal solid organs may
lead to an activated anti-tumor phenotype [33].
These systemic changes are apparent early in
the postoperative course and can be monitored
in the clinical setting.

The hallmark of PDAC on histologic review is
characterized by dense desmoplasia. This fibro-
sis provides a mechanical barrier and hinders
immune infiltration and cytotoxic therapy expo-
sure [5, 6]. Systemic stromal depletion strate-
gies have been disappointing in clinical trials,
however, and are limited by systemic toxicity
[34]. A multimodal approach with thorough
understanding of the tumor microenvironment,

Am J Cancer Res 2022;12(1):165-175



Immunophenotype following irreversible electroporation

stroma, and systemic immunophenotype will
likely be critical to deliver effective local and
systemic therapy. Irreversible electroporation,
with its non-thermal apoptotic mechanism of
cellular death, has been shown to overcome
stromal immunosuppression [10]. The local ar-
chitecture with tumor-restraining collagen is
preserved and immunosuppressive T regulato-
ry cells are not able to infiltrate the ablated
tissue.

Further study is warranted. Actionable efforts
to to augment development of central memory
through early immunotherapy or additional lo-
cal or systemic options is needed. As this study
shows, surveillance of immune response can
be achieved through peripheral blood draw.
Limitations of this study do exist. This is a sm-
all cohort of heavily pre-treated patients with
PDAC. A larger prospective cohort is needed to
validate these findings.
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