UC Irvine
UC Irvine Previously Published Works

Title

Rapid dramatic alterations to the tumor microstructure in pancreatic cancer following
irreversible electroporation ablation.

Permalink
https://escholarship.org/uc/item/1p365285
Journal

Nanomedicine (London, England), 9(8)

ISSN
1743-5889

Authors

Zhang, Zhuoli
Li, Weiguo
Procissi, Daniel

Publication Date
2014

DOI
10.2217/nnm.13.72

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1p365285
https://escholarship.org/uc/item/1p365285#author
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Nanomedicine (Lond). 2014 June ; 9(8): 1181-1192. doi:10.2217/nnm.13.72.

Rapid dramatic alterations to the tumor microstructure in
pancreatic cancer following irreversible electroporation ablation

Zhuoli Zhang!2, Weiguo Lil, Daniel Procissil, Patrick Tyler!, Reed A Omaryl23, and
Andrew C Larson*1:2:3
1Department of Radiology, Northwestern University, 737 N. Michigan Avenue, 16th Floor,
Chicago, IL 60611, USA

°Robert H Lurie Comprehensive Cancer Center, Northwestern University, 737 N. Michigan
Avenue, 16th Floor, Chicago, IL 60611, USA

SDepartment of Biomedical Engineering, Northwestern University, 2145 Sheridan Road,
Evanston, IL 60208, USA

Abstract

Aim—NanoKnife® (Angiodynamics, Inc., NY, USA) or irreversible electroporation (IRE) is a
newly available ablation technique to induce the formation of nanoscale pores within the cell
membrane in targeted tissues. The purpose of this study was to elucidate morphological alterations
following 30 min of IRE ablation in a mouse model of pancreatic cancer.

Materials & methods—Immunohistochemistry markers were compared with diffusion-
weighted MRI apparent diffusion coefficient measurements before and after IRE ablation.

Results—Immunohistochemistry apoptosis index measurements were significantly higher in
IRE-treated tumors than in controls. Rapid tissue alterations after 30 min of IRE ablation
procedures (structural and morphological alterations along with significantly elevated apoptosis
markers) were consistently observed and well correlated to apparent diffusion coefficient
measurements.

Discussion—This imaging assay offers the potential to serve as an in vivo biomarker for
noninvasive detection of tumor response following IRE ablation.
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Pancreatic ductal adenocarcinoma (PDAC), the fourth leading cause of US cancer-related
mortality, carries the worst prognosis of any cancer. Of the patients with PDAC, 99% will
die of their disease; median survival is 6 months and 5-year survival is <5%. Surgical
resection, the only potentially curative measure, is possible in <20% of cases and of these
patients, median 5-year survival is only 10% [1,2]. Disruptive approaches are critically
needed to impact this deadly disease.

Locoregional therapies for solid tumors have gained traction over the past decade as a way
to improve patient survival, downstage a patient to a curative surgical procedure, or palliate
patients with incurable disease [3-5]. These targeted approaches are typically less toxic and
less invasive than chemotherapy or surgical procedures [3-5]. Several ablation techniques
have been developed, including cryoablation, radiofrequency ablation and microwave
ablation [6-13]. Isolated or in combination, these techniques can improve patient survival or
provide a highly effective option for palliative care [3,14,15].

In 2005, tissue ablation with irreversible electroporation (IRE) was introduced for cancer
therapy [16]. IRE is a newly available ablation technique involving the application of short,
intense bursts of electrical energy to induce the formation of nanoscale pores within the
membrane of cells in targeted tissues with minimal deposition of thermal energy [17,18].
Multiple studies have previously demonstrated that cells within the IRE-treated tissues
ultimately enter coagulative necrosis and the apoptotic cell death pathway [13,19-21]. IRE
disrupts cellular physiology, producing nearly complete cell kill within the targeted areas of
ablation [22]. Preclinical studies in subcutaneous tumor models, human cancer cells, normal
liver and liver-implanted tumor tissues, and prostate tissues have each demonstrated the
feasibility of using IRE as a new ablation option with negligible thermal side effects
[14,19,23-25].

Scanning electron microscopy (SEM) studies in cell culture and normal tissues have
demonstrated the formation of nanoscale pores within cell membranes following IRE
ablation procedures, importantly confirming this anticipated structural impact [17,20].
However, SEM generally does not permit interrogation of subcellular alterations to internal
structures (i.e., damage to the nucleus or organelles). Recently, damage to both nuclear and
cellular membranes was observed using transmission electron microscopy (TEM) studies
following electrochemotherapy in an ovarian cancer cell line [26]; similarly, TEM studies
following electroporation in melanoma xenografts provided evidence that suggested
fragmentation of cellular membranes [27]. To date, there have been no results regarding the
quantitative estimation of tumor response based on a cellular level (tumor
microenvironment), following IRE ablation.

Both TEM and immunohistochemistry (IHC) measurements should be valuable for
investigating IRE-induced alterations to the tumor microstructure. These assays are
particularly important for preclinical studies intended to elucidate mechanisms of
therapeutic response. However, alternative, noninvasive methods to detect IRE-induced
alterations to cell membrane integrity could be useful for in vivo preclinical and clinical
studies intending to determine the serial time course of treatment response. Particularly in
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clinical settings, the detection of early therapy response may be critical to prompt
retreatment or adoption of alternative therapies when necessary. Biopsies can be sampled to
provide tissue for follow-up histology and microscopy, but these are invasive procedures
with associated pain and potentially serious complications. Alternatively, noninvasive MRI
techniques are readily applicable in both preclinical and clinical settings. MRI

measurements can be weighted to produce images with the resulting signal intensity
dependent upon the Brownian motion (diffusion) of endogenous water within the imaged
tissues. IRE-induced permeablization of cell membrane structures should remove barriers to
water diffusion and diffusion-weighted (DW)-MRI might therefore serve as a noninvasive in
vivo assay for detection of these alterations immediately following IRE ablation [28].

The purpose of our current study was to elucidate the subcellular morphological and
structural alterations that occur following 30 min of IRE ablation and compare quantitative
IHC markers of apoptosis with in vivo MRI measurements of endogenous water-mobility
(diffusion) changes within the targeted tumor tissues. We performed NanoKnife®
(Angiodynamics, Inc., NY, USA) ablation procedures in a mouse xenograft model of
PDAC. TEM was used to examine ultrastructural modifications, and IHC measurements in
treated and control tumors were compared with DW-MRI apparent diffusion coefficient
(ADC) measurements before and after 30 min of IRE ablation.

Materials & methods

PDAC cell line & culture

The human PDAC cell line, PANC-1, was obtained commercially (American Type Culture
Collection, MD, USA). This cell line was initially established from a human carcinoma of
the exocrine pancreas. PANC-1 cells were grown in American Type Culture Collection-
formulated DMEM with 10% fetal bovine serum at 37°C in a humidified atmosphere
containing 5% CO,. Before the implantation procedure, the viability of the cells was tested
with Trypan blue staining, with a cell viability of >93% required for tumor implantation.

Mouse xenograft model of PDAC

All studies were approved by our Institutional Animal Care and Use Committee. Fourteen 6-
week-old nude mice (Balb/c male mice, 13-17 g; Charles River, MA, USA) were used for
these experiments. Early-passage PANC-1 cells were harvested, and 2 x 108 cells in 200 pl
of phosphate-buffered saline were implanted into both flanks of each mouse, which reduced
the number of animals in our study. A total of 3—4 weeks were allowed for tumor growth to
a size of approximately 8 mm (longest diameter for each tumor measured using calipers)
prior to IRE procedures. These mice were randomly divided into two groups: for the first
group (n = 8), left-flank tumors went untreated while right-flank tumors were treated with
IRE ablation protocol; for the second group (n = 6), both left and right flank tumors were
treated with IRE ablation.

IRE ablation procedure

Animals were induced using a mixture of 2-3% isoflurane and 5 1/min oxygen via an
automatic delivery system (isoflurane vaporizer, Vaporizer Sales and Services, GA, USA).
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Animals were repeatedly monitored during the procedure for adequate anesthetic depth. The
skin surface of the tumor area was shaved at the electrode sites. After baseline MRI (please
see the “MRI measurements’ section), each mouse was fixed in a prone position within
restraint apparatus. A BTX Electroporator (Model ECM830, Harvard Apparatus, MA, USA)
was then used for IRE. Tweezertrodes™ (Harvard Apparatus) were used for these studies
that include stainless steel circular disk electrodes (with a diameter of 11.5 mm) at each tip
of the tweezer. Tweezer-style electrodes were placed in direct contact with the skin on
opposite sides of the subcutaneous tumor. Next, a total of 64 100-ps-duration, 1250-V/cm
square-wave pulses were applied with 100-ms spacing between pulses (the distance between
calipers was adjusted to offering a 1250-kv/cm electric field for targeted tumor). These
specific IRE timing parameters were chosen to achieve IRE of the tumor tissue while
avoiding heating effects [29]. Immediately after the IRE procedure, animals were returned to
the MRI scanner for follow-up imaging measurements.

MRI measurements

TEM & IHC

MRI studies were performed using a Bruker 7.0T ClinScan high-field small-animal MRI
system (Bruker Biospin, Ettlingen, Germany) with a commercial mouse coil (Bruker
Biospin). Body temperature was monitored continuously with a thermometer and controlled
with a waterbed (SA Instruments, NY, USA). Following localization scans, T2-weighted
anatomic images were acquired in both coronal and axial orientations to locate the tumors.
Next, quantitative DW-MRI measurements were performed in axial orientation. Stejskal—
Tanner DW spinecho sequence was used for DW-MRI measurements. The following
parameters were used: field of view = 35 x 35 mm2, matrix = 128 x 128, repetition time/
echo time = 500/51.1 ms, slice thickness =1.0 mm, b-values = 0, 500 and 800 s/mm?,

Postprocessing algorithms were implemented within the Matlab® 7.1 software package
(Math-Works, MA, USA) to produce ADC maps. These were generated by voxel-wise
fitting of the resulting signal intensities within the DW images to the Stejskal-Tanner
equation 1:

Sb=S(0)e — bADC (Equation 1)

where S(0) is the signal intensity in the absence of diffusion weighting and Sb is the signal
intensity for those images acquired with diffusion-weighting [30]. For the ADC maps
produced from both pre- and post-IRE MRI measurements, regions of interest were drawn to
encompass the tumors and exclude surrounding tissue (single regions of interest drawn for
each tumor at slice position axially bisecting tumor). ADC values for the tumors at pre- and
post-IRE time points were recorded as the average measured within each respective regions
of interest.

After follow-up MRI studies, the mice were immediately euthanized and tumors excised.
Each tumor was bisected to produce two approximately equal-sized tumor tissue samples.

The first half of the tumor sample was examined with TEM (Field Emission Inc., OR, USA).
For TEM sample processing, small pieces of tumor tissue specimens (~0.5 mm? in size)
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were placed into glutaraldehyde and fixed for 1 h at room temperature and then placed in
osmium tetroxide. These fixed tissue samples were then embedded in agar for further
processing. The specimens were dehydrated in graded concentrations of ethanol and
propylene oxide and embedded in Spurr’s plastic. Semi-thin (5 um) sections were cut from
the resulting block; thin sections (1.5 um) were cut from these blocks and placed upon
copper grids. Finally, these thin sections were examined with TEM techniques, producing
digital images at 400-4900x magnification. Apoptotic cells were identified in these images
based upon well-established morphologic criteria (e.g., cell shrinkage, chromatin
condensation and margination, and apoptotic bodies). For each sample, four 600x fields
were evaluated; within these fields, the total number of tumor cells and endothelial cells
were counted along with the total number of apoptotic cells for both of these cell types. For
each specimen we calculated an apoptosis index (Al) for both tumor and endothelial cells.
Six sections were observed from each tumor using Equation 2:

Al=apoptotic cells/total counted cells x 100% (Equation 2)

The reader (Z Zhang, who has 10 years experience interpreting TEM images) was blinded to
independently review all images for quantitative analysis.

The second half of each gross tumor tissue specimen was fixed in 10% formalin, embedded
in paraffin, and sliced (5-um slice thickness). These slices were placed upon glass slides for
hematoxylin and eosin staining; additional slices were fixed and stained using antibodies
against cleaved caspase 3 (Biocare Medical, CA, USA) and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL; BD Pharmingen, CA, USA) assays [31,32].
For each specimen, TUNEL and caspase 3 slides (specimens from central slices in both
control tumors and IRE-treated tumors) were scanned at 20x magnification and digitized
using the TissueFAXS system (TissueGnostics, CA, USA). HistoQuest® cell analysis
software (TissueGnostics) was then used for automated measurement of the positive staining
of cells within each slide (positively stained cells considered apoptotic). The total number of
tumor cells was also measured and, finally, Al was calculated similarly to prior TEM
studies, and expressed as a ratio of apoptotic cells to total number of tumor cells within each
slide. These IHC Al measurements were performed for both TUNEL and caspase 3 slides.

Statistical analysis

ADC measurements as well as TEM and IHC Al measurements were expressed as mean £
standard deviation. One-way analysis of variance was used to compare: TEM-based
measurements of Al in control and IRE-treated tumors for both tumor and endothelial cells;
IHC IA measurements in control and IRE-treated tumors; and DW-MRI ADC measurements
in control tumors and IRE-treated tumors before and after therapy (latter comparison
included Tukey post hoc correction). Pearson correlation coefficients were calculated to:

] Assess the relationship between MRI AADC biomarker (AADC = tumor ADC
post-IRE - tumor ADC at baseline) and corresponding IHC Al measurements in
treated tumors
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] Compare differences between control and IRE-treated IHC measurements
performed separately for TUNEL and caspase 3 assays in each animal (i.e.,
comparing AIA TUNEL = IATUNEL post-IRE — IATUNEL control with AIA
caspase 3 = |A caspase 3 post-IRE - IA caspase 3 control).

All statistical analyses were performed with Stata® software (Stata 11; Stata-Corp, TX,
USA). Statistical significance was defined as p < 0.05.

All 14 animals survived to completion of the designated procedure without any
complications.

Hematoxylin and eosin slides from post-IRE tumor specimens demonstrated acute
coagulative necrosis throughout the treated tumor volume; cell outlines remained with cell
size unchanged compared with controls. Thrombosis was evident throughout the IRE-treated
tumor specimen, with minimal thrombosis observed in control slices. Representative
hematoxylin and eosin slides are shown at 4x magnifications (figure 1A, control; and Figure
1b, post-IRE) and at 200x magnification (Figure 1C, control; and Figure 1D, post-IRE). At
200x magnification, apoptotic cells could be identified based upon morphological criteria
such as chromatin condensation and margination, and apoptotic bodies.

Morphologic characteristics of apoptosis were not observed within control tumor specimens;
representative TEM images from control tumors are shown in Figures 2A & 2B Conversely,
IRE-treated tumors demonstrated marked chromatin condensation, a classic hallmark of
apoptosis; a representative TEM image from an IRE-treated tumor specimen is shown in
Figure 2C Apoptotic bodies were also observed as tightly packed organelles within the
cytoplasm (Figure 2C). Within the TEM image of an individual apoptotic tumor cell in
Figure 2D, condensed chromatin was observed as sharply marginated electron-dense masses
abutted to the nuclear envelope. Alterations of the cell membrane and organelles were
observed as well as nanoscale defects/pores in both cellular and nuclear membranes;
representative images shown in Figures 2D & 2E Microvessel endothelial cell apoptosis and
microvessel thromboses were clearly observed in each treated specimen (Figures 2C & 2F).
According to TEM assessments, the Al for control tumor cells was measured to be 4.6 £
2.7% (n = eight tumors). Al for IRE-treated tumor tissue cells was significantly higher at
28.2 £ 9.9% (n = 20 tumors; p = 0.002). Al for microvessel endothelial cells was 20.8 £
3.4% for IRE-treated specimens but significantly lower (3.2 £ 0.8%) for control tumor
specimens (p = 0.002) (Figure 3).

Representative TUNEL and caspase 3 slides from PANC-1 xenograft tumors are shown in
Figures 4A-4D; negligible signs of apoptosis were detected in control tumors (figure 4A,
TUNEL; Figure 4B, caspase 3). Apoptosis was clearly indicated within TUNEL and caspase

Nanomedicine (Lond). Author manuscript; available in PMC 2014 August 15.
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3 slides from post-IRE tumor specimens (figure 4C, TUNEL,; Figure 4D, caspase 3). The Al
that was determined using these two separate IHC markers, demonstrated a similar pattern;
significantly higher Al was measured in post-IRE tumor specimens than in control tumor
specimens (Figure 4E). For the TUNEL assay, the Als calculated for control tumors and
IRE-treated tumors were 1.65 + 0.76% and 22.53 + 9.93%, respectively (p = 0.001). For
caspase 3 method, the Als calculated for control tumors and IRE-treated tumors were 3.83 =
0.97% and 37.89 * 15.12%, respectively (p = 0.008). There was a strong correlation
between the AAI (the difference between the control and the treated tumor IHC markers
within individual animals) calculated based upon TUNEL and caspase 3 approaches (R=
0.71) (Figure 4F).

Representative DW images of PANC-1 tumors from two representative animals are shown
in Figure 5 Mean tumor ADC values increased after IRE treatment (control tumors: ADC =
654.45 + 70.70 x 1073 mm?/s; treatment group tumors pre-IRE: ADC = 683.45 + 75.12 x
1073 mm?/s, post-IRE; ADC = 820.2 + 44.96 x 1073 mm?/s). ADC increases post-IRE were
statistically significant (p = 0.001); conversely, there was not a significant difference
between ADC values measured in control and treated tumors prior to IRE (p = 0.35). There
was a strong correlation between ADC increases following IRE (AADC = difference
between pre- and post-IRE ADC values) and follow-up TUNEL (R = 0.78) and caspase 3 Al
measurements (R = 0.83) (Figure 6).

Discussion

The purpose of our study was to elucidate the subcellular morphological and structural
alterations that occur immediately following IRE ablation and compare quantitative IHC
measurements with an in vivo imaging assay indicative of nanoscale pore formation within
the targeted tumor tissues. However, post-IRE MRI study took 30 min. Therefore, this time
point was chosen in our study for IHC measurements. IRE induced rapid dramatic
alterations to the tumor microstructure exhibited as chromatin condensation, formation of
apoptotic bodies, and the presence of nanoscale defects in both cellular and nuclear
membranes. IHC Al measurements increased significantly after IRE ablation; these IHC
measurements were strongly correlated to quantitative MRI-based measurements of water-
mobility increases immediately after the IRE procedure.

Several prior reversible electroporation (RE) studies showed that RE with low voltage
creates crater-shaped nanopores in the electroporated human red blood cell membrane using
SEM [18,33]. As expected in RE, these nanopores disappeared within 20 min of
electroporation showing their transient nature [18]. Recently, RE and IRE responses were
investigated using system models of both single cells and multiple cells. Models such as
these can be highly valuable for interpreting the results of in vivo RE and IRE studies [34].
However, no study has been performed to visualize the ultrastructural changes and nanopore
formation in an entire cell induced by high-voltage IRE. Recently, IRE studies have also
utilized SEM methods to visualize cell membrane nanopore formation after tissue ablation
procedures [17,20], but SEM does not permit observations of subcellular alterations to
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internal structures. For our study in PDAC xenografts, TEM was alternatively used to permit
these observations of alterations to the cell membrane, internal cell structures and

organelles. Our TEM studies demonstrated rapid changes in morphologic characteristics
following IRE, which is suggestive of apoptosis, along with a near complete obliteration of
both cellular and nuclear membranes within the ablated tumor tissues.

Follow-up IHC studies were highly concordant, demonstrating significant increases in
caspase 3 and TUNEL staining within IRE-ablated tumor tissues. These rapid alterations to
the tumor microstructure occurred within 30 min, including the delay period to tissue
harvest necessary to complete follow-up post-IRE imaging studies. In addition, the tissue
sections were taken from a single section of each tumor. Tweezer-style electrodes were used
for these studies to produce a relatively homogenous electrical field (disk electrodes with
diameters larger than the treated tumor) [35]. However, the induced fields were not
measured and it remains possible that different positions within each tumor experienced
different field strengths.

Recent hepatic IRE studies reported that large vessel endothelial cells may be protected from
IRE-induced ablation within in vivo procedural settings. In normal liver tissue, IRE ablation
zones traversed large vessels and bile ducts without damaging these vital structures [20].
However, our TEM studies in PDAC xenografts demonstrated that IRE induces apoptosis of
tumor endothelial cells. This microvasculature disruption could conceivably play an
important role in overall tissue response following IRE procedures, particularly when
additionally considering the concurrent thrombosis widely observed within the ablated tissue
volume. In this study, all animals were immediately euthanized at a 30-min follow-up
interval to perform histologic, IHC and TEM examinations. IRE parameters were selected
such that the electrical fields induced should ultimately ablate these tumor tissues
[20,21,36], and would therefore be anticipated to produce positive outcomes (stabilization
and/or elimination as suggested). Positive longitudinal response has also been demonstrated
in our prior studies [36—-39]; the purpose of this work focused on microstructural changes
shortly after IRE ablation procedures.

Prior studies have qualitatively demonstrated increases in IHC apoptosis markers (e.g.,
BAX, TUNEL, caspase 3 and BCL-2) following IRE procedures in porcine liver tissues, rat
vascular smooth muscle cells and rat hepatocellular carcinoma xenografts [20,36,40,41]. For
current PDAC xenograft study, our quantitative IHC measurements (performed using
rigorous Al calculations) were consistent with these earlier fndings. Both TUNEL and
caspase 3 Al measurements increased significantly within 30 min following completion of
the IRE procedure. These consistent observations of dramatic life-cycle alterations over such
a short time scale are relatively unprecedented. While a broad spectrum of both targeted and
systemic therapies attempt to induce apoptosis as a primary therapeutic mechanism, to our
knowledge none exhibit such rapid alterations.

The DW-MRI approach is a highly sensitive tool that has demonstrated the potential to serve
as an in vivo biomarker for early detection of tumor response prior to anatomic tumor size
changes [36,42—-46]. Significant changes in tumor tissue water mobility have been detected
in breast, brain, prostate and Gl tract tumors following radiation and/or chemotherapy
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[36,42—-46]. For the aforementioned studies, water mobility changes were attributed to tissue
microstructural alterations during either necrosis or apoptotic cell-death pathways. Our study
has demonstrated that cells within the IRE-treated tissues ultimately enter coagulative
necrosis and the apoptotic cell-death pathway [19-21] ; therefore, the DW-MRI method
should be sensitive to assess IRE response in tumor.

Our results showed that significant increases in water diffusion (ADC) were detected within
30 min of ablation procedure completion and DW-magnetic resonance images showed the
reduction in signal intensity within DW images following IRE for both tumors indicative of
diffusion (water mobility) increases with these tissues immediately following IRE ablation
in each tumor. ADC biomarker can be critical to permit early adjustments to IRE therapeutic
regimens, either retreatment with prior intervention or adoption of alternative treatment
strategies. In this study, rapidly structural and morphological alterations along with
significantly elevated apoptosis markers were consistently observed and well correlated to
ADC measurements. However, this correlation between apoptosis measurement and ADC
value does not necessarily imply causation. Future studies should test the sensitivity of the
gradation of ADC changes with changing IRE ablation parameters in order to identify
rigorous thresholds for accurately predicting treatment response [28].

These findings were consistent with observed structural alterations (TEM findings) and
strongly correlated to corresponding IHC Al measurements. Given that IHC measurements
are not generally feasible in clinical settings, this imaging assay could be highly valuable for
the detection of tumor response following IRE ablation. These noninvasive imaging
techniques should permit rapid prediction of treatment outcomes to facilitate patient-specific
adjustments to the treatment protocol. Future studies are clearly warranted to investigate the
efficacy of these DW-MRI techniques in clinical settings of IRE tumor ablation.

The current study had several limitations. First, our study was designed so that IRE ablation
parameters were selected to completely treat the targeted tumors [20,21,36]. TEM, IHC and
MRI was performed at only a single, early time point after IRE ablation. Future serial
studies, while significantly increasing logistical complexity, could also be valuable to
investigate the extended time course of microstructure changes following IRE ablation. The
latter studies could be particularly valuable in those clinical settings wherein early follow-up
imaging intervals (<30 min post-IRE) are not feasible. Second, IHC, TEM and MRI assays
were only compared between control and treated tumors (as opposed to comparing different
positions within the same tumor) due to complete ablation of treated tumors in our current
study. The latter approach was adopted to avoid the need for rigorous coregistration between
IRE electrode positions and tumor tissues specimens. Nonetheless, while our approach
avoided ambiguities and confounding outcomes that can result from poor registration,
investigation of the intratumoral variability of these IHC, TEM and imaging findings could
be quite valuable. Future clinical translation of these MRI techniques for IRE monitoring
applications will require additional investigations. Specifically, it will be valuable to
determine the gradation of ADC changes that occur with changing IRE ablation parameters
in order to identify rigorous thresholds for accurately predicting treatment response.
Ultimately, while the current study used pulsing parameters of 64 pulses at 100 ms spacing,
these may not be appropriate in clinical settings. Clinical protocols for IRE ablation
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typically involve synchronization of pulse application with the heart beat, therefore using an
inter-pulse spacing of approximately 1 s.

IRE is an innovative, newly available ablation technology offering multiple potential
benefits over alternative thermal ablation approaches [22,47,48]. Thermal ablation leads to
coagulative necrosis within the targeted tumor volume. Via a vastly different therapeutic
mechanism, IRE alternatively leads to tissue destruction through targeted induction of
apoptosis. Our preclinical IRE studies in the PDAC xenograft mouse model demonstrate
rapid, dramatic alterations to the tumor microstructure shortly after IRE. Significant
structural and morphological alterations were clearly evident and apoptosis markers were
significantly elevated compared with nontreated controls. These findings were well
correlated with DW-MRI measurements, thus suggesting that in vivo imaging assays may
one day serve as in vivo biomarkers for noninvasive detection of tumor response.
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Executive summary
Irreversible electroporation for therapy

] NanoKnife® (Angiodynamics, Inc., NY, USA) or irreversible electroporation
(IRE) induces the formation of nanopores within the eel membrane, leading
to rapid dramatic alterations to the tumor microenvironment.

] Cells within the IRE-treated tissues ultimately enter coagulative necrosis and
the apoptotic cell-death pathway.

Diffusion-weighted MRI can monitor the ultrastructural changesfollowing IRE
tumor ablation

] MRI permits noninvasive quantitative measurements of rapid dramatic
alterations to the tumor microenvironment following IRE ablation.

] MRI biomarkers can monitor early therapy response of NanoKnife ablation,
which will permit rapid, timely adoption of alternative treatment strategies
(IRE parameters) in clinical application.

Future per spective

] IRE for tumor ablation is still in the developmental stages, although the
safety and therapeutic efficacy of these methods have been well established
in animal models.

] Additional ongoing studies are necessary to fully evaluate safety and efficacy
in clinical settings.

] Image-guided IRE monitoring techniques should be valuable to permit
patient-specific protocol optimization, early detection of response and timely
adoption of alternative treatment strategies when necessary.
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Figure 1. Representative hematoxylin and eosin dides from control and following 30 min of
irreversible electroporation-treated tumors

(A) Control tumor and (B) irreversible electroporation (IRE)-treated tumor at low
magnification (4x). Post-IRE tumor specimens demonstrated acute coagulative necrosis. (C)
Control tumor and (D) IRE-treated tumor at high magnification (200x). Apoptotic cells
within the post-IRE tumor specimen were identified according to morphological criteria
including chromatin condensation and margination, and apoptotic bodies. Significant levels
of microvessel thrombosis were observed in post-IRE specimens.
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Figure 2. Representative transmission electron microscopy slides from the control and following
30 min of irreversible electropor ation-treated tumor specimens

Morphological characteristics of apoptosis were not readily observed in (A & B) control
tumor specimens. In irreversible electroporation-treated specimens, marked chromatin
condensation was observed with chromatin abutment to the nuclear envelope (arrows);
apoptotic bodies (dashed arrows) were clearly observed throughout (C & D) treated
specimens. (E) Transmission electron microscopy permitted direct observation of the
significant alterations of the cell membrane and organelles along with nanoscale defects and
pore formation in both cellular and nuclear membranes. (C & F) At high magnification,
morphologic hallmarks of apoptosis were also observed within microvessel endothelial cells
(asterisks).

N: Nucleus.
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Figure 3. Transmission electron microscopy apoptosisindex measurementsfor the control and
following 30 min of irreversible electropor ation-treated tumor specimens

Six sections were observed from each tumor. Significantly increased apoptosis index was
observed for both tumor cells and endothelial cells within IRE-treated tumor specimens
(both p = 0.002). Error bars represent the standard deviations.

IRE: Irreversible electroporation; TEM: Transmission electron microscopy.
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Figure4. TUNEL and caspase 3 dides from both control and irreversible electropor ation-treated
tumors

IRE-induced significant levels of apoptosis were verified by TUNEL assay ([A] the control
tumor and [C] the IRE-treated tumor) and cleaved caspase 3 ([B] the control tumor and [D]
the IRE-treated tumor). (E) Al was significantly increased in the IRE-treated tumor

specimens compared with the control as assessed with both immunohistochemistry methods
(TUNEL, p = 0.001; caspase 3, p = 0.008). Error bars represent the standard deviations. (F)
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A strong correlation was observed between AAI (difference between control and treated
tumor markers in each rat) calculated from TUNEL and caspase 3 measurements, R = 0.71.
Al: Apoptosis index; IRE: Irreversible electroporation; TUNEL: Terminal deoxynucleotidyl
transferase dUTP nick-end labeling.
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Figure 5. Representative diffusion-weighted magnetic resonance images
(A & B) Axial diffusion-weighted magnetic resonance images (b = 500 s/mm?2) of PANC-1

xenograft tumors (arrows) in two representative animals (rat A and rat B) (A,i & B,i) before
and (A,ii & B,ii) after IRE. Notice reduction in signal intensity within diffusion-weighted
images following IRE for both tumors indicative of diffusion (water mobility) increases with
these tissues immediately following IRE ablation. Quantitative apparent diffusion
coefficient values were significantly higher in these tumor tissues following IRE ablation (p
= 0.001); (C) there was no significant difference between ADC values measured in control
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tumors and treatment group tumors immediately prior to IRE (p = 0.05). Error bars represent
the standard deviations.
ADC: Apparent diffusion coefficient; IRE: Irreversible electroporation.
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Figure 6. Comparison between immunohistochemistry markers of tumor apoptosis (TUNEL and
caspase 3) and apparent diffusion coefficient changes following irreversible electroporation
ablation proceduresin PANC-1 xenogr aft tumor s changes

The apoptosis index was evaluated by the detection of different molecular pathway methods
including (A) caspase 3 and (B) TUNEL; however, a strong correlation was observed
between these ADC and IHC measurements (caspase 3 assay: R = 0.83; and TUNEL: R =
0.78).
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ADC: Apparent diffusion coefficient; Al: Apoptosis index; IRE: Irreversible
electroporation; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick-end labeling.
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