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injected in the same way. When Hepa 1-6 tumors were successfully 
clear after treatment with treatments with 900 pulses at 100 ns and 55 
kV/cm in 6 of 8 treated mice, tumors cells were injected in the opposite 
flank as before. None of those 6 mice that were successfully treated 
before grew tumors for 49 days before the experiment was terminated. 
In naïve age-match control HCC tumors grew to treatable sizes in less 
than two weeks. These results suggest that nsPEF ablation allows a host 
cell immune response. While these studies must be repeated and the 
mechanisms of this resistance further investigated, these results suggest 
that nsPEF ablation addresses another cancer hallmark, evasion of 
immune surveillance. Another study compared treatments with 
nsPEFs and surgical removal of B16f10-GFP in melanoma in SKH-1 
mice [66]. After the respective treatments, challenge injections if the 
same cells grew much slower in nsPEF-treated mice that those mice 
treated with surgery. In addition, CD4+ T-cells were present in treated 
tumors as well as tumors that had not been treated in mice with treated 
melanomas. These results suggest than nsPEF-stimulated tumor cell 
death induces an immune response. The results from the Hep1-6 in 
vivo studies indicated that nsPEFs act on several cancer hallmarks [36]. 
These include resisting cell death by apoptosis, resisting angiogenesis 
(or anti-vascular activities) [60,62] and perhaps overcoming evasion of 
immune surveillance [65,66].

Treating orthotopic rat N1-S1 HCC tumors in vivo with 
nsPEFs

In more recent studies, we have established and tested an orthotopic 
rat N1-S1 HCC using conditions similar to those in the Hep1-6 
mouse model discussed above. The studies carried out previously 
demonstrated that nsPEF could effectively eliminate tumors when they 
were implanted under the skin. We wanted to extend applications of 
nsPEFs to treating internal tumors. Given successes with the ectopic 
mouse HCC model and the “HCC problem”, which is increasing in the 
US and already a major problem worldwide, we pursued application 
of nsPEF to HCC tumors implanted in the liver of rats. We chose a 
rat model because of the larger liver and the need to carry out two 
surgeries and later three surgeries to demonstrate efficacy of nsPEFs. 
Thus, these studies combine nsPEF treatment with laparotomy as a 
proof or principle, before establishing treatments with laparoscopy and 
catheter electrodes. Thus, in this model, we introduced N1-S1-Luc cells 
under the liver capsule through a small incision in the abdominal wall. 
N1-S1 cells were stably transfected with a luciferase gene downstream 
of a CMV promoter. When tumors grew to about 0.5 cm, we exposed 
the liver again and treated with nsPEFs before closing. Tumor growth 
was monitored by luciferase activity (luminescence) ultrasound. In this 
model, we used a 5 needle (4+1) array [60] and treated tumors using 
pulses with electric fields at 50 kV/cm and delivered at 1 Hz and pulse 
durations of 100 ns with a rise-fall time of 10 ns. A study was carried 
out testing 100, 300, 500 or 1000 pulses. Fourteen days after treatment, 
rats were humanely euthanized and tumor sizes were determined. 

Analysis of HCC tumors by size and bioluminescence after 
nsPEF treatment

Figure 1 shows results indicating tumor sizes were decreased 
with all pulse numbers. Using 100 pulses tumor sizes were decreased 
but were only significantly less than sham-treated controls 14 days 
after treatment. Tumor sizes were smaller using 300, 500 and 1000 
pulses with the later condition decreasing tumor size about 6-fold. In 
subsequent experiments, when treated tumors were measured 6 weeks 
later, the 100 and 300 pulse conditions were insufficient to eliminate 
tumors; tumors had continued growing slowly between 2 and 6 weeks 
after treatment. We had initiated tumor development using an N1-S1 

clone stably transfected with luciferase to monitor tumor growth by 
luminescence. Figure 2 and table 1 shows tumor luminescent images 
of the same rats taken in the IVIS 100 in a sham-treated control and a 
rat treated with 1000 pulses with durations of 100 ns and electric fields 
at 50 kV/cm delivered at 1 Hz. Luminescent images were determined 
on the day of treatment (day 0) and 7 and 10 days after treatment. 
The table below the image indicates luminescence values and tumor 
sizes based on luminescence. Tumors from one sham-treated and one 
typical nsPEF- treated rat are shown as examples. It can be seen that by 
day 7 the sham treated tumor grew 5-6-fold compared to the size just 
before treatment and continued to grow for 10 days. In the treated rat, 
there was no detectable luminescence, indicating that treated tumors 
were absent 7-10 days after treatment. In order to evaluate longer 
term efficacy of nsPEFs, we treated tumors and evaluated the presence 
or absence of tumors seven weeks post-treatment. Figure 3 shows 
a Kaplan-Meier survival curve [67] for one experimental series with 
7 rats that were sham treated and 8 rats that were treated with 1000 
pulses with durations of 100 ns and electric fields at 50 kV/cm and 1 

Figure 1: N1-S1-Luc HCC tumor sizes 14 days post-nsPEFs treatment. – N1-
S1 cells were transfected with the gWiz-Luc plasmid driven by the CMV IE 
promoter (Aldevron, Madison WI). Clones were isolated as stable transfectant 
and the clone with the highest expression level was used. A liver lobe from 
Sprague Dawley rats (Harlan, Frederick MD) was exposed through a small 
incision in the abdomen and rat N1-S1-Luc HCC cells (1x106) (N1-S1 from 
ATCC) were injected under the liver capsule. Seven days later, the liver 
lobe was again exposed though an abdominal incision and tumors (~0.5 
cm in diameter) were treated with various pulse numbers with durations of 
100 ns, electric fields of 50 kV/cm at 1 Hz (n=8 for all groups). Rats were 
humanely euthanized 14 days after treatment. Treated lesions were excised 
to determine volume (A) and weight (B). Tumor volumes were determined 
using the formula for prolatespheroids (square of the width x length x 0.52): V 
= 0.52 x (D1 x D2) x2, where D1 and D2 are short and long tumor diameters, 
respectively. The symbols “*” indicates statistical significance compared with 
the zero pulse group. P values were calculated using a one-way ANOVA 
followed by Tukey tests (* p<0.05, ** p<0.01 ***p<0.001).
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Hz. The results show that the all sham-treated rats had to be humanely 
euthanized by 25 days after tumor initiation because of tumor burden 
(1.5-2.0 cm) according to our IACUC protocol. All 8 rats treated with 
nsPEFs remained alive and tumor-free for at least 49 days. When tumor 
size was checked after humane euthanasia or when rats were exposed 
to a second challenge injection of N1-S1 tumor cells, treated tumors 
were complete absent and liver tissue had returned to normal hepatic 
structure in the treated area.

Effect of nsPEF treatment on liver blood flow

It was previously demonstrated that nsPEFs had significant effects 
on blood flow in the areas of treated ectopic B16f10 [26,62] and Hepa1-
6 HCC tumors [60]. While this was advantageous to inhibit ectopic 
tumor growth, we were interested to evaluate post-treatment liver 
blood flow, which is heavily vascularized. Effects on liver blood flow are 
important in HCC treatment since it is common for HCC patients to 
have compromised liver function. Figure 4 shows blood flow analysis 
by laser Doppler before, immediately after and 7 days after treatment. 
Immediately after treatment, blood flow was decreased by 50-60% in 
the treated liver area. Only the treated area was affected. However, 7 
days later, blood flow had returned to normal and tended to be greater 
than the original control. This suggests that in nsPEF treated liver, 
effects on blood flow or anti-vascular effects or effects on angiogenesis, 
which occurred in ectopic tumors, is not likely to be a factor or a 
cancer hallmark in nsPEF treated HCC demise. Nevertheless, nsPEF 
treatments are an effective therapy for HCC.

Histological examination of normal liver and sham and HCC 
treated tissue

In order to determine effects of nsPEFs on treated N1-S1 HCC 
tumor tissue and compare it to normal liver and sham-treated control 
tumor tissue, we collected samples two weeks post-treatment from each 
of these tissues and prepared them for H&E staining and microscopy 
(Figure 5). The image of normal control liver shows a central vein and 

normal lobular hepatic architecture with cellular cords radiating from 
it with asymmetrical sinusoids and a typical scattering of collagen. In 
sham treated N1-S1, cancer cells can be seen infiltrating normal hepatic 
tissue with globular-like structures and sparse nuclei. Leukocyte 
infiltration in peripheral areas is evident. The vascular structures 
containing red cells are irregular and more numerous than in normal 
liver. In nsPEF-treated N1-S1 HCC, the cancerous tissues is completely 
destroyed with an absence of globular cancer cells and an enormous 
infiltration of leukocytes. We more-or-less expected this massive 
leukocyte infiltration given our previous results in Hepa1-6 HCC 
treated tumors. We had previously observed that after successfully 
treating Hepa1-6 HCC mouse tumors with nsPEFs (1000 pulses, 100 

Figure 2: NsPEFs eliminate N1-S1-Luc tumors determined by luminescence 
7-10 days after treatment. -Tumors were initiated as indicated in the legend 
to Figure 1. Seven days after initiation tumors were treated with 1000 pulses 
(1000X) with durations of 100 ns and electric fields at 50 kV/cm at 1 Hz. 
On the day of treatment (day 0) and 7 and 10 days after treatment tumor 
bioluminescence was determined on the same animals using non-invasive 
in vivo imaging with the IVIS Spectrum (Caliper Life Sciences, Xenogene). 
One sham-treated tumor and one typical rat with a treated tumor are shown. 

Days  post-treatment 

Sham 1000X

0            7           10 0            7            10

Days post-treatment 0 days 7 days 10 days
Sham Luminescence (p/s) 9.47×106 5.40×107 4.28×107+2.28×107

Area (cm2) 0.545 2.58 2.92+2.25
1000x 

nsPEFs
Luminescence (p/s) 1.54×107 0 0

Area (cm2) 0.957 0 0

Table 1: The table below indicates the luminescence units and tumor area in cm2. 
The designation 1000X indicates that tumors were pulsed 1000 times.

Figure 3: NsPEFs eliminate tumors for as long as 7 weeks. – N1-S1-Luc 
tumors were initiated and treated with 1000 pulses with 100 ns durations 
and 50 kV/cm at 1 Hz. In this typical trial, 7 sham and 8 treated rats were 
treated. After treatment, tumors were followed and analyzed by ultrasound. 
When sham treated tumors reach 1.5 cm, they were humanely euthanized 
according to our IACUC approved protocol. Forty nine days after treatment 
the experiment was terminated and animals were humanely euthanized. All 
surviving animals had been treated and were tumor free. The designation 
1000X indicates that tumors were pulsed 1000 times.
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Figure 4: Blood flow to the treated tumor area is transiently reduced. - N1-
S1-Luc tumors were initiated and treated as describe in the legend to Figure 
1. Before, immediately after and 7 days after treatment, Liver blood flow in 
the treated area was determine by laser Doppler imaging (Moor LDLS laser 
Doppler imager) and expressed as perfusion units. The data are expressed 
as percent of blood flow immediately before treatment. The * indicates the 
change is significant compare with pre-treatment (one way-ANOVA, p<0.01); 
# indicates the two post-treatment groups are statistically different (two way-
ANOVA, p<0.001). The designation 1000X indicates that tumors were pulsed 
1000 times.
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ns, 55-60 kV/cm at 1 Hz) (6 out of 8 mice), challenge injections of 
the same tumor cells in the opposite flank 49 days later failed to grow 
tumors (6 out of 6 mice), while age-matched, naïve control mice readily 
grew tumors (6 out of 6 mice) [65]. These results are under continuing 
investigation to determine more specifically if an immune response is 
present in the orthotopic N1-S1 HCC model. 

Does nsPEF treatment induce an immune response in 
orthotopic rat N1-S1 HCC tumors?

In ongoing studies, rats with successfully treated tumors have 
been challenged with a second injection or a challenge injection of the 
same N1-S1 cells that initiated original tumors. In these preliminary 
studies the challenged tumors do not grow while naïve age-matched 
control rats grow tumors like those tumors in sham treated control 
rats. This suggests that, like response to challenge in ectopic Hepa1-6 
in mice, response are similar in rats, indicating that this phenomena 
is not species specific, is evident in an orthotopic HCC model and not 
confined to tumors originating in skin. The absence of challenge-tumor 
cell growth after successful nsPEF treatment of mouse Hepa1-6 and 
rat N1-S1 HCC tumors suggests the presence of immunogenic cell 
death. These results also indicate that these nsPEF-induced challenge 
phenomena are not species-specific. The mechanisms for immunogenic 
cell death are becoming clearer; however this clarity is complex. It is 
now known that physiological cell death, which is immunologically 
silent or tolerogenic, and cancer cell death, which can be immunogenic, 
are perceived differently by the immune system [68]. Thus, there must 
be mechanisms that differentiate among types of cell death [69]. Some 
(doxorubicin, cyclophosphamide, oxaliplatin) but not all apoptotic 
stimuli can induce immunogenic cell death, suggesting biochemical 
heterogeneity within apoptosis mechanisms. Those chemotherapeutic 
agents that do induce immunity depend on it for at least part of their 
efficacy [70,71]. There is also evidence that cells that experience stress 
responses and enter autophagy before undergoing apoptosis, necrosis 
or secondary necrosis may exhibit a more robust immunologic cell 
death. Induction of senescence by p53 in HCC can stimulate a robust 
anti-tumor response [69]. There are a number of factors that work 
together that determine whether cell death is immunogenic or not. 
These include the “history” of the cell, such as activation state or stress 
responses; the nature of the cell death stimulus; the cell death pathway 
and the availability of competent immune cells to carry out the response 
[69]. It appears that the pre-apoptotic exposure to calreticulin and the 
late apoptotic or secondary necrotic secretion of high mobility group 

box 1(HMGB1), which acts on the toll-like receptor-4 on dendritic cells, 
stimulates optimal antigen processing [68,72]. It will be interesting 
to determine whether nsPEFs exhibit some of the characteristics of 
immunogenic cell death. Such responses would provide significant 
advantage to prevent tumor recurrence and possibly vaccinate against 
HCC tumors that express the same antigen(s).

NsPEFs combined with other treatment modalities

NsPEF ablation impacts several well-characterized cancer 
therapeutic targets. It has shown success as a substitute for drug 
therapy and can be used in combination with other treatments; 
multiple therapies are common in essentially all cancer treatments 
and have been tried with nsPEFs [73]. In studies using concurrent 
treatments with low concentrations of gemcitabine and nsPEFs in 
mouse Cal 27 squamous cell carcinoma cells, synergistic activities 
were observed compared to summation of both treatment alone for 
inhibiting cell proliferation and inducing apoptosis and necrosis. The 
synergistic response was non-specific, or atleast not universal, since no 
synergism for cell invasion was observed with combined treatments. 
While these experiments were designed to reduce tumor burden with 
nsPEFs before chemotherapy, other strategies could include sensitizing 
tumors with a chemotherapeutic agent(s) before treating with nsPEFs 
or reducing tumor burden with nsPEFs before resection.

Summary of cancer treatment with nsPEFs

NsPEF ablation therapy has a number of advantages for anti-tumor 
effects. They have several therapeutic targets, which are included in a 
single treatment as opposed to treating cancer with individual agents 
that affect evasion of apoptosis, sustained angiogenesis (or anti-
vascular), and evasion of immune responses. The anti-vascular effect 
may be limited to tumors implanted or developed in the skin; however, 
additional studies of vascular effects in highly perfused liver warrant 
further investigation. The evasion of immune responses assumes the 
latter response is supported by further testing with nsPEFs in vivo. 
Certainly this last response will provide a substantial benefit for cancer 
treatment. Furthermore, nsPEFs induce cell death by caspase-dependent 
and –independent mechanisms [30] by targeting mitochondria and 
plasma membranes for calcium influx [35]. The heterogeneity of these 
effects is meaningful because nsPEFs can bypass a number of possible 
cancer mutations when tumor cells are adequately treated as shown 
here for treating N1-S1 HCC. For example, since nsPEFs can induce 
caspase-independent cell death, oncogenic mechanisms that evade 
apoptosis can be superseded. In contrast, the treatment itself is well 
defined by placement of electrodes to surround the tumor [27]. This 
stipulates specificity for tumor tissue and surrounding margins to 
minimize damage to surrounding non-cancerous tissues. When electric 
fields are sufficiently intense within this treatment zone, all cells can be 
killed, including tumor cells and host cells that provide needed growth 
and angiogenic factors for tumor growth, sustenance and metastasis. 
Given that nsPEFs can eliminate cells regardless of their proliferation 
rate, and in fact require less intense conditions (fewer pulses or lower 
electric fields) for cells that are not proliferating (are not in the S-phase) 
[74], it is likely that when electric fields are high enough, nsPEFs can 
also eliminate slowly dividing cancer stem cells, which could eliminate 
one possible cause of recurrences of disease, which can occur with 
agents that only affect rapidly proliferating cells. For treatment of skin 
tumors, nsPEF do not appear to leave scars after treatment in mice [26] 
or humans [42]. This will have valuable significance for individuals 
with skin cancer. Finally, there is an absence of local or systemic 
side effects with nsPEF treatment, providing an improvement over 
treatment with chemotherapeutic agents and ionizing radiation. When 

Figure 5: NsPEF treatment destroys HCC tumors and induces infiltration of 
immune cells. – N1-S1-Luc HCC tumors were initiated as described in the 
legend to Figure 1 and treated as described in the legend to Figure 2. Then, 
14 days after treatment rats were humanely euthanized and liver tissue was 
taken from normal liver removed from a distant untreated lobe, from sham-
treated HCC tumor and from HCC tumor treated with nsPEFs. Tissues were 
washed in PBS, fixed in 10% Neutral Buffered Formalin (NBF), followed by 
paraffin embedded, sectioning and H&E staining. Images were visualized 
using a Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan) equipped with a 
10X/0.25 numerical aperture, and acquired using a Go-5 camera (QImaging, 
Surrey, Canada) and QCapture Pro 6.0 software.
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