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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with limited therapeutic options. Despite extensive
clinical research over the past several decades, meaningful improvements in care standards have been challenging
to achieve. Research efforts are underway on several fronts, including cytotoxic chemotherapy combinations,
immunotherapy, and targeted therapy. In this review, we chose to focus less on mainstream avenues of clinical
research in PDAC and highlight some novel and innovative research efforts that are typically outside the spotlight
of therapies. Examples of these novel approaches include pharmacologic vitamin C and electromagnetic fields. This
review's scope is to present the biological basis of the anti-cancer potential and the early clinical data, as well as
the future landscape of these agents, including ongoing clinical trials in these therapeutic avenues.

Keywords: Pancreas cancer, vitamin C, ascorbate, tumor treatment fields, induced electromagnetic field,
electromagnetic field therapy
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a leading cause of cancer-related mortality with limited
therapeutic options and poor outcomes. Data from the global cancer observatory model project
approximately 485,000 PDAC cases globally in 2020, with an associated mortality of around 456,000 It is
estimated that 57,600 patients will be diagnosed with about 47,050 deaths in the United States, making it the
3rd leading cause of cancer mortality with a relative 5-year survival rate of only 9%". Surgical resection
remains the only modality with a curative potential. However, only ~20% of patients present with early-
stage disease amenable to resection, and the majority of these patients eventually develop metastatic
disease even with recent improvements in surgical techniques and adjuvant therapies'®. Despite extensive
translational and clinical investigations over the last three decades, meaningful advances in PDAC
therapeutics have not been realized. At least 30 out of 32 phase III clinical trials assessing several
interventions have failed to add significant value to this disease’s standard of care'”. Such disappointments
highlight the exceptional difficulties in treating PDAC. There is, therefore, an unmet clinical need for
innovative therapeutic modalities that target novel characteristic features of PDAC.

Historically, PDAC clinical research focused on the traditional modalities used to treat cancer, such as
cytotoxic chemotherapy or radiation, and progress has been slow. More recently, several contemporary
therapeutics such as targeted therapy and immunotherapy have materialized but with suboptimal headway.
Therefore, the pursuit of more effective anti-cancer therapies continues. The majority of developed and
current clinical research targeting metastatic PDAC can be categorized into four groups, as summarized in
Table 1: Cytotoxic chemotherapeutics, immunotherapy, targeted therapy and targeting PDAC-specific
features. These four highly researched categories are reviewed and critiqued heavily elsewhere. In this
review, we attempt to shed light on some non-traditional novel therapeutics that are relatively outside the
mainstream of the clinical research efforts in progress. These are innovative in principle and attractive to
patients seeking creative solutions. We thus summarize the early limited data about some of these options to
guide both clinicians about their existence and researchers about possible avenues for development. These
innovative therapeutics encompass a wide range of efforts, such as using vitamin C in pancreatic cancer
therapy and harnessing the effect of physical interventions such as electromagnetic fields. We will review
some highlights of the basis of these concepts and reflect on the ongoing clinical trials.

VITAMIN C (ASCORBIC ACID, ASCORBATE)

Vitamin C has long been hailed as a potential anti-cancer agent. Vitamin C is a water-soluble vitamin
essential for the biosynthesis of collagen that also acts as an important physiological antioxidant™. In
contrast to most animals and plants, humans cannot produce vitamin C and are dependent on dietary
intake". Vitamin C regulates several vital biological processes by acting as an electron donor. At
physiological micro molar concentrations, vitamin C functions as an antioxidant reducing harmful reactive
oxygen species””. However, at pharmacologic millimolar plasma concentrations, it paradoxically functions
as a pro-oxidant"’. In addition to its involvement in redox reactions, vitamin C affects iron metabolism'"!
and is a critical cofactor for numerous enzymes"”. After vitamin C intake, it can be oxidized both
intracellularly and extracellularly. Extracellular vitamin C is oxidized through two consecutive steps by free
radicals and ascorbate oxidase into dehydroascorbic acid (DHA)". Vitamin C can enter cells either in its
reduced form, Ascorbate, utilizing sodium-dependent transporters or in its oxidized form, DHA, through
glucose transporters (GLUT)". DHA has a half-life of seconds"" and represents 1%-5% of vitamin C in the
human body"”. It then performs two crucial steps. In the first step, DHA reacts with labile iron in the
extracellular space, which triggers a cascade of events that yields extracellular hydrogen peroxide (H,0,)"".
The second step involves transportation of the remainder inside the cell through a group of GLUTs"".
Inside the cell, DHA is swiftly reduced back to ascorbate by reacting with the reduced form of glutathione
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Table 1. Major categories of ongoing clinical research in metastatic pancreas cancer 2015-2020

Cytotoxic chemotherapy Novel agents (Glufosfamide, nano micelles, EndoTag, etc.)
Repurposing of existing agents
Sequence of chemotherapy agents

Immunotherapy Immune checkpoint inhibitors
Vaccines
Adoptive cellular therapy
Immune modulators

Targeted therapy Exploiting DNA damage response defects
Intracellular target-linked therapy (mesothelin, Claudin 18.2, etc.)
Interference with a signaling pathway

Targeting PDAC-specific features Microenvironment
Metabolic pathways
Cancer stem cells interventions

(GSH). Oxidized glutathione [glutathione disulfide (GSSG)] is then recycled back to GSH by NADPH"*..
This process explains the two most developed proposed anti-cancer effects of vitamin C, generation of H,0,
causing oxidative stress and the consumption of reduced Glutathione/NADPH/GADPH leading to a
glycolytic crisis as detailed later.

The concept of using vitamin C to treat cancer has generated much controversy over the last several
decades. In the 1970s, researchers hypothesized that vitamin C might limit cancer cell migration by
preventing the breakdown of the extracellular matrix"*"”). Initial early case reports and trials demonstrated a
clinical benefit"*". In one of the earlier publications, 100 patients with incurable cancer were given
intravenous vitamin C with a notable 300-day survival advantage compared to 1000 matched patients who
had received identical treatments except for vitamin C*. The 1100 patients on that trial consisted of
patients treated by the same clinicians in the same facility with different tumor types including colon, lung,
gastric, breast, kidney, bladder, rectum, ovary, and pancreas cancers who were deemed “untreatable” per the
definition of the Scottish medical practice of the time. Each patient among the vitamin C group was
matched with 10 control patients of similar age, gender, and tumor type. Subsequent trials, however, failed
to show benefit. Two randomized, double-blinded clinical trials in the 1980s using oral vitamin C
established no survival advantage for the treatment groups over the placebo controls®*?. These
disappointments led to diminishing interest in the anti-cancer role of vitamin C for decades. It was not until
pharmacokinetic studies confirmed that potentially therapeutic doses are only achievable through
intravenous administration that interest resurged*’. This understanding of ascorbate’s pharmacokinetics
generated renewed interest in its cancer therapeutic potential and led to preclinical and clinical
investigations of vitamin C in cancer patients.

The selective anti-cancer effects of vitamin C was shown in several in vitro and in vivo models. The impact
of pharmacological concentrations of vitamin C on 43 different cancer cell lines alongside five normal cell
lines was delineated in a comprehensive experiment”. Non-neoplastic cells were unaffected even in very
high ascorbate concentrations (20 mM), while most cancer cell lines showed decreased growth with
concentrations < 10 mM ascorbate. Specifically to pancreatic cancer cells, a study demonstrated selective
sensitivity of three pancreatic cancer cell lines vs. a non-neoplastic immortalized pancreatic ductal epithelial
cell line to vitamin C". This selective cytotoxicity was again confirmed in a panel of eight human and one
murine pancreatic cancer cell lines that were all sensitive to concentrations below 5 mM ascorbate. In
contrast, even at concentrations as high as 20 mM ascorbate, the viability of the non-tumorigenic pancreatic
ductal epithelial cells and fibroblasts was not significantly affected”. In vivo evidence of vitamin C’s anti-
cancer effect was displayed in several tumor xenograft models, including pancreatic cancer”. More studies
confirmed that only parenteral vitamin C administration in animals was sufficient to obtain cytotoxic
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levels™”. These results were reproduced in PANC-1 orthotopic mice xenograft with evidence of a decreased
number of metastases and average tumor weights in the ascorbate-treated animals”. As a result of the
growing preclinical evidence, several clinical trials exploring the safety and efficacy of intravenous high-dose
vitamin C for treating various types of cancers, including pancreas, have emerged either as monotherapy or
in combination with chemotherapy™.

Several hypotheses regarding the anti-cancer mechanism of action of pharmacologic vitamin C have been
proposed over the years. The most developed proposed hypothesis with robust laboratory evidence stems
from its ability to act as a pro-oxidant at millimolar concentration. Treatment with high-dose ascorbate
leads to the extracellular formation of H,O, in the tumor milieu that will later transfer to the intracellular
compartment through diffusion”. This process occurs rapidly in the presence of catalytic metal ions
concentrated in the tumor microenvironment, especially iron. In the presence of iron, ascorbate is quickly
oxidized as it reduces Fe’* to Fe*, which then reacts with oxygen, producing superoxide radicals. Two
superoxide radicals then undergo dismutation to produce hydrogen peroxide. Hydrogen Peroxide then
diffuses inside the cells, where it reacts with ferrous iron through the Fenton reaction producing hydroxyl
radical. Hydroxyl radical, in turn, causes DNA damage and leads to cell death®". This hypothesis is
supported with multiple preclinical reports corroborating that the addition of catalase to the medium
reversed the decrease in cell viability”>*”. Subsequent reports confirmed similar results in multiple
pancreatic cancer cell lines and demonstrated a time and dose-dependent increase in measured H,O,
production with increased ascorbate concentrations leading to cell death with reversal of the effect with
treatment with catalase">”". Other in vitro studies focused on cancer cell lines resistant to vitamin C and
confirmed cross-reactivity against H,0,, significantly elevating enzymatic activity of intrinsic catalase, and
reversal of resistance upon silencing of catalase by sh-RNA". In vivo, the increase in peri-tumoral H,O, was
shown after a single injection in animal models®”. The selective cytotoxicity to cancer cells but not to
normal cells could be explained by increased iron in the tumor microenvironment, increasing H,O,
production, and higher catalase enzymatic activity in normal tissue"*.

The second popular proposed hypothesis of the anti-cancer effect of vitamin C relates to the action of DHA.
Extracellular H,O, perpetuates the presence of reduced ascorbate in the form of DHA. Accumulated
extracellular DHA is then transported intracellularly through GLUT transporters. Subsequently, DHA
consumes the intracellular reducing potential of reduced glutathione and NADPH. This reduction depletes
intracellular antioxidants and increases endogenous levels of reactive oxygen species (ROS). The increase of
ROS, in turn, inactivates a glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). ROS
ultimately causes a cascade of events that leads to the depletion of NAD+ and further inhibition of
GAPDH". The result impedes glycolysis in cancer cells, causing lower ATP production, energy crisis, and
cell death"***), Perhaps the most substantial support for this hypothesis comes from the differential vitamin
C sensitivity of KRAS and BRAF mutated colorectal cancer cells in comparison to cells without mutations.
Cells with KRAS/BRAF mutations have increased expression of GLUT1 and were shown to have increased
uptake of DHA compared to wild-type cells. This increased uptake was nullified by either using GLUT1
inhibitors in the mutated cells or overexpressing GLUT1 in wild-type cells. Metabolomics assays showed
that treatment with vitamin C caused accumulation of glycolytic intermediates upstream of GAPDH
accompanied by depletion of downstream mediators suggesting that GAPDH was inhibited. Collectively,
these findings indicate that KRAS mutated cell cytotoxicity was mediated through inhibition of
glycolysis™. The Warburg effect could help explain ascorbate effects’ selectivity, a phenomenon where
metabolic reprogramming in cancer cells leads to increased dependence on glycolysis for ATP production
compared to mitochondrial oxidative phosphorylation. Therefore, glycolytic inhibition causes catastrophic
effects on cancer cells with minimal impact on normal cells.



Abushahin et al. J Cancer Metastasis Treat 2021;7:19 | https://dx.doi.org/10.20517/2394-4722.2021.02 Page 5 of 16

A third interesting hypothesized anti-cancer mechanism of vitamin C is related to hypoxia-induced factor
(HIF). Many solid tumors are characterized by hypoxia, which is defined here as the partial pressure of
oxygen [pO,] < 10 mmHg or < 1% at the tissue level*”. Under hypoxic conditions, tumor cells activate the
HIF cascade, an o heterodimeric transcription factor, leading to the activation of several pro malignant
processes such as increased angiogenesis, enhanced glycolysis, and other features that promote tumor
growth””. HIF-B subunits are constitutive proteins and the active complex regulation is achieved by the
abundance and activity of HIF-o subunits. The HIF-o subunits, in turn, are regulated by a group of HIF
hydroxylases. Under normoxic conditions, HIF1a is hydroxylated and eventually undergoes proteasomal
degradation"”. Conversely, under hypoxic conditions, the HIF hydroxylases are inactive, leading to the
stabilization and activation of HIF. HIF hydroxylases require ascorbate as a cofactor to recycle Fe*". This
dependency implies that ascorbate treatment may enhance the activity of HIF hydroxylases, which leads to
HIF o degradation, thus inhibiting the activity of the HIF cascade and suppressing tumor growth"". A
simplified illustration of these interactive mechanisms is depicted in Figure 1 below.

These three possible mechanisms of cytotoxicity have a significant role in pancreatic cancer. Pancreatic
adenocarcinoma has a well known dense microenvironment with an abundance of tumor-associated
macrophages (TAMs) playing several roles in tumor progression”. As one of several effects, TAMs act as
iron donating and re-distributing cells to the microenvironment™’, hence assuring the presence of high
labile iron content for efficient H,O, production in the peri-tumoral space. Moreover, 95% of PDAC cases
have KRAS mutation, which is associated with high GLUT expression with expected increased DHA uptake
and a subsequent glycolytic crisis. KRAS mutated cells are dependent highly on glycolysis, making pancreas
cancer cells especially vulnerable to vitamin C treatment. Finally, pancreas cancers are renowned for their
extremely hypoxic conditions making HIF signaling a prominent target"". For the reasons mentioned
above, pancreas adenocarcinoma should be an ideal research target for therapy with vitamin C. Hence,
several early clinical trials in this space have been performed.

CLINICAL EXPERIENCE OF VITAMIN C THERAPY IN PANCREATIC ADENOCARCINOMA

Early case reports of using high-dose parenteral ascorbate in cancer treatment came in 2004 when seven
patients, including 1 with pancreatic cancer, received 10 to 100 grams/day of IV vitamin C, up to three times
per week. Patients had minimal toxicities, improved QOL, and radiographic signs of response size'*”. The
lone pancreas cancer case was for a gentleman who had progressed through 5-FU and Gemcitabine and
achieved chemical response with CA19-9 and stable radiographic disease while on IV vitamin C.
Subsequent phase 1 trial was developed and included 24 patients (1 with pancreatic cancer). This trial
revealed that doses up to 1.5 g/kg IV vitamin C given three times a week were well tolerated with minimal
adverse events but showed no radiographic response suggestive that vitamin C monotherapy could be sub-
optimal. Both poor documented activity as a single agent, and the favorable toxicity profile noted, increased
interest in combining vitamin C with chemotherapy rather than vitamin C monotherapy use'*".

There were three early phase clinical trials that targeted metastatic PDAC with combinations of
chemotherapy and vitamin C in the last decade. The first trial enrolled 14 patients in 3 cohorts. Patients
received standard of care chemotherapy with gemcitabine and the EGFR inhibitor erlotinib plus three
different IV vitamin C doses (50, 75, and 100 g) given three times a week (TIW) for eight weeks. The
primary endpoint was the regimen’s safety, while secondary endpoints included overall response rate!*. The
trial reported 23 total adverse events, with 8 being serious adverse events. All serious adverse events were
attributable to disease progression or concomitant treatment with gemcitabine and erlotinib. None of these
adverse events appeared explicitly related to vitamin C except for mild lightheadedness or nausea during
infusion as expected from the osmotic load and resolved with eating and drinking. The trial was not
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Figure 1. Hypotheses for Vitamin C anti-cancer potential. H,0,: Hydrogen peroxide; DHA: dehadroascorbic acid; GLUT1: glucose
transporters; HIF: hypoxia-induced factor; SVCTs: sodium-vitamin C co transporters; GSSG: glutathione disulfide; GSH: glutathione.

powered to determine therapeutic efficacy. Interestingly, a radiographic disease control rate of 77% was
noted, with all of these patients experiencing a decrease in tumor size not meeting RECIST criteria for
partial response.

A similar trial enrolled 11 patients with metastatic pancreatic adenocarcinoma to receive gemcitabine with
IV vitamin C administered twice weekly for the duration of therapy™*. Again, toxicities were comparable
with published trials of gemcitabine regimens. While the study was not powered to determine therapeutic
efficacy, the secondary endpoint of PFS was six months, and overall survival (OS) was reported as 12
months (n = 9). These numbers compared favorably to the historical control of gemcitabine monotherapy.
This group’s comparable historical control is best matched to the gemcitabine monotherapy arm in the
MPACT trial, which revealed a progression-free survival (PFES) of 3.7 months and OS of approximately 6.7
months“. A third phase I/II trial enrolling 12 patients who received gemcitabine in addition to vitamin C
TIW also showed no increased toxicities. Again, the trial was not powered for efficacy data, and 8 out of the
12 patients received therapy after progression on prior therapies. Despite that, the results were striking, with
a reported median OS of 15.1 months". These early clinical research efforts are summarized in Table 2.

In summary, the vision of vitamin C as a cancer therapy had swayed between disappointments and renewed
interest over the past several decades. Campbell’s initial encouraging results were challenged through 2
negative trials from Mayo Clinic that utilized daily supplementation of 10 g of oral vitamin C as detailed
above. As the primary difference between these trials was the route of administration, subsequent
pharmacokinetic studies were performed to study any disparity in vitamin C bioavailability. Several reports
confirmed that vitamin C bioavailability after oral administration is limited due to tight control of vitamin
C through saturable absorption, tissue accumulation, renal reabsorption, and excretion*!. While oral doses
of 0.1 g daily produced a plasma concentration of ~60 uM, the supplementation of as high as 2.5 g daily of
oral Vitamin C failed to increase it above 80 pM, which was well below the concentrations noted to exert the
anti-cancer effectin vitro'”. This realization was vital in igniting interest in parenteral vitamin C’s anti-
cancer effects. However, significant hurdles persisted. Being a water-soluble vitamin meant that any
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Table 2. Completed early trials with vitamin C in metastatic PDAC

Trial leading group Regimen No. of patients Notable outcomes
Thomas Jefferson University Gemcitabine + Erlotinib + vitamin C TIW 14 Disease control rate 77%
University of lowa Gem + vitamin ¢ BIW 1 PFS 6 months

0OS 12 months
University of Kansas Gemcitabine + vitamin C TIW 12 0S 15.1 months

PDAC: Pancreatic adenocarcinoma; TIW: three times a week; PFS: progression-free survival; OS: overall survival.

parenteral vitamin C delivery is transient as it won’t be stored in the body. Parenteral infusion rate was
optimized to 0.5-1 g/minute, which means a single dose could require several hours. Some pharmacokinetic
studies revealed that therapeutic concentrations would only be sustained for ~4 hours following the
infusion™. This obstacle remains a substantial as lengthy daily infusions are not convenient or sustainable.
That difficulty and lack of a patentable form of the drug to date made further advancement in studying
vitamin C as cancer therapeutic problematic. Despite these impediments, multiple small trials had been
completed as detailed above, but none powered to confirm a statistically significant benefit.

With mounting evidence of good tolerance to vitamin C, and intriguing signs of potential efficacy, it’s
necessary to design more extensive clinical trials to show the effect on response rate, progression-free
survival, and overall survival. Currently, 2 phase II trials are enrolling patients specifically for PDAC. The
first one, PACMAN 2.0 (NCT02905578), is a phase II trial targeting enrollment of 65 patients to receive
Gemcitabine, nab-paclitaxel, and intravenous vitamin C at a dose of 75 mg/m* twice a week. The primary
endpoint is overall survival, with secondary endpoints including PFS and response rate. The other trial, AA
NABPLAGEM (NCT03797443), is Phase IB/II Trial of High Dose Ascorbic Acid + Nab-Paclitaxel +
Cisplatin + Gemcitabine. The phase I portion is a 3+3 design to determine the phase II vitamin C dose out
of 4 dose levels (25, 37.5, 56.25, and 75 g/m®) given twice weekly. The trial plans to enroll 36 patients with
the primary endpoint for the phase II portion being disease control rate at 18 weeks. The results of both
these trials are eagerly awaited and will determine the direction of vitamin C research in metastatic
pancreatic cancer.

ELECTROMAGNETIC THERAPY

Over the last century, the vast majority of medical interventions against cancer were pharmacologic.
However, some have investigated the physical interventions to understand and interfere with the process of
carcinogenesis and metastasis. The majority of the current physical cancer interventions concentrated on
the focal non-discretional damage induced by a physical force of different sound or electromagnetic wave
spectrum elements. An example of sound wave forces is high-intensity ultrasonic therapy. More commonly,
elements across the electromagnetic spectrum have been used in medicine. The prime example of that is the
utilization of forces at both ends of the spectrum, such as gamma and X-ray radiation at one end and
microwave or radio waves at the other end, as explained in Figure 2. Additionally, alternating electric fields
have been used to diagnose, research, and treat numerous medical conditions for many years. Various
frequencies have been used for different bio-physiological effects. Electroporation, which is used in both
research and treatment of cancer, involves multiple frequencies with repetition of short pulses (~100ps) at
either low (1-10 Hz) or high (10 kHz-1 MHz) frequencies. Low-frequency alternating electric fields (< 1
kHz) are used to cause membrane depolarization leading to action potential with applications in
defibrillators, ICD, fracture healing, and electroconvulsive therapy"*?. Higher frequency alternating electric
fields (> 10 MHz) lead to dielectric polarization heating the tissue with clinical application in radiofrequency
or microwave ablation”. Intermediate-frequency alternating electric fields, at frequencies between 10 kHz
and 1 MHz, neither cause significant dielectric losses nor net depolarization. Therefore, a considerable
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Figure 2. The Electromagnetic spectrum. IRE: Irreversible electroporation; H-FIRE: high-frequency electroporation.

interest in researching its medical utility evolved as it doesn’t interfere with heart or nerve excitability or
cause significant heat tissue damage.

The concept of the utilization of electromagnetic fields in cancer therapy has been researched for the past 25
years™. In one of the earlier efforts that highlighted the anti-cancer potential of magnetic fields, a group of
researchers in Italy documented the effect of static and extremely low frequency magnetic fields on
neoplastic cells and xenografts. In these experiments, two neoplastic cell lines (WiDr human colon
adenocarcinoma and MCF-7 human breast adenocarcinoma) and a non-neoplastic cell line (MRC-5
embryonal lung fibroblast) were exposed to variable intensities and frequencies of magnetic fields. A
significant increase in cell death was reported exclusively in the two cancer cell lines. There was an apparent
increase in apoptosis in morphology in treated cancer cell lines compared to the non-neoplastic line. The
treatment of nude mice with WiDr tumors xenografts with daily exposure for 70 min to magnetic fields for
4 weeks caused significant tumor growth inhibition with light microscopic evidence of increased apoptotic
bodies and decreased mitotic bodies in treated xenograft. No toxic morphological changes induced by
exposure were observed in the normal cells such as bone marrow, hepatocytes, or neurons™’.

Tumor-treating Fields (TTFields) emerged as one of the front runner technologies utilizing electromagnetic
fields in cancer therapy. TTFields are low-intensity alternating electric fields with frequencies in the 100-300
kHz delivered through non-contact transducers placed on the skin around the tumor’s anatomic area.
Several hypotheses have been proposed over the last two decades, but the anti-cancer effect’s biological basis
remains an area of active research. In one of the early reports, researchers documented the anti-proliferative
effect of TTFields in vitro and in vivo. The impact of exposing 11 different cancer cell lines, including
human breast, lung, prostate, melanoma, and glioma cancers to TTFields was documented. TTFields
resulted in significant growth inhibition across all cancer cell lines, some of which lasted well past the
therapy duration. This experiment emphasized that optimal electromagnetic intensity and frequency varied
across different cancer types and that no significant effects were noted on non-proliferative cells viability.
Time-lapse microphotography for the treated cell cultures showed mitosis prolongation, cellular destruction
near the completion of the cell separation, and nuclear rotation. Fluorescence labeling of A-tubulin
documented TTFields interference with microtubules’ formation and movement, leading to mitosis arrest in
metaphase. Animal xenograft showed significant growth inhibition. Histopathological analysis of treated
tumors showed extensive necrosis with no significant damage to surrounding tissues”". Similar findings
were reproduced with a later comprehensive report that expanded to additional cell lines and animal
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Additional reports reiterated the proposal that the anti-cancer effect is partly dependent on the
electromagnetic fields” bi-directional forces on highly polar intracellular elements, such as tubulin and
septin molecules. These effects elicit abnormal microtubule polymerization during spindle formation and
aberrant cleavage furrow formation™’. Both of these changes instigate prolonged mitosis, cell death, and
chromosome missegregation. This missegregation is hypothesized to result in aneuploidy and hyperploidy
in cells that escape apoptosis, explaining the long term influence of TTFields on clonogenic survival beyond
the exposure time'®”. Several other reports reaffirmed that the anti-cancer effect of TTFields involves the
direct and indirect impact on septins and, to a lesser degree, actins that lead to mitotic exit and membrane
blebbing during telophase, which in turn leads to the formation of abnormal daughter cells and induction of
cell death in the following interphase®*". However, more recent preclinical reports showed that
interruption of mitosis could not be the sole anti-cancer TTFields mechanism. For instance, several reports
confirmed the additive or synergistic effect of TTFields combined with anti-mitotic chemotherapies or
mitotic checkpoint inhibition**. Additionally, it was documented that TTFields exposure led to
upregulation of autophagy through the AMPK pathway. AMPK depletion resulted in increased sensitization
to TTFields, suggesting autophagy was a survival mechanism". These results indicate that there are other
mechanisms by which TTFields cause cell killing.

A second proposed anti-cancer mechanism is TTFields-induced DNA replication stress and impaired DNA
repair. TTFields had been shown to downregulate Fanconi Anemia pathway genes, including BRCA,
leading to replication stress and limited ability to maintain replication fork stability, which in turn decrease
the speed of DNA replication, and increase replication errors, R-loops formation, and DNA single and
double-stranded breaks culminating in cell death™. This finding was of particular importance because it
highlights the additive or synergistic effect of TTFields when combined with other therapeutics targeting
DNA replication (platinum, PARP inhibitors, radiation, etc.). Furthermore, some in vitro work revealed a
limited heating effect that could be observed on cells during cytokinesis'*'..

The proposed anti-cancer mechanisms above all have a supporting body of evidence. However, they
illuminate the TTFields effect on cancer cells as if they are in an isolated medium. In reality, tumors are in
continuous interaction with the patient systems and microenvironments, and a comprehensive
understanding of the way TTFields interplay within these systems is needed. This insight led to two exciting
hypotheses that attempted to understand the effects of TTFields within cancer-host settings. The first
hypothesis suggested that electromagnetic fields induce immunogenic cell death, causing improved
antitumor efficacy with anti-PD-1 combinations'”. As explained above, some of the TTFields treated cancer
cells that are not arrested in metaphase will have inappropriate chromosomal segregation. This
missegregation, in turn, leads to hyperploid and aneuploid daughter cells, and both of these cell types will
contribute to cancer milieu immunomodulation. On the one hand, hyperploidy is a driver for endoplasmic
reticulum stress and subsequent calreticulin exposure!”. On the other hand, aneuploidy stimulates
autophagy'*. Autophagy results in ATP efflux, a signal that attracts phagocytes such as monocytes,
macrophages, and dendritic cells toward the apoptotic cells'*”. Researchers were also able to show that
TTFields treated cells released high-mobility group box 1, an important piece for the processing and cross-
presentation of antigens that serve as a signal for dendritic cell maturation and TH1 polarization'*””. In this
experiment, the researchers were able to show TTField-induced immune effects in multiple aspects,
including effective phagocytosis for TTFields-treated cells by dendritic cells, dendritic cells maturation in
vitro, and leukocyte recruitment in vivo. As a final point, C57B1/6 mice model implanted with LLC-1 cells
were treated with the combination of TTFields and anti-PD1 revealed significant reduction in tumor
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volumes.

The other interesting hypothesis is related to the electromagnetic field’s proposed ability to interfere with
cancer cells” metastatic properties. TTFields was shown to significantly inhibit invasion assays in glioma,
breast, lung, and colon cancer cell lines". It was notable that the optimal frequency and intensity
combination to inhibit invasion was different from frequency and intensity for optimal proliferation
inhibition. Additional in vitro experiments suggested application of TTFields in vitro led to a significant
reduction in the velocity of cell migration compared with untreated control cells. Cancer cell invasion was
significantly reduced compared to untreated cells in all tested cell lines and highlighted the possible anti-
invasive and anti-metastatic potential for this technology***. A deeper analysis illustrated that TTFields
changed the microtubule assembly and directionality resulting in interference with cancer cell migration
direction™. These results were reinforced by the finding that induced electrical fields caused hindrance of
EGFR-induced breast cancer cell motility and migration utilizing a much lower intensity induced electrical
field”. A simplified illustration summarizing the proposed mechanisms is depicted in Figure 3 below.

In pancreas cancer, TTFields applied in vitro revealed an anti-proliferative effect on pancreatic cancer
cells””. TTFields resulted in increased abnormal mitotic figures and reduced cells in anaphase and
telophase, leading to reduced long-term clonogenicity of these cells even weeks after exposure. Furthermore,
in combination with chemotherapy, TTFields application demonstrated enhanced treatment efficacy with
the addition of gemcitabine, irinotecan, sFU, and paclitaxel””. The same group of researchers applied
TTFields 6 days after implanting orthotopic mouse models using PC-1.0 hamster pancreatic cancer cells for
seven days. Chemotherapy (5FU or gemcitabine) was injected intraperitoneally on the day of TTFields
treatment initiation. Postmortem analysis and tumor imaging using micro-ultrasound demonstrated that
the average tumor volume in animals treated with TTFields was significantly smaller than controls. This
effect was most prominent in combination with chemotherapy"”?. Subsequent postmortem examination of
samples showed a significant increase in abnormal mitotic figures in the treated tumors compared to
control. Based on the preclinical hypothesis of activity, a realistic computational simulation of human
pancreatic cancer demonstrated that mean therapeutic TTFields intensities could be delivered to the site of
the tumor using layouts with one pair of arrays placed on the back and front of the patient and one pair set
on the lateral aspects of the patient delivered two almost perpendicular fields. This contraction yielded
average intensities in the pancreas above the therapeutic threshold of 1 V/em"™. This model set the stage
for testing the modality in the clinic.

CLINICAL EXPERIENCE OF TTFIELDS THERAPY IN PANCREATIC ADENOCARCINOMA

Unlike vitamin C, TTFields have an FDA approval for cancer therapy in the form of Optune device to treat
Glioblastoma multiforme™!. The clinical experience of utilizing TTFields to treat GBM has matured
through several pilot and pivotal trials over the last two decades with consistent favorable safety profile. In a
pilot trial of 10 patients with recurrent GBM who were treated with TTFields monotherapy, the median
time to disease progression (TTP) and OS were more than double reported historical controls with no safety
concerns™. A subsequent large phase 3 trial of TTFields in recurrent GBM, the EF-11 trial enrolled 237
patients with confirmed progression and randomized them to receive either TTFields monotherapy or
physicians choice best active chemotherapy”. Median survival and PFS were comparable between the
TTFields arm and chemotherapy. No concerned safety data were documented with ~15% of patients treated
with TTFields, experiencing mild to moderate scalp dermatitis, the expected side effect of TTFields. The
results of the EF-11 trial confirmed that TTFields therapy was safe and effective and led to the approval in
the US of TTFields in the setting of recurrent GBM. With the favorable safety profile of TTFields proven
with EF-11, combination with chemotherapy was the next step. This led to EF-14 trial - a phase III
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Figure 3. Hypothesized TTFields mechanisms. TTFields: Tumor treating fields.

randomized trial evaluating TTFields combined with Temozolomide in patients with newly-diagnosed
GBM after completion of chemoradiation"””. A preplanned interim analysis found a significant PFS and OS
benefit in favor of TTFields with TMZ. The benefit was sufficient for the independent data and safety
monitoring committee to recommend early termination of the trial and eventually led the FDA to expand
the approval of TTFields to include the setting of newly diagnosed GBM.

The safety and efficacy of TTFields in combination with chemotherapy in advanced pancreatic
adenocarcinoma was first reported in the PANOVA phase II trial. In this open-label phase II, patients
received systemic chemotherapy while wearing a portable medical device pre-programmed to deliver 150
kHz TTFields in two sequential, perpendicular fields’ directions for at least 18 h per day. The primary
endpoint was the safety of TTFields in combination with gemcitabine, or gemcitabine plus nab-paclitaxel.
The trial had multiple secondary endpoints that included PFS and OS as well as compliance with TTFields
therapy. The study enrolled a total of 40 patients. It showed good compliance of 68%-78% of recommended
minimal daily exposure. No systemic toxicity was attributed to the electrical field therapy highlighting the
remarkable safety profile of this modality. The only additional safety concern was a small amount of grade 3
device-related dermatitis that was easily managed, consistent with clinical experience from GBM. The
median PFS for the gemcitabine and nab-paclitaxel TTF cohort was 12.7 months (95%CI: 5.4-NA): 9.3
months in patients with metastatic disease, without being reached in locally advanced patients. PFS at six
months was 65%: 50% in metastatic disease and 87.5% in locally advanced patients. Of the evaluable
patients, 40% had a partial response, and 47% had stable disease for a disease control rate of 87%. The
median OS was not reached, and the 1-year survival rate was 72% (62.5% in metastatic disease and 87.5% in
locally advanced disease)”. These values compare favorably with the historical control of the gemcitabine
nab-paclitaxel regimen (PFS: 5.5, OS: 8.5, 1-Y OS of 35%)*..
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The exciting results of the PANOVA trial led to increased interest in the use of this regimen. Consequently,
a phase III PANOVA -3 trial (NCT03377491) is currently enrolling patients. The trial is designed to test the
efficacy of adding TTFields to nab-paclitaxel and gemcitabine combination in locally advanced unresectable
pancreatic adenocarcinoma (LAPC). The trial is planned to enroll 556 patients with unresectable LAPC (per
NCCN guidelines). Patients will be randomized 1:1 to TTFields plus nab-paclitaxel and gemcitabine or nab-
paclitaxel and gemcitabine alone. TTFields (150 kHz) will be delivered at least 18 h/day until local disease
progression is noted"””.

The results of PANOVA 3 will guide the next step in using TTFields in the unresectable disease and the
metastatic settings. Further understanding of the TTFields induced autophagy role as a survival mechanism
could potentially lead to combinations with autophagy inhibitors as an anti-resistance combination.
Additionally, better delineation of the immunomodulatory effect of TTFields is critical. Immunotherapy
had been disappointing in PDAC in multiple trials"®. Low mutational burden and dense stroma, as well as
the immunosuppressive microenvironment are challenges for effective immunotherapy in PDAC"™. The
possibility of TTFields increasing immunogenic cell death, dendritic cell activation, TH1 polarization, and
increased leukocyte recruitment opens the door to harness the efficacy of immune checkpoint inhibitors.
Concurrently, TTFields investigation in the perioperative setting represents an area of high interest. As
detailed above, multiple in vitro models showed a reduction in migration and metastasis. Also, several
animal studies demonstrated a lessening in the number of metastatic lesions in treated animals. This
theoretical inhibition of metastasis is highly desirable as a concept for PDAC receiving preoperative therapy,
mainly because this treatment is continuous rather than the usual pulsed nature of neoadjuvant
chemotherapy. TTFields also has a favorable safety profile that allows the incorporation of TTFields with
other agents in the neoadjuvant setting, making this strategy highly attractive for a clinical trial. The
perioperative utilization of TTFields is expected to come to fruition soon.

CONCLUSIONS

Pancreatic adenocarcinoma is a highly lethal disease. Meaningful improvements in therapy and outcomes
have been challenging despite several promising early data on several fronts. Hence, the search continues
for innovative, novel, and effective therapeutics.

Intense clinical research efforts are ongoing on several avenues in this disease, with a multitude of
promising strategies on the horizon. Advancements in novel cytotoxic chemotherapies, immunotherapy
combinations, microenvironment modulation, or targeted therapies, among others, represent the majority
of current clinical research. All carry a certain degree of hope and cautious optimism and deserve their time
in the spotlight, evident in their dominance in recent clinical research efforts. In this review, we chose to
highlight novel research efforts that are not typically in the spotlight - pharmacologic vitamin C and Tumor
Treating Fields, both of which have built a growing body of literature supporting their potential to target
PDAC. Multiple anti-cancer mechanisms of action have been proposed for each of them, and all align well
with pancreas adenocarcinoma serving as a suitable target. They share common flaws, as the reported trials
with these agents are all small, underpowered, and preliminary. They also share a similar challenge
regarding optimal and convenient administration. Water solubility of vitamin C represents a significant
challenge regarding its use as frequent dosing is taxing on patients and staff. Tumor Treating Field battery-
powered portable device compliance on a long term basis can likewise be challenging for patients. Despite
all of these issues, there is hope and optimism regarding the ongoing trials, as detailed in Table 3. These
three innovative therapeutics have shown acceptable safety and tolerability with preliminary signs of
encouraging activity. Surely, any successful endeavor is welcome news in the challenging world of
pancreatic adenocarcinoma research.
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Table 3. Selected ongoing clinical trials with non-traditional therapeutics in PDAC

Intervention Trial ID Investigational arm

Vitamin C NCT02905578 Gemcitabine, nab-paclitaxel and intravenous vitamin C TIW
NCT03797443 Gemcitabine + Nab-Paclitaxel + Cisplatin + IV Vitamin C BIW
NCT03146962 Cohort B: IV Vitamin C 4 days/week

TTFields NCT03377491 Gemcitabine+ nab- paclitaxel + TTFields

PDAC: Pancreatic adenocarcinoma; TTFields: tumor treating fields; TIW: three times a week.
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