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Tumor treating fields in neuro-oncology: integration of alternating
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Abstract: As the most recent innovation in cancer therapy that utilizes properties of the electromagnetic

spectrum, tumor treating fields (T'TFields) are non-invasive alternating electrical fields that target

rapidly dividing tumor cells. In the patient, TTFields are delivered as regional treatment via two pairs of

orthogonally positioned transducer arrays applied to the head or elsewhere on the body surface. Side effects

are primarily localized to the skin. Since the initial proof-of-concept study published in 2007, the use of

TTFields has become integrated into the standard-of-care multi-modality treatment of glioblastoma (GBM).

In this review, we summarize the theory behind TTFields and describe how key mechanistic data helped

guide pivotal clinical trials. We also highlight potential future applications.
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Introduction

Devices that exploit the biological effects of the
electromagnetic spectrum have been in use for the
treatment of cancer. They include linear accelerators that
emit ionizing radiation and lasers that produce microwaves
for the thermal ablation of tumors. The therapeutic index
of these treatments is defined by the conformality of the
delivery, as in stereotactic radiosurgery and laser-induced
thermal therapy (LITT), where most of the applied energy
is concentrated at the tumor while sparing adjacent normal
tissues. Consistent with this concept, a third type of device
that emits alternating electric fields at 200 kHz, known as
tumor treating fields (T'TFields), is the newest addition
to this series of devices (Figure I). It works by disrupting
tumor cells as they undergo mitosis by interrupting proteins
with large dipole moments that are critical for executing
cytokinesis and segregation of sister chromatids. Past
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clinical trials have shown efficacy in prolonging survival
of patients and TTFields have been approved by the
United States FDA for the treatment of recurrent and
newly diagnosed glioblastomas (GBMs) in 2011 and 2015,
respectively. In addition, TTFields have been approved for
mesothelioma in 2019 and they are being applied in clinical
trials to other intracranial malignancies such as metastatic
non-small cell lung cancer (NSCLC) as well as extracranial
malignancies including advanced stage NSCLC, pancreatic
carcinoma and ovarian cancer.

The goal of this review is to cover preclinical and clinical
data accumulated thus far on TTFields. The preclinical
data include the direct and indirect mechanisms of action.
A discussion of the quantitative estimation of electric field
distribution by finite element modeling is also included.
Past clinical trial data will be critically evaluated, while
emerging therapies and future directions will also be
mentioned.
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Figure 1 Brain tumor treatments using the electromagnetic spectrum. Conventional ionizing radiation has a frequency in the range of

EHz, or 10" hertz, while LITT uses microwaves in the range of GHz (or 10 hertz). TTFields use a much lower frequency at the 200 kHz
(kHz or 10’ hertz) for GBM. TTFields, tumor treating fields; EHz, exahertz; LITT, laser-induced thermal therapy; GHz, gigahertz; kHz,

kilohertz.

Mechanisms of action

The biological effect of TTFields was first observed by Dr.
Yoram Palti from the Technion University in Israel. When
the frequency of the alternating electric fields was tuned to
100-300 kHz, he observed dividing tumor cells underwent
violent blebbing and eventual cell death (1). This led to
further investigation of the direct and indirect cell biology
effects of this poorly understood frequency band within the
electromagnetic spectrum.

Direct effects of TTFields on cancer cell fate

TTFields directly disrupt the fundamental electro-
mechanical properties that facilitate cell cycle division which
leads to tumor growth. This effect causes cellular blebbing
during mitosis. A series of experiments demonstrated that
maximum blebbing can be induced by TTFields when
the long axis of the dividing cell is aligned parallel to the
direction of the fields (1,2). Furthermore, the response is
also dependent on cell size, with maximal growth inhibition
at a frequency of 200 kHz for cells of smaller size (i.e.,
F98 rat glioma as well as U87 and U118 human glioma
cells) while it is at a slightly lower frequency of 100 kHz
for larger cells (i.e., BI6F1 melanoma cells) (3). Initially,
these cells were thought to undergo apoptotic blebbing.
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However, they did not immediately die or dissociate from
the tissue culture dish. On the contrary, they remained
attached to the bottom of the dish. Immunofluorescent
staining of these cells, using antibodies against microtubules
and DAPI dye for DNA, demonstrated abnormal mitotic
apparati. Multiple aberrant chromosome arrangements
were observed, including polypoid prophase, rosettes,
poorly-separated chromatids in metaphase, multi-spindled
metaphase, single-spindled metaphase, asymmetric anaphase
and disorganized microtubules (Figure 2). These changes
in the architecture of mitotic spindles and chromosomes
were thought to arise from disruption of tubulin complexes.
"This is because tubulin has a large dipole moment of 2,166
Debeyes and it is a building block of microtubules and
mitotic spindles. Although treated cells did not undergo
apoptosis immediately, they eventually died due to
irreversible damage accumulated under prolonged exposure
to T'TFields.

Another important target of TTFields is septin, a large
heterotrimeric protein assembled at the equatorial midline
of the dividing tumor cell during cytokinesis, which occurs
between anaphase and telophase of the M cycle (4). Septin
plays a key role in positioning the cytokinetic cleavage
furrow and governing its contraction at the midline. It has a
large dipole moment of 2,711 Debeyes and therefore makes
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Figure 2 Immunohistochemical staining of aberrant mitotic figures as a result of TTFields. (A-F) Melanoma cells were stained with

monoclonal antibodies for microtubules (green), actin (red), and DNA (blue) demonstrating polyploid prophase (A), rosette (B), poorly

separated metaphase (C), multi-spindled metaphase (D), single-spindled metaphase (E) and asymmetric anaphase (F). Scale bar: 10 pm.

[Reprinted with permission from Reference (1)]. TTFields, tumor treating fields.

it susceptible to displacement by TTFields. Indeed, using
fluorescent antibody under confocal microscopy, septin 7
localization at the midline of MDA-MB-231 and HeLa
cells was reduced at a frequency of 150 kHz but normal at
500 kHz (2). The dispersal of septin results in disorganized
and ectopic contractions throughout the plasma membrane,
causing violent cytoplasmic blebbing seen in the dividing
tumor cell during anaphase and telophase (Figure 3).

The micro-mechanical forces induced by TTFields can
trigger a cytoplasmic stress response in the dividing tumor
cell. This stress response is characterized by mitochondria
with swollen matrices, decreased intracellular ATP
levels, development of autophagosomes and expression
of the endoplasmic reticulum stress marker GRP78 (5,6).
GRP78 is a major mediator of the unfolded protein
response, which is activated by proteotoxic stress in the
endoplasmic reticulum (7). In addition, TTFields applied
to U87 and A172 glioma cells resulted in elevated levels of
phosphorylated AMPK, a sensor of cellular bioenergetics
that is activated by a variety of metabolic stresses and a
master regulator of autophagy (6). Collectively, the data
indicate that T'TFields induce cytoplasmic stress in dividing
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tumor cells and cause stress-related adaptive responses that
can be exploited therapeutically.

The application of TTFields also increases membrane
permeability of tumor cells. Bioluminescence imaging
revealed that T'TFields treatment of U87 glioma cells
increases their uptake of 5-aminolevulinic acid or a fusion
protein of GFP and firefly luciferase after 6 hours (8).
Scanning electron microscopy also revealed an increase in
the number and size of membrane pores (8). Interestingly,
there is an upper limit to the size of the induced membrane
pores and the largest ones only allow the diffusion of
proteins with a maximum molecular weight of 40 kDa (8).
This process is also reversible within 24 hours after
termination of T'TFields (8).

Although TTFields primarily affect cytoplasmic proteins,
they also influence the genome integrity of treated cells. This
may be a result of the disruption of the regulatory proteins
that shuttle back-and-forth between the cytoplasm and the
nucleus. Indeed, in a series of NSCLC cell lines, TTFields
treatment resulted in diminished repair of DNA double-
strand breaks as a result of downregulated BRCA1 signaling,
with some of the cell lines (i.e., H157 and H4006) more
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sensitive than others (i.e., A549, H1650 and H1299) (9).
Gene expression analysis revealed reduced expression of
important regulators of mitosis and genes for replication
stress under TTFields (10). This causes delayed DNA
damage repair when both TTFields and ionizing radiation
were applied to U118 and LN18 glioma cell lines (11).

Indirect effects of TTFields and their therapeutic potential

The direct effects of T'TFields may condition the tumor
cells to make them more susceptible for treatment when
combined with other types of anti-cancer modalities.
First, T'TFields may improve outcomes for bulk surgical
resection through enhanced uptake of fluorescent
ligands that delineate tumor boundaries. Specifically,
S-aminolevolenic acid, an FDA-approved ligand for
fluorescence-guided surgical resection, had enhanced
permeability in human GBM cell lines treated with
TTFields compared to non-treated cell lines (8). Normal
human cells did not demonstrate a T'TFields-specific
increase in 5-aminolevolenic acid uptake, suggesting that
the application of pre-operative T'TFields may help to
improve the surgical excision of GBM (12,13).

Another important TTFields pre-conditioning of tumor
cells is associated with the diminished repair of DNA
double-strand breaks (9,11). Since an important effect of
ionizing radiation is the induction of double-strand breaks,
the use of TTFields during or shortly after completion of
radiation in the patient may potentially augment the anti-
tumor effect of radiation. Indeed, preclinical experiments
have shown a synergistic anti-glioma effect when
T'TFields were applied after radiation and this is a result
of delayed repair of radiation-induced DNA damage (11).
Similarly, the combination of TTFields with traditional
chemotherapeutic agents, such as paclitaxel, doxorubicin,
cyclophosphamide, pemetrexed, cisplatin and bleomyecin,
has been shown to augment cytotoxicity in at least an
additive fashion (11,14,15).

Activation of the immune system is another important
effect of TTFields. A number of preclinical experiments
have demonstrated the induction of immunogenic
cell death of tumor cells by TTFields and this effect
is augmented when combined with anti-PD1 therapy
(16,17). This synergy is mediated by the expression of
calreticulin on the surface of tumor cells and the secretion
of alarmin HMGBI1 into the tumor microenvironment
(17-19). Supporting the notion of immune activation, the
implantation of VX-2 tumors in the renal capsule of rabbits
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and the application of TTFields to the kidneys decreased
the number of lung metastasis in these animals (14), making
this phenomenon similar to the known abscopal effect
from ionizing radiation (20). In addition, the use of higher
doses of immunosuppressant dexamethasone in patients can
potentially negate the benefit of TTFields (21).
Understanding the direct and indirect effects of
TTFields on cancer cells and the interactions within the
tumor microenvironment will help the design of future
combination therapies. Current methodologies to study
the mechanistic effects of TTFields include the Inovitro
apparatus for applying alternating electric fields in
customized tissue culture dishes as well as the Inovivo device
for such application in rodent tumor models. Collectively,
the data so far from both iz vitro and in vivo experiments
point to synergism with traditional anti-cancer therapies.

Electric field modeling

The intensity of alternating electric fields delivered in cell
culture experimentation correlates with the number of
disrupted tumor cells in mitosis (1). The iz vitro distribution
of the fields is uneven and the greatest disruption was
observed when the fields are parallel to the long axis of the
dividing cells; there is minimum disruption when applied
perpendicular to the cells. The set up in the Inovitro
apparatus consists of two pairs of opposing parallel plates
oriented orthogonal to each other (22). Therefore, the
number of disrupted cells is maximum at the center of
the dish and minimum at each of the 4 corners. This
arrangement mimics the transducer arrays placement in
patients (23). Although the arrays have a fixed delivery of
TTFields at 1 V/m and this intensity cannot be adjusted,
the fields can be either higher or lower than this value once
they penetrate into the intracranial compartment. This is
due to the “wave-like” property of alternating electric fields
and the presence of two pairs of transducer arrays on the
patient’s scalp. When two opposing waves converge, they
can summate when they are in phase or cancel out when
they are out of phase. In addition, the intensity of the fields
also depends on a number of factors, including (I) the local
tissue properties, with conductivity (the ability to pass
charges) more influential than permittivity (the ability to
hold charges), (II) the geometry of the interface between
tissues with different conductivity values, and (III) proximity
to the transducers on the scalp. Because of these complex
interactions, the quantification of TTFields at the gross
tumor volume (GTV) cannot be solved analytically and can
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Figure 3 TTFields disrupt septin localization leading to mitotic exit and eventual cell death. In anaphase, septin 2, 6, 7 complexes are

recruited to the spindle midline and form a fibrous lattice through lateral interactions between parallel septin filaments (top panel: A, B);

this facilitates contractile elements within the cytokinetic furrow to facilitate progression to telophase/cytokinesis (top panel: C); TTFields

induce rotational movement within the parallel fibers at a slightly more than a right angle to their lateral axis. As such, the alternating

electric fields (arrows) blocks lattice formation by disrupting the binding of individual fibers to each other (bottom panel: A, B, D); in the

absence of proper septin function, contractile elements of the cytokinetic furrow are dispersed from the equatorial midline of the cell,

resulting in ectopic furrow malfunction that leads to violent membrane contractions at the onset of anaphase followed by aberrant mitotic

exit (bottom panel: C). TTTFields, tumor treating fields.

only be determined by computational approximation.
Finite element analysis is a method often used to
approximate T'T'Fields in the intracranial space. There
are two approaches that are available for this analysis:
(I) segmentation of the intracranial structures of each
individual patient (23) or (II) segmentation of only the GTV
that is subsequently incorporated into an idealized brain
model (24). The first approach requires the importation
of DICOM images of post-acquisition MRI MP-RAGE,
T1 and T2 sequences into a segmentation software that
allows the delineation of various brain structures along
with the GTV and the necrotic core within the GTV.
Upon completion of segmentation, a three-dimensional
finite-element mesh is generated and the meshed brain
model is then exported to a Multiphysics solver for finite
element analysis (Figure 4). The second approach is similar
to the first except for the assumption that the variability
of the intracranial structures is minimal, and the scalp
and calvarium have similar thicknesses between patients.
Therefore, only the GTV is contoured and segmented, and
a three-dimensional mesh is generated from the segmented
GTV that is incorporated into a common brain background.
The key difference between the two approaches is that the
first takes into account patient heterogeneity of intracranial
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neuroanatomical structures but the process of contouring
various structures is time-consuming. In contrast, the second
approach takes less time to achieve a three-dimensional
mesh because the contoured idealized brain can be applied
to multiple patients—only the GTVs are different among
individual patients—and therefore this process saves time.
There is yet no comparative study to determine which
approach provides a more accurate measure of T'TFields at
the GTV or at various intracranial structures.

Plan Quality Metrics such as the electric field-volume
histogram (EVH) can be used to quantitatively compare
TTFields coverage and intensity between models derived
from the same individual or from different patients. These
metrics include area under the curve of the GTV or a
particular structure in the EVH (E,yc¢), the percentage
volume receiving at least 150 V/m (Vg,50) and the magnitude
of electric field strength encompassing 95% (Eos.,), 50%
(Eso9) or 20% (E,g9,) of the GTV or a particular structure’s
volume (Figure 4) (25). Other metrics that can be used for
quantitative comparisons include the specific absorption
ratio-volume histogram and the current density-volume
histogram (25,26). Collectively, these parameters can
provide valuable insights on the effect of T'TFields at the
GBM or other intracranial sites.
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Figure 4 TTFields treatment planning and Plan Quality Metrics. The post-gadolinium T1-weighted image was used for autosegmentation

and contouring of the GTV and other intracranial structures (A); a heatmap is generated delineating the electric field intensity within the

brain (B); the EVH reveals the volume-dose relationship in the GTV (C) and other intracranial structures (D). TTFields, tumor treating

fields; GTV, gross tumor volume; EVH, electric field-volume histogram.

Results of past and present clinical trials

The first-in-human study to demonstrate safety and
feasibility of TTFields was conducted in 10 patients
with recurrent GBM (3). Treatment-related adverse
events consisted of mild to moderate dermatitis on the
scalp in 9 of 10 patients. The entire cohort had a median
progression-free survival (PFS) of 26.1 weeks, median
overall survival (OS) of 62.2 weeks and 1-year survival
rate of 68%, which was promising when compared to
the benchmark PFS of 10 weeks, OS of 30 weeks and
1-year survival rate of 21% (27). The favorable results
from this pilot study led to the implementation of the
EF-11 randomized phase III clinical trial for recurrent

GBM patients (NCT00379470) (28). The EF-11 clinical

© Chinese Clinical Oncology. All rights reserved.

trial included 237 patients with a median age of 54 and
Karnofsky Performance Score (KPS) of 70. Primary
endpoint was OS with secondary endpoints evaluating
PES at 6 months, 1-year survival, radiologic response
rate and quality of life. Comparisons were made to a
similar baseline control group receiving physician’s
choice chemotherapy. The results showed that TTFields
monotherapy was non-inferior to physician’s choice
chemotherapy, and with improved treatment tolerability
and significantly fewer adverse events. There was a trend
towards improved OS, 6.6 vs. 6.0 months, but it was not
statistically significant (28). Nevertheless, the trial data was
presented to the United States FDA in a panel meeting
convened in 2011 and received a positive review based
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Figure 5 Kaplan-Meier survival curves showing a survival benefit for patients in EF-14. (A) Median PFS from randomization for the

TTFields plus temozolomide group was 6.7 months and was 4.0 months for the temozolomide alone group (HR: 0.63; 95% CI: 0.52-0.76;

P<0.001); (B) median OS from randomization was 20.9 for the TTFields plus temozolomide group vs. 16.0 months for the temozolomide
alone group (HR: 0.63; 95% CI: 0.53-0.76; P<0.001). Median follow up was 44 (range, 25-91) months in both groups. (Reprinted with

permission from: Stupp R, Taillibert S, Kanner A, er al. Effect of tumor-treating fields plus maintenance temozolomide vs maintenance

temozolomide alone on survival in patients with glioblastoma: a randomized clinical trial. JAMA 2017;318:2306-16.). TTFields, tumor

treating fields; HR, hazard ratio; PFS, progression-free survival; OS, overall survival.

on the better toxicity profile compared to chemotherapy.
TTFields treatment was therefore first approved in 2011
for use in patients with recurrent GBM.

Shortly after the initial FDA approval of the Optune”
device that delivers T'TFields, a patient registry was
established to capture treatment outcome. The Patient
Registry Dataset (PRiDe) collected data on 457 patients who
received T TFields for their recurrent GBM. Interestingly,
PRiDe patients had a longer median OS than those in the
TTFields monotherapy arm in EF-11, 9.6 vs. 6.6 months
respectively (29). Even though the two populations are not
statistically comparable because they received treatments
under different conditions and at asynchronous time points,

M

it is still remarkable that the PRiDe patients appeared to
live much longer and there are a number of explanations
for that. First, compared to EF-11, a higher proportion of
patients in PRiDe received T'TFields at first recurrence,
9% ws. 33%, rather than at third to fifth recurrence, 43%
vs. 27%, respectively (29). Second, patients in PRiDe most
likely received other concurrent treatments, including
stereotactic radiosurgery, chemotherapies, bevacizumab or
any of the combination, but these data were not captured in
the dataset. Despite its limitation, PRiDe offers a glimpse
of patient outcome as TTFields were used in real-world
clinical settings. It confirmed the positive prognostic factors
previously identified in the post hoc analysis of EF-11,
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which were treatment compliance of >75%, first or second
recurrence and higher KPS; the only negative prognostic
factor was prior bevacizumab use (30).

The next randomized clinical trial, EF-14 (NCT00916409),
expanded the subject population to patients with newly
diagnosed GBM, comparing treatment with TTFields plus
adjuvant temozolomide versus temozolomide alone (31).
"This trial was the largest in neuro-oncology at the time and
included a total of 695 patients who had already completed
initial radiation therapy with concomitant temozolomide.
The study arms had 466 patients in the T TFields plus
adjuvant temozolomide group versus 229 patients in the
temozolomide alone group in a 2:1 ratio. The primary
endpoint was PFS, with results demonstrating an increase
in the PFS of 3.1 months in the population treated with
TTFields and adjuvant temozolomide compared to those
who received temozolomide alone [7.1 vs. 4.0 months;
hazard ratio (HR): 0.62; P=0.001]. Secondary endpoints
included OS (20.5 vs. 15.6 months; HR: 0.64, P=0.004) and
2-year survival (43%, 95% CI: 36-50% vs. 29%, 95% CI:
21-38%) (31) (Figure 5). Quality of life was maintained in the
TTFields arm without documentation of significant toxicity
or adverse events. Based on these data, the FDA approved
in 2015 TTFields in combination with temozolomide for
newly diagnosed GBM following initial surgery and radiation
therapy with concomitant daily temozolomide (31).
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The EF-14 trial also included a robust health-related
quality of life assessment using the European Organization
for Research and Treatment of Cancer (EORTC) QLQ-C30
questionnaires (32). No significant difference was seen
between the two cohorts except for scalp irritation in the
TTFields-treated subjects (33). Measures for global health
status, physical functioning, emotional functioning, pain and
leg weakness all favored the T TFields-treated group, while
role and social functioning were not affected by TTFields
(33,34). Therefore, when added in the adjuvant setting,
TTFields did not have a negative influence on patients’
health-related quality of life except for scalp pruritis.

A number of post hoc analyses were performed from the
EF-14 dataset. First, T'TFields compliance was again an
important prognostic factor. There was a linear relationship
between percent compliance and OS, starting with a median
OS of 18.0 months at 50-60% compliance to 24.9 months
at >90% compliance; those achieving a compliance of >90%
had a 5-year survival rate of almost 30% (35). Second,
dosimetry analysis showed a correlation between T TFields
power density and survival. Power density is calculated
as the product of TTFields intensity, tissue-specific
conductivity and treatment compliance. The OS and PFS
were significantly prolonged when local minimum power
density at the GTV was >0.77 mW/cm’ (36). However, only
340 (73 %) of the entire T TFields-treated population (n=466)
had MRI qualities acceptable for analysis and the inclusion
of the missing data could potentially alter the significance of
this correlation. Furthermore, the outcome of this analysis
remains to be confirmed in a validation cohort.

There is immense enthusiasm in combining TTFields
with currently available therapies for recurrent GBM and a
number of studies have documented the use in this fashion
(1able 1). An objective response with a 50% decrease in
tumor size was observed in a patient treated with TTFields
in combination with 6-thioguanine, lomustine, capecitabine
and celecoxib (37). A retrospective review was also
conducted in 48 patients with recurrent GBM who received
TTFields in conjunction with either a triple-drug regimen of
bevacizumab, irinotecan and temozolomide or bevacizumab-
based regimens consisting of bevacizumab with or without
irinotecan or lomustine. Patients treated with T'TFields and
triple-drug regimen had an improved survival compared to
those treated with any of the bevacizumab-based regimens,
with a median PFS of 6.6 vs. 5.1 months and a median OS
of 32.5 vs. 17.8 months, respectively (38). At the very least,
these studies showed that combining TTFields and other
conventional modalities of treatment is safe and without
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unexpected toxicities. Therefore, TTFields combination
therapies are now being addressed in several prospective
studies, with a specific focus on TTFields in combination
with bevacizumab for recurrent GBM (NCT02663271,
NCT01894061 and NCT01925573) as well as TTFields
with stereotactic radiosurgery (NCT01925573). For
patients with newly diagnosed unresectable GBM, there
is a study evaluating the combination of T'TFields with
bevacizumab and temozolomide (NCT02343549). In
addition, there are several clinical trials that are currently
studying an adjunct role for immune-modulatory
therapy and TTFields in GBM. One trial is studying
the effect of personalized mutation-derived antigen
vaccine in combination with T'TFields after radiation and
chemotherapy (NCT03223103). Another trial is currently
recruiting patients with recurrent GBM to study the role of
TTFields in combination with nivolumab with or without
ipilimumab (NCT03430791). For patients with newly
diagnosed GBM, there is a trial investigating the effect of
combining pembrolizumab with T'TFields and adjuvant
temozolomide (NCT03405792).

A number of non-therapeutic trials are aimed to identify
imaging and pathology biomarkers in the GBM population
treated with TTFields. For example, a study using high-
resolution MRI seeks to identify imaging parameters as
potential predictors of response to T'T'Fields (NCT02441322).
Gene expression changes and pathological changes are also
being studied in patients with newly diagnosed or recurrent
GBM who were treated with TTFields (NCT01954576 and
NCT01954576).

Clinical trials using TTFields are also being conducted
for the treatment of malignancies other than GBM (7able 1),
including brain metastases from NSCLC or METIS
(NCT02831959), stage IV systemic NSCLC following
platinum failure or LUNAR (NCT02973789), locally
advanced pancreatic carcinoma with gemcitabine-based
treatment or PANOVA (NCT01971281), and platinum-
resistant ovarian cancer with weekly paclitaxel or
INNOVATE (NCT03940196). In addition, a single-arm
phase II study of TTFields with pemetrexed and platinum
agent for malignant pleural mesothelioma has been
completed (NCT02397928) and the United States FDA
has approved the use of NovoTTF'™-100L system in this
population in 2019 (39).

Emerging therapies and future directions

Based on the known mechanisms of action of TTFields,
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Table 1 Summary of clinical trials incorporating TTFields with combination therapies for GBM and other malignancies
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Trial

Phase

Combination therapy

Disease

Primary outcome

TTFields in GBM

NCT02663271 Phase Il (multi-center,  Bevacizumab (pulsed) Bevacizumab-refractory oS
single arm) GBM
NCTO01894061 Phase Il Bevacizumab Recurrent GBM PFS
(bevacizumab-naive)
NCT01925573 Pilot Bevacizumab + stereotactic Recurrent GBM Adverse events
radiotherapy (bevacizumab-naive)
NCT02343549 Phase Il Bevacizumab + temozolomide Newly diagnosed, Survival at 12
unresectable GBM months
NCT03223103 Phase la/Ib Mutation-derived antigen vaccine Newly diagnosed GBM Dose-limiting
toxicities
NCTO03430791 Phase Il Nivolumab with or without Recurrent GBM Objective response
ipilimumab rate
NCT03405792 Phase Il Pembrolizumab with adjuvant Newly diagnosed GBM PFS

temozolomide

TTFields in other malignancies

NCT02831959 Phase llI Following stereotactic radiosurgery Brain metastases from Time to intracranial
(METIS) NSCLC progression
NCT02973789 Phase llI Standard therapies for stage IV Stage IV systemic NSCLC (O]

(LUNAR) NSLCL following platinum failure

NCT01971281 Phase Il Gemcitabine-based treatment Locally-advanced Adverse events,
(PANOVA) pancreatic carcinoma feasibility
NCT03940196 Phase llI Paclitaxel-based treatment Platinum-resistant ovarian (O]

(INNOVATE) cancer

NCT02397928 Phase Il Pemetrexed and platinum-based Malignant pleural 0s

(STELLAR) treatment mesothelioma

TTFields, tumor treating fields; GBM, glioblastoma; PFS, progression-free survival; OS, overall survival; NSCLC, non-small cell lung cancer.

it is possible to rationally combine this therapy with other
modalities of anti-cancer treatment. First, the direct anti-
mitotic effect can potentially be augmented by the addition
of other cytotoxic chemotherapies. For example, the
combination of TTFields plus paclitaxel, doxorubicin or
cyclophosphamide exerted an additive anti-mitotic effect on
cell culture experiments (14,15). This additive effect observed
in the preclinical setting translated into a survival benefit
among newly diagnosed GBM patients in the registration
randomized phase III study comparing adjuvant TTFields
plus temozolomide versus temozolomide alone (31). The
additional clinical benefit of TTFields remains to be
determined in the ongoing PANOVA study when TTFields
is added to paclitaxel and gemcitabine for locally advanced
pancreatic adenocarcinoma (NCT01971281). Radiation is

© Chinese Clinical Oncology. All rights reserved.

another relevant combination that may directly result in an
additive or synergistic anti-cancer effect. Radiation causes
damage in DNA and generation of oxygen radicals, both
of which can potentially augment the anti-mitotic effect of
TTFields. Specifically, preclinical investigation has shown
that TTFields delays radiation-induced DNA damage repair
in GBM cells (11). Two phase I studies explored the feasibility
of concurrent T'TFields during the upfront radiation and
daily temozolomide treatment of newly diagnosed GBM
patients (40,41). Therefore, fractionated radiotherapy and
TTFields could potentially act synergistically to prolong
survival in the GBM population. Furthermore, single-
fraction or hypofractionated stereotactic radiosurgery
delivers a large dose to metastases in a conformal fashion.
Therefore, stereotactic radiosurgery and T'TFields could

Chin Clin Oncol 2021;10(4):36 | http://dx.doi.org/10.21037/cc0.2020.02.04
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also act synergistically in the population with brain metastasis
from systemic malignancies.

Second, another strategy for treatment combination with
TTFields utilizes the indirect effect of immunogenic cell
death. The stress imposed onto tumor cells during mitosis
results in the secretion of HMGBI1, a DNA-damage response
signal, into the tumor microenvironment as well as the
expression of calreticulin onto the surfaces of tumor cells (18).
Together, both processes allow the tumor cells to be
recognized by the immune system, assuming that the patient
still has intact anti-tumor immunity. HMGBI recruits tumor-
associated macrophages and biases them towards the M1
phenotype, inducing a proinflammatory anti-tumor response
by the secretion of cytokines and activation of cytotoxic
lymphocytes. Therefore, the combination of TTFields and
checkpoint inhibitor may offer a superior anti-GBM effect
than TTFields alone. By removing the inhibitory effect on
anti-tumor immunity, checkpoint inhibitors enable T effector
cells to exert a more robust anti-tumor effect.

The pro-inflammatory anti-tumor response to T TFields
can be attenuated by large doses of dexamethasone. Indeed,
dexamethasone at doses higher than 4 mg is associated
with the decreased survival in GBM patients (37). Other
known immunosuppressants, such as rapamycin and
everolimus, are also contraindicated in this population (42).
Therefore, meticulous attention to limit the use of
dexamethasone, as well as other immunosuppressants, is
prudent in the management of the GBM population. In
addition, drugs that can thwart the actions of cells that
carry out immunosuppressive functions within the tumor
microenvironment are probably beneficial in maximizing
treatment efficacy. For example, COX-2 inhibition
can block the local synthesis of prostanoids that enable
the survival of regulatory T cells (Tregs) and myeloid
derived suppressive cells (MDSCs), both of which exert
their immunosuppressive functions either directly or
indirectly within the local tumor microenvironment (43).
Furthermore, 5-fluroururacil (5-FU) is a cytotoxic agent
that can readily cross the blood brain barrier and is toxic
to MDSCs. But the concentration of this drug within the
local tumor microenvironment may not be achievable by
routine intravenous or oral administration. Therefore, a
gene therapy approach involving the injecting a replication
defective retrovirus vocimagene amiretrorepvec that
delivers an enzyme adenosine deaminase and taking an oral
formulation of 5-flurocytosine (5-FC) that can be readily
converted to 5-FU by the enzyme may result in a higher
local level of 5-FU (44). However, a phase III randomized

© Chinese Clinical Oncology. All rights reserved.
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study of vocimagene amiretrorepvec in recurrent high
grade gliomas did not result in a survival advantage when
compared to physician’s choice salvage chemotherapies (45).
Nevertheless, the addition of specific COX-2 celecoxib or
local gene therapy approach that results in a higher local
levels of 5-FU may potentiate the efficacy of TTFields.

Conclusions

TTFields have evolved from an observed laboratory
phenomenon to bona fide treatment for GBM and other
malignancies. The anti-cancer effect of T'TFields is based on
disruption of tumor cell mitosis at anaphase and telophase,
triggering a cascade of downstream direct or indirect effects
that interfere with tumor growth and activate antitumor
immunity within the patient. The clinical efficacy of
TTFields was first demonstrated in the treatment of GBM
when applied together with adjuvant temozolomide in the
newly diagnosed population. An additional indication for
the treatment of malignant pleural mesothelioma was also
approved recently. Furthermore, randomized clinical trials
are being conducted for brain metastasis and other systemic
malignancies. Therefore, TTFields will likely become one
of the pillars of anti-cancer therapies alongside surgery,
radiation, chemotherapy and immunotherapy.
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