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Abstract

Glioblastoma (GBM) is the most common primary brain tumor in adults and
continues to portend poor survival, despite multimodal treatment using surgery
and chemoradiotherapy. The addition of Tumor Treating Fields (TTFields) to stan-
dard therapy has been shown to extend survival for patients, leading to the clinical
approval of this approach by the FDA. TTFields represent a non-invasive anticancer
modality consisting of low-intensity, intermediate-frequency alternating electric
fields. It exhibits a broad mechanism of action by disrupting a multitude of biological
processes, including cell proliferation, DNA repair, cell permeability, and immuno-
logical responses, to elicit therapeutic effects. This chapter describes advances in our
current understanding of the mechanisms by which TTFields mediate anticancer
effects. Additionally, we summarize the landscape of TTFields clinical trials across
brain tumors and consider how emerging data might inform future clinical applica-
tions for TTFields.

Keywords: glioblastoma, GBM, tumor treating fields, TTFields, brain tumor, clinical
trials

1. Introduction

GBM is the most common and aggressive type of primary brain tumor. It is
responsible for most of the roughly 200,000 deaths worldwide from central nervous
system tumors each year [1]. Even with maximum surgical removal of the tumor
followed by radiation therapy and chemotherapy with temozolomide (TMZ), the
average survival time is about 15 months [2]. This situation has not improved signifi-
cantly in recent decades, highlighting the urgent need for more effective treatments
for this devastating disease.

TTFields, with the market name of Optune Gio by Novocure, are a new non-
invasive cancer treatment that uses low-intensity (1-3 V/cm), intermediate-frequency
(100-300 kHz) alternating electric fields. These electric fields apply physical forces
on charged and polar molecules in the body. The effectiveness of TTFields therapy
depends on the duration of treatment, with evidence showing that using TTFields for
more than 18 hours a day improves survival [3]. The frequency of the electric field
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also matters and varies by cancer type. For glioma cells, TTFields are most effective at
an optimal frequency of 200 kHz [4].

Two key clinical trials, EF-11 and EF-14, have been instrumental in the FDA’s
approval of TTFields for treating recurrent and newly diagnosed GBM (ndGBM)

[5, 6]. The EF-11 trial showed that TTFields are effective for patients with recurrent
GBM, while the EF-14 trial demonstrated that adding TTFields to the standard TMZ
treatment significantly increased the median overall survival (mOS) by 4.9 months
and median progression-free survival (mPFS) by 2.7 months in patients with ndGBM,
without adding significant side effects. These results led to the FDA’s approval of
TTFields for ndGBM in 2015, marking a significant advancement in GBM treatment.

TTFields work by affecting several critical processes within cancer cells, such
as cell division, DNA repair, autophagy, immune responses, and cell membrane
permeability. Early data suggest that combining TTFields with other treatments, like
radiotherapy, chemotherapy, and immunotherapy, may improve their effectiveness.
Ongoing research and clinical trials are exploring its use in brain metastases and vari-
ous extracranial tumors.

In summary, TTFields represent a significant advance in the treatment of GBM
and potentially other brain tumors. Ongoing research into mechanisms of action and
optimization of clinical use holds great promise for improving outcomes for patients
facing these challenging diagnoses.

2. Mechanism of action using TTFields to treat brain tumors
2.1 TTFields disrupt mitotic processes

Mitosis disruption is one of the first anti-tumoral mechanisms identified. Studies
have shown that the proliferation rate of the cells is more sensitive to TTFields-
induced cell death [7]. Specifically, TTFields interact with key components involved
in cell division, particularly proteins with high dipole moments such as tubulin and
septin, disrupting critical stages of mitosis.

During metaphase, tubulin dimers in cancer cells align to form microtubules,
essential for the mitotic spindle. TTFields cause these tubulin molecules to oscillate
and spin due to the alternating electric fields, leading to instability in microtubule
polymerization. This results in errors in spindle assembly and abnormal geometric
shapes, causing delays in mitosis and the formation of cells with incorrect numbers
of chromosomes (aneuploidy) [7, 8]. As mitosis progresses to anaphase, TTFields
continue their disruptive action. Septin proteins, which help form the contractile
ring necessary for cell division, are affected by the electric fields. TTFields interfere
with the proper localization and function of septin, causing disorganized contraction
of the cell membrane. This leads to membrane blebbing (bubbling) and ultimately
disrupts cell division, leading to cell death [9].

In telophase, TTFields generate concentrated electric fields at the cleavage furrow,
where the cell division is set to occur. This creates a dielectrophoretic effect, pushing
charged macromolecules and organelles toward the narrowest part of the dividing
cell. The increased pressure and disrupted organization lead to cell rupture and death
[10]. Beyond these direct effects on mitotic structures, TTFields also influence the
broader cellular environment. They reduce the stability and expression of CDK2-
associated RNA (CDK2-AS1), which is crucial for cell cycle progression, leading to
cell cycle arrest in the G1 phase and further preventing tumor cell proliferation [11].
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2.2 TTFields impair DNA damage repair

Impaired DNA damage repair is another hallmark of TTFields. DNA repair is a
crucial process that allows cells to fix damage caused by various factors, including
radiation and chemotherapy. By interfering with this process, TTFields enhance the
susceptibility of cancer cells to these treatments, leading to increased cell death and
improved treatment outcomes.

One of the primary ways TTFields impair DNA repair is by inducing replication
stress. The electric fields generated by TTFields create physical forces that interfere
with the normal progression of DNA replication, leading to the formation of R-loops.
These R-loops, which are RNA-DNA hybrid structures, act as markers of replication
stress and hinder the proper repair of DNA double-strand breaks. This disruption of
DNA replication increases the accumulation of DNA damage in cancer cells, making
them more vulnerable to additional stressors [12].

Moreover, TTFields downregulate the expression of crucial DNA repair genes,
such as BRCA1 and BRCA?2 [13]. These genes play an essential role in homologous
recombination, a process that accurately repairs DNA double-strand breaks. The
reduction in BRCA1 and BRCA2 expression compromises the ability of cancer cells to
repair damaged DNA effectively. This impairment is particularly significant because
it makes cancer cells more sensitive to treatments that induce DNA damage, such as
radiation therapy and certain chemotherapeutic agents like temozolomide [14, 15].
Poly ADP-ribose polymerase (PARP) is a protein involved in single-strand DNA break
repair. While TTFields robustly activate PARP-mediated DNA repair in glioma stem
cells (GSCs), concomitant exposure to PARP inhibitors leads to the accumulation of
DNA damage and ultimately cell death, especially in cells already deficient in other
DNA repair pathways [16].

Studies have shown that cancer cells treated with TTFields exhibit more signifi-
cant and prolonged DNA damage when combined with ionizing radiation [17, 18].
This combination results in a higher number of YH2AX foci, markers of DNA
double-strand breaks, indicating increased DNA damage. Preliminary data suggest
that applying TTFields prior to or concurrently with radiotherapy shows increased
sensitivity compared to TTFields administered after radiation therapy iz vitro [13].
Whether this holds true clinically is currently undergoing validation.

2.3 TTFields increase permeability of cell membranes

TTFields create mechanical stresses and forces on the cell membrane, causing
disruptions in its integrity. The electric fields can alter the arrangement and function
of membrane proteins and lipids, leading to the formation of transient pores. These
pores increase the permeability of the cell membrane, allowing for greater influx of
multiple agents such as Dextran-FITC, ethidium D, or 5-aminolevulinic acid (5-ALA)
by measuring increased bioluminescence or scanning augmented number (53.5 + 19.1
vs. 23.9 + 11.0) and size (240.6 + 91.7 nm” vs. 129.8 + 31.9 nm”) of holes on the cel-
lular membrane [19]. Additionally, there is a significant increase in the uptake of
membrane-associating reagents with a size of 20 kDa, and no larger than 50 kDa, into
glioma cells with TTFields. These changes are reversible and return to normal within
24 h of ceasing TTFields treatment [19].

One significant effect of increased cell membrane permeability is the enhanced
uptake of chemotherapeutic drugs. Cancer cells exposed to TTFields show higher
intracellular concentrations of drugs like Withaferin A. This increased drug
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concentration within the cancer cells enhances the efficacy of chemotherapy, leading
to synergistic treatment outcomes [20].

Additionally, TTFields can also affect the transport of ions and other small
molecules across the cell membrane. The electric fields can modulate the activity
of ion channels and transporters, altering the intracellular ionic environment. This
disruption can lead to changes in cell signaling pathways, further sensitizing cancer
cells to therapeutic interventions. For example, increased calcium influx due to
TTFields can activate Ca, 1.2 channels that promote GBM cell death providing the
rationale to combine TTFields therapy with Ca’* antagonists that are already in
clinical use [21].

Moreover, the increased permeability of the cell membrane caused by TTFields
may enhance the delivery of other therapeutic agents, such as targeted drugs and
nanoparticles [22]. The ability of TTFields to create transient pores in the cell mem-
brane can facilitate the entry of these agents into the cancer cells, improving their
therapeutic efficacy. This has significant implications for the development of com-
bination therapies that utilize TTFields to enhance the delivery and effectiveness of
novel anticancer agents.

2.4 TTFields disrupt the blood brain barrier (BBB)

The BBB is a selective barrier that protects the brain from harmful substances
in the bloodstream while allowing essential nutrients to pass through. However,
this protective function can also hinder the delivery of therapeutic agents to brain
tumors, posing a challenge for effective treatment [23]. TTFields have been shown
to disrupt the integrity of the BBB in several ways, thereby enhancing the delivery
of chemotherapeutic drugs and other therapeutic agents to the central nerve
system (CNS).

The concept was first tested by a group using low-voltage pulses (5-100 V) to an
external human BBB model. Although the exact mechanism was unclear, the paracel-
lular pathway was affected, leading to a brief breach of the BBB [24]. Salvador et al.
explored the effects of TTFields on the BBB and found that TTFields resulted in a
reversible opening of the BBB. In their iz vitro experiments using mouse cerebellar
microvascular endothelial cells, immunofluorescence analysis showed that the tight
junction (TJ) protein claudin-5 delocalized from the cell membrane to the cytoplasm
when treated with TTFields. This relocation was mediated through the activation of
the Rho/Rho kinase pathway, which phosphorylates claudin-5, disrupting its bind-
ing to other TJ-anchored proteins and increasing BBB permeability. Further in vivo
experiments demonstrated that TTFields allowed paclitaxel, a chemotherapeutic
agent normally restricted by the BBB, to exert its effects, reducing both tumor volume
and tumor cell proliferation in rats [25].

Additionally, an iz vitro 3D coculture model of the human BBB, constructed
using human brain microvascular endothelial cells (HBMVECs) and immortalized
human pericytes, showed that TTFields increased BBB permeability by altering the
location of intracellular T] proteins in HBMVECs [26]. However, in both pre-clinical
studies, only the 100 kHz frequency has been proven to affect the BBB, which is not
the approved frequency for clinical GBM treatment. A future strategy that involves
combining two TTFields frequencies (i.e., 100 and 200 kHz) might be worth explor-
ing for GBM and other brain tumor treatments. The lower 100 kHz frequency could
be used to open the BBB for enhanced drug delivery, followed by a switch to 200 kHz
to target the proliferating GBM cells.

1



Perspective Chapter: Theory and Application of Tumor Treating Fields in Brain Tumor Treatment
DOI: http://dx.doi.org/10.5772/intechopen.1007376

2.5 TTFields and anti-tumoral immunity

Over the past decade, the field of cancer immunotherapy has witnessed remark-
able advancements, prompting a reevaluation of traditional cancer treatments like
radiotherapy, chemotherapy, and surgical therapy. The critical question is whether
these methods are immunogenic and can be effectively combined with immuno-
therapy. As a relatively recent entrant in this domain, TTFields also need to establish
their value. Fortunately, an increasing body of evidence suggests that TTFields can
effectively activate the immune system through unique mechanisms, making them a
promising candidate within the current immunotherapy landscape.

TTFields are believed to cause tumor cell death by disrupting the mitotic spindle,
resulting in chromosome missegregation and eventually apoptosis. This process trig-
gers immunogenic cell death (ICD), where tumor cell death generates an endoplasmic
reticulum stress response, producing reactive oxygen species and releasing immune
signaling molecules. These events increase the immunogenicity of tumor cells and
enhance the immune functions of dendritic cells (DCs) [27].

In vitro studies have shown that TTFields-treated cells exhibit increased secretion
of high-mobility group box 1 (HMGB1) protein, a key ICD marker. Additionally,
TTFields treatment leads to the translocation of calreticulin (CRT) to the cell surface,
signaling DCs to engulf the dying cells. These ICD markers were also observed in
mouse models, where TTFields treatment resulted in significant elevations of circu-
lating HMGB1 and phosphorylated eukaryotic translation initiation factor 2 (p-elF2),
reinforcing the idea that TTFields induce ICD [28].

Furthermore, TTFields activate innate immunity through the release of large
micronuclei clusters and nuclear protrusions, which are often not encapsulated by
the nuclear envelope. This disruption activates DNA sensors like cyclic GMP-AMP
synthase (cGAS) and absent in melanoma 2 (AIM2), leading to the formation of
inflammasomes. The cGAS-STING pathway, predominant in many cell types, acti-
vates proinflammatory cytokines and type 1 interferons (T1IFNs), while the AIM2
pathway activates inflammasomes leading to cell death. These pathways collectively
enhance the immune response against tumors [29].

The potential association between TTFields and the adaptive immune system is
becoming evident through DC activation. TTFields-prepared cells enhance phagocy-
tosis by bone marrow-derived DCs (BMDCs) and stimulate BMDC maturation [27].
In vivo models have demonstrated that TTFields enhance cytotoxic T cells recruitment
within mouse GBM tumors [29]. Clinical settings further affirm these findings, with
some patients showing substantial T cell influx and signs of T cell activation toward
memory development after TTFields therapy [29, 30].

Additionally, TTFields do not hinder the maturation or functionality of T
cells. Studies have shown that T cells retain their pivotal anti-tumoral functions,
including IFN-y secretion and cytotoxic degranulation, under TTFields exposure
[30]. This indicates that TTFields can be combined with immunotherapies like
immune checkpoint inhibitors (ICIs) or CAR-T cell therapy to enhance therapeu-
tic efficacy.

2.6 Other cancer biology functions impaired by TTFields

Studies have shown that TTFields significantly decrease the migration and inva-
sion capabilities of various glioma cell lines, including U87, U373, A172, LN18, and
LN229, as well as glioma stem cells T325 and ZH161 [31, 32]. TTFields can destroy
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primary cilia, which are abundant on the surface of glioma cell membranes, by
disrupting SHH pathway activity and interfering with glioma cell invasion and migra-
tion ability [33].

TTFields have also been shown to inhibit vascular endothelial cell growth [32],
downregulate the expression of HIFla, VEGF, and MMP2/9, and inhibit both neovas-
cularization and epithelial-mesenchymal transition (EMT). These effects are medi-
ated through the downregulation of the PI3K/AKT/NF-«B signaling pathway [34].

TTFields reduce the expression of the glycolytic biomarker pyruvate kinase M2
(PKM2) in human GBM. This reduction can be non-invasively detected using a novel
radiotracer, [**F] DASA-23 [35]. Additionally, TTFields, when combined with the
CUSP9v3 drug repurposing approach (which includes nine repurposed drugs plus
metronomic temozolomide), induce metabolic reprogramming and exhibit synergis-
tic anti-glioblastoma activity in vitro [36].

2.7 Resistant mechanism of TTFields

Although TTFields significantly impact tumor cell behavior in many aspects
and lead to prolonged survival in ndGBM patients, resistance to TTFields eventu-
ally develops, leading to treatment failure and disease progression. Autophagy is a
hallmark of TTFields treatment effects and is believed to be linked with the resistance
mechanism of glioma cells. Specifically, depletion of AMP-activated protein kinase
(AMPK) or autophagy-related protein 7 (ATG7) inhibited the upregulation of
autophagy in response to TTFields, as well as sensitized cells to the treatment, sug-
gesting that cancer cells utilize autophagy as a resistance mechanism to TTFields [37].
Utilizing a machine learning algorithm combined with rigorous experimental
validation, prostaglandin E2 receptor 3 (PTGER3) has been identified as another
key mediator responsible for the resistance mechanism by regulating the stemness of
GBM cells [38]. This resistance mechanism mediated by PTGER3 is particularly linked
to long-term resistance, in contrast to the more immediate effects of autophagy.

3. Current and future use of TTFields for brain tumors
3.1 Current GBM regimen with TTFields

Prior to the EF-14 trial, the standard treatment for GBM involved maximum surgi-
cal resection followed by radiation and chemotherapy. The EF-14 trial introduced
TTFields to this regimen, significantly improving patient outcomes. The median PFS
increased from 4.0 months to 6.7 months, while the mOS improved from 16.0 months
to0 20.9 months [5].

Further subgroup analysis revealed a more pronounced benefit in the Asian
population, with mOS increasing from 15.2 to 27.2 months [39]. Elderly patients with
ndGBM typically have a poorer prognosis than younger patients, but the addition of
TTFields to the treatment regimen was well tolerated in elderly patients. This new
regimen increased PFS from 3.9 months to 6.5 months and OS from 13.7 months to
17.4 months in this cohort [40].

Moreover, patients with high compliance to TTFields treatment (daily usage of
more than 22 hours) experienced a greater survival benefit: HR = 0.78; p = 0.031; OS
at compliance >75% vs. < 75% [3]. Thus, the current recommendation is to use the
device for at least 18 hours a day.
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Based on previous validation, several directions are currently being explored to
further enhance the efficacy of TTFields in treating GBM with ongoing trials sum-
marized in Table 1.

3.2 Adjusted treatment regimen under exploration

The current regimen based on the EF-14 clinical trial applies TTFields post-
concomitant radiation and chemotherapy. The concept of initiating TTFields prior to
and concurrently with radiation was first tested in pre-clinical models [13]. Following
the confirmation of safety in a phase I study [41], subsequent trials, such as PriCoTTF
and EF-32, have been conducted to investigate this approach further.

The PriCoTTF is a phase I/1I study that enrolled 33 patients with ndGBM. In this
study, TTFields were initiated immediately after surgery and continued concur-
rently with chemoradiation and adjuvant chemotherapy for a total of approximately
9 months. Radiation therapy was conducted with the TTFields arrays present on the
patients’ scalps and TTFields rechallenge was permitted upon GBM recurrence. As of
the 2023 ASCO Annual Meeting, the mOS had not yet been reached (48% of events
had occurred). Multivariable Cox regression analysis found that OS was indepen-
dently associated with the number of days patients received more than 23 hours of
TTFields therapy (HR 0.96, 95% CI 0.93-0.99, P = 0.008) [42].

The randomized, prospective, open-label phase III trial (TRIDENT, EF-32,
NCT04471844) aims to evaluate whether the concurrent initiation of TTFields and
postoperative radiation therapy improves clinical outcomes compared to the standard
treatment regimen. This trial is set to enroll 950 patients at 129 sites worldwide, with
the primary endpoint being patient OS. The estimated primary completion date for
this study is August 2024 [43].

3.3 TTFields leverage immune therapies

Previous phase III trials that added only ICIs to standard therapy failed to improve
survival in GBM patients, likely because ICIs require pre-existing infiltration of
immune cells within tumors [44, 45]. A growing body of evidence suggests that
TTFields can effectively induce ICD, stimulate innate immunity, and drive immune
cell infiltration, thereby “heating up” immunologically cold tumors, making TTFields
a good candidate combining with ICIs.

The 2-THE-TOP trial (NCT03405792) is a phase II prospective single-arm open-
label clinical trial in which 26 ndGBM patients were treated with pembrolizumab,
TTFields, and TMZ after completing concurrent chemoradiotherapy. The triple
therapy was well tolerated by the patients. The final analysis showed that patients in
the 2-THE-TOP study had a median PFS of 12.0 months compared to 5.8 months for
the historical EF-14 cohort. The mOS was 24.8 months versus 14.6 months, respec-
tively [46]. This promising pilot study has led to the announcement of a phase III trial
(EF-41/Keynote D58) to further confirm the therapeutic benefits of this combination.

TTFields could also enhance DC activation and antigen uptake, improving the
efficacy of cancer vaccines. One approach being explored is personalized neoantigen
vaccines (PNVs), as in the NCT03223103 trial for GBM. The combined treatment
is well tolerated with the induction of robust epitope-specific T cell responses [47].
Other immunotherapy approaches that could benefit from combining with TTFields
include CAR-T cell therapy. TTFields may create a more favorable tumor microenvi-
ronment to attract CAR-T cells and enhance their cytotoxicity.

7



Advanced Concepts and Strategies in Central Nervous System Tumors

umouyup) [PAIAING 2214-U0ISS21301q ST SPPPIALL II h: €916 ¥0LON
Sunmiosy
0N ARy 918 [BAIAING TBIA-DUQ o SPRIALL + SYUS II qroq 6SY1/9¥0LON
K193ms asdefor 1015e pasn
umowyup SYIUOIN 9 3¢ [PAIAING [[EIAQ ov Aderapowrayp D + SPRLALL TeduswLadxy VIN b /80689¥0.LON
‘Te 32 Aarpeny) deais ur seueyy) ‘sadueyy) ajA1sajry
Sunmiosy ‘SJUSAY 9SI12APY SP[RLALL ‘@3es() SP[ALL LT, JO SUIL], 00S SPIPLLL V/N aN 6€L/T/¥0LON
I¥ + ZINL
+ Ade1oy101pEIOWDYY) {UOIIUSAISIU] ON]
LY *+ SPPPILL * ZINL
umowyun) [BAIAING 231,{-9SBISI(] 0g + Adexoyrorperowayy) reyuswradxy 1I aN 985206+0.LON
Burddews Aexre
(os1o01d a10Ur) 2ANRUIDNY, + SP[ALLLL, ;¢ WY
Sunmay uorssaxoxd oy sur, 591 Burddews fe1re prepuess, + SPRLILL T WY V/N anN £6¥980S0LON
Bunmisy
1A 0N (syauout 9) TeAlAING 291-UOIss21301g Ly SPIRILLL + qIUNBAUST + qEWINZIJOIqUIS] /1 h: £06€/650.LON
SUO[E SP[ALL,], - WLTY [OTIUOD) {UOIIUSAINIU] ON
Bunmiosy UOUIAISIUI [eD130[0YdASJ
19X 10N uonuaAIU Jo ASedyH SLC + SPRL L], - UL UONUdAII] :[eyudwidxy V/N an £90/T090.LON
Sunmioay 218D NGO SUNNOY [UOTFUIAIIU] ON
19K 10N SIUDAY ISIOAPY JUSSISUIF-IUSUITEL], JO SOUDPIOU] W £1231ng 1213y/210§94 SP[OLLLL ;Terusurradxy I aN T199€1901DN
Sunmiosy
12A10N uoI5521301 03 SWIL], ‘[EAIAINS [[e12A0 08 SPIPLALL V/N anN 8€TCCT90.LON
Sunmiosy
1K 10N [eAIAING 391-UoIssa13014 o€ qewmzya[sLy, + ZIALL + SPPLLLL Teruswttadxy 1 an 09€£5£90.LON
SnJe)s ULy saInsesur awosIno ArewrLig JudUIoIUy (s)ury aseyq u/aN Jdquinu [erL],




Perspective Chapter: Theory and Application of Tumor Treating Fields in Brain Tumor Treatment

DOI: http://dx.doi.org/10.5772/intechopen.1007376

(SPRILL + OTDI-A0d + 'sapndaq)

2ADY (I1a) Ldrxo, Sunnury-asoq €T SUIOOBA I0WIN] PIALISP-UOHEINA DUIBA-VLIN I aN €0TECCEOLON
Sunmiay JuaWISSasSY [edrSo[oted 0z SPPPLILL I qog T/6v6TE0LON
"Te 30 9317 Jo Ayipen) ur saduey) ‘uorssaidoid NGO
1511 03 duur ], @duer[duro)) JuaWILaL], SPAL, LT, ‘SIUSAT
umotwyury 9SISAPY STIOLISS PRIR[Y-SPRLLLL TeAlAINS [[e19A0 01 SPPPIALL V/IN an T08STE0LON
SPRLALL + ZIALL [[o13u0)

Bunmiosy qeWNZI[oIqUId]

JON Ay [eAIAING 391§-U01s$21301d 0¥ + SPPRLILL + ZINL eusuriradxy II an 6/S0¥€0LON
umouwyupf) SJUSAY 9SIDAPY Paje[oy-Juauieal], JO IoquInN Tc SPPLALL + ZINL + ¥10XOdd 1 V/N €0£89€0.LON
umowyuny SPIRLLLL Pue ZINL/Aderayiorpey paurquiod jo £1a5es ot SPPPIALL + ZINL + I¥ V/N an 69508££0.LON

SPPRLALL + qurederry + uorioasay
[e2131ng :(g 11040D) 103erRdWO]) 2A1IOY
Sunmiosy aseasI(] S[qEIS SPPRIALL
10N @AY ‘osuodsay [enred ‘osuodsay a19[dwoy) :jonuoy) aseasi(q 0¢ + quredexry :(y 110y0)D) erusurtradxy I N €0STZZHOLDN
JusWIeI],

20110814 159 + SP[RLALL :103eredwor) dAIOY

JUDUIILL], 90110B1] 359 + SP[ALALL, + £1931ng
Sunmiooy (SyIuOW 7T) [AIAING [[BIDAQ 0L Surepouraz [[m§ uonuaAIU] [eyuswLIddXy 1I A 666£TCHOLON
dATY stIewIa( JOYSIH 10 ¢ SpeID) Jo 21y [4 SPIPLALL + 2umborom) + ZINLL + I 1 daN 6/9/6£¥0LON

SP[OLLLL ‘SPIU0IadY SUO[OUIDUIBLL],

Sunmiosy Ayorxo], unS 19YSIH 10 7 2pe1n 85 pue areydsoyq upAurepur) resrdog, 1 wog SL069¥¥0LON

(s3(2am 9 10138) SPRLALL + 1M + ZINL °T WY
QALY [eAIAING [[BISAQ 0S6 SPIPILL + LY + ZINL T W1y 111 aN Y81y ¥0.LON

SPIRLILL (S¥S)

QALY (I1@) Lprxo, Sunnury-asoq 4" £128msorpey o11o€102121G ZIALL, ‘WNIUIOPED I an €SE¥/¥¥0.LON
snje)s Jusa.LIny) S2INSEIUW dUI0JINO ATeUILI] JusUIoIUs (s)urry aseyq M/AN JIoquinu [eLLy,




Advanced Concepts and Strategies in Central Nervous System Tumors

"puLo1sv]qoy3 Surtwaal ur spatd I.1, Jo £oworffo oy Suraopdxa sqpiag aruyo uasmy

TIIqeL

“(1a3umsorpus 213003024215 :SYS “Advadyrotpva ;13 Iprutojozomal ;7L NG 1UaLn2aL 3 NGO pasousvip fmou :qN

umow|un)

95asI(] JO UOISsaI301]

8 SPIPIALL V/IN qiod

080Z¥9€0LON

Bunmisy

SJUSAYH 9SIAPY

Aderayrouray)
Adexaty ], uonerpey A1a8mg :g ury
£1331ng
K123msorpey Asdorg onoeloaraig ;f wry
ov SPPIALL ‘ZINLL VII/I an

86C0€0SO0.LON

snje)s juarn)

saInsesur awosIno ArewrLig

juswjoruy (s)urry sseyd  W/AN

Jaquuinu [erL],

10



Theory and Application of Tumor Treating Fields in Brain Tumor Treatment

Perspective Chapter.

//dx.doi.org/10.5772/intechopen.1007376

http:

I

DO

SAOUINT UIDAG INTD-UOU JO TUdULIPIAT 2Y] AOf SPIoLT [T, SULZL[1IN STVLAY [PILUL]D Ful03uUQ)

"¢IIqEL
aIe)) JO pIepUEIS IS 17 ULIY
umowyun) urexq ur uoissa15014 JUelsi(/[ed0] 03 SUL], 8t SPPRLILL T Wiy I saselseId urerg DTOSN ¥T9SSLTOLON
a1e) Jo
pIEpURIS 1S9 + GYS 7 Wy
SGunmuioax JuSWIeaI],
jou Aoy uoIss218014 [PIURIIELU] 0} DUIL], 0/t SPPIALL + SYS T w1y 111 SaseISeN urerq DTOSN 6561£870.LON
(¢
wNJeIg) BWOIL) UNUOoJ JISuLiu]
[BAIAING [[BISAQ ‘SOIIDIXO], Suntury asnyji pasouderq AmaN
-901A9(T $I,9/SP[PI4,L,],Us1Induoy) Jo (1 wnyeng) ewowdpuady
Aqqrseay Ayorx0], pareay-2014a( dLIeIpad SPPLLLL + 1Y “C Wiy (99H)
Sunmioay ‘ooueriduro) a8es() 20143(] dLeIpad 08 SPPLILL T Wiy VIN ewiolD aperD-y3iy [erorusrerdng 66££0€0LON
a1ey [RAIAING [[BI9AQ JuaUNeaL], SPPLLLL
umowyun) ‘uorssa13014 03 SWIL], ‘SIUDAY SIAPY S I/3ni( 03 jueIsIsay I SOSBISLIDN UreIg /20/96+0.LON
SPPRILI, + qeununyidy
PUE qeWN[OAIN + SYS 7 WY
£prxo1, SND SPIPLALL *
Sunmiosy ¢ apexn) Surdofeas(g syuane  jo adejusdieg o1 qeunzIoIquIdd + SYS T Wy I SISBISBISJA UTRIg BUIOUR[IIA 6VETHESOLDON
B[[npau 10
‘suod ‘urexqprur ‘sspounpad [e1qaied
‘SIure[ey3 Y3} JO JUSWIAJOAUL
Sunmiosy SIUDAY] 9SISAPY JO SOUSPIOU] o) SPRIALL *+ 1M I [ened 1sea] 7€ (1M BWIOTD 8¥¥01E€S0LON
[en Aep-o¢ a19idwos

03 SPRLLLL JO AN[IqISea,] ‘SPPLILL SPIPIALL aurdg oy

Sunmiooy Jo L0107, JUediyTudIg Jo SdUPU] S +21n3oung requing + [YIA I unyIpN soseseldjy eaduruswolday STE9+/SOLDN
snje)s Jua.Lmy saanseaur awodIno ArewrLig JusuIfoIUs (s)urry aseyq aseasi(q Joquinu [ DN

11



Advanced Concepts and Strategies in Central Nervous System Tumors

3.4 Combination therapies with specific targets

Several other trials are exploring different aspects of TTFields therapy based on pre-
liminary studies. One direction involves combining TTFields with the PARP inhibitor
niraparib. A phase II study (NCT04221503) is investigating this combination in patients
with recurrent high-grade glioma (HGG). Although the combination therapy has been
found to be safe, it has not yet demonstrated a significant signal of efficacy [48].

Another focus is on overcoming the resistance mechanisms associated with
TTFields. Since autophagy is linked to cancer cell survival under TTFields treatment,
chloroquine, an autophagy inhibitor, is being tested in combination with TTFields in a
clinical trial (NCT04397679) to determine its potential to enhance treatment efficacy.
Additionally, a retrospective study evaluated the effect of celecoxib, a cyclooxygen-
ase-2 (COX-2) inhibitor, when combined with TTFields. The study found that patients
not receiving celecoxib (n = 14) had a mOS of 8.1 months, while those receiving cele-
coxib (n = 28) had a mOS of 12.9 months (chi-square 5.42, p = 0.002, HR = 2.1, 95%
CI = 1.19-5.59) [49]. Since COX-2 is upstream of PTGER3, another potential target to
overcome TTFields resistance, it may be worthwhile to conduct a prospective clinical
trial to confirm the benefits of combining celecoxib with TTFields.

3.5 Clinical trials to treat other brain tumors

Since TTFields treatment to the brain has been shown to be safe and to extend
OS in GBM patients, there is an acute need to test its efficacy in brain metastases,
which are more common than GBM, or lower-grade gliomas (Table 2). In the recently
completed phase III trial (METIS, EF-25, NCT02831959), 298 mutation-negative non-
small cell lung cancer (NSCLC) patients with 1-10 brain metastases were enrolled
and randomized to receive either TTFields therapy with supportive care or supportive
care alone following stereotactic radiosurgery (SRS). The primary endpoint, time to
intracranial progression from SRS, was significantly prolonged in the group receiv-
ing SRS followed by TTFields therapy with best supportive care (BSC) compared to
the group receiving SRS plus BSC alone (median of 21.9 vs. 11.3 months; HR = 0.67
[0.48-0.93], p = 0.02) [50]. In addition to NSCLC, another ongoing phase I trial
(NCT05341349) is studying the combination of SRS, ICIs, and TTFields for the treat-
ment of melanoma brain metastases.

4, Conclusion

TTFields have emerged as a revolutionary non-invasive treatment modality,
offering new hope for patients with GBM and potentially other challenging brain
malignancies. By leveraging low-intensity, intermediate-frequency alternating elec-
tric fields, TTFields disrupt crucial cellular processes, including mitosis, DNA repair,
cell membrane permeability, and immune responses, thereby exerting multifaceted
anticancer effects. Pilot studies such as 2-THE-TOP have raised hope to further
improvements in patient survival.

As research advances, the potential of TTFields continues to expand. Ongoing
studies are exploring the efficacy of TTFields in combination with ICIs, PARP
inhibitors, autophagy inhibitors, and other novel therapies to enhance therapeutic
outcomes and overcome resistance mechanisms. Furthermore, the promising results
from trials investigating TTFields in brain metastases highlight the versatility and

12



Perspective Chapter: Theory and Application of Tumor Treating Fields in Brain Tumor Treatment
DOI: http://dx.doi.org/10.5772/intechopen.1007376

broad applicability of this treatment. By continuing to unravel the underlying
mechanisms and optimizing clinical protocols, TTFields may become a revolutionize
cancer care, especially for brain tumors that have very limited treatment options with
traditional methods.
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