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Abstract: Glioblastoma is one of the most common malignant tumors in the central nervous system. Due to the high 
plasticity, heterogeneity and complexity of the tumor microenvironment, these tumors are resistant to almost all 
therapeutic strategies when they reach an advanced stage. Along with being a unique and effective way to kill can-
cer cells, tumor-treating fields (TTFields) has emerged as a breakthrough among glioblastoma therapies since the 
advent of temozolomide (TMZ), and the combination of these treatments has gradually been promoted and applied 
in the clinic. The combination of TTFields with other therapies is particularly suitable for this type of “cold” tumors 
and has attracted a large amount of attention from clinicians and researchers in the era of cancer cocktail therapy. 
Here, we introduced the current treatment regimen for glioblastoma, highlighting the unique advantages of TTFields 
in the treatment of glioblastoma. Then, we summarized current glioblastoma clinical trials that combine TTFields 
and other therapies. In addition, the main and potential mechanisms of TTFields were introduced to further under-
stand the rationale for each combination therapy. Finally, we focused on the most advanced technologies applied 
in glioblastoma research and treatment and the prospect of their combination with TTFields. This review provides a 
unique overview of glioblastoma treatment.
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Introduction

Glioblastoma (GBM; grade IV glioma) is one of 
the most common and aggressive types of pri-
mary malignant brain tumors in adults [1]. Even 
though various treatments have been widely 
applied (Figure 1), the prognosis remains poor, 
with a median overall survival of 14-17 months. 
The poor therapeutic effect is mainly attributed 
to several causes, including high tumor inva-
siveness and cellular heterogeneity, which lead 
to incomplete surgical resection and monodrug 
resistance [2]. In addition, the existence of glio-
ma stem cells (GSCs) and the immunosuppres-
sive tumor microenvironment in situ and in the 
peripheral blood also worsen the prognosis of 
GBM patients [3, 4]. In addition, the blood-brain 
barrier (BBB) reduces therapeutic efficacy. This 

physical barrier can hinder drug delivery, and 
the antitumor effect is greatly weakened [5]. 
The above reasons cause GBM to be character-
ized as a “cold” tumor. Recently, tumor cocktail 
therapy has become a popular concept for can-
cer treatment and is especially suitable for 
GBM because it mainly acts through the combi-
nation of a variety of drugs to inhibit tumor 
growth at multiple, such as combining nano- or 
immunotherapy drugs to target the abnormal 
tumor microenvironment (TME) and prevent 
immune escape or cancer cell growth to the 
greatest extent. In a broad sense, it can also be 
described as a combination of multiple thera-
peutic regimens, and each treatment has a 
unique mode of action or mechanism. Since 
2005, maximal safe surgical resection follow-
ing radiotherapy, concurrent temozolomide 
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(TMZ) and adjuvant TMZ chemotherapy have 
become accepted as the standard treatment 
strategy for GBM [6]. With the development of  
a number of clinical trials and basic research, 
targeted therapy represented by bevacizumab 
and immunotherapy, including PD-1/PD-L1 and 
CAR-T cells, have also become popular in clini-
cal treatment. However, no treatments have 
provided revolutionary advances for the treat-
ment of glioblastoma after the advent of TMZ 
until the advent of TTFields. The Food and  
Drug Administration (FDA) approved TTFields 
for the adjuvant treatment of recurrent and pri-
mary GBMs in 2011 and 2015, respectively. 
More recently, the National Comprehensive 
Cancer Network (NCCN) guidelines recommend 
the TTFields strategy for glioblastoma and list-
ed it as having category 1 evidence. In con- 
trast to the traditional antitumor mechanism, 
TTFields can inhibit the mitosis of tumor cells 
by changing the intracellular electric field, 
which may effectively overcome chemoradio-
therapy resistance and sensitize several mod-
erately effective therapies, and it is expected to 

bring greater hope to GBM patients. As re- 
search advances, TTFields combined with 
chemoradiotherapy has become considered 
more effective than radiotherapy and chemo-
therapy alone, and this has been confirmed in 
many clinical trials [7]. Currently, many other 
existing therapies are becoming more effective 
when combined with TTFields. Therefore, it is 
necessary to summarize the clinical trials 
based on TTFields therapy in GBM, together 
with potential mechanisms of TTFields to fur-
ther understand the rationality of the corre-
sponding therapeutic combinations. Addition- 
ally, also it is essential to propose their combi-
nation with current advanced treatment or 
diagnosis technologies.

Current common treatment strategy in glio-
blastoma

Traditional treatment

Surgical resection: Maximal safe surgical 
resection is the foundation of GBM treatment, 

Figure 1. Advantages and disadvantages of current clinical therapies for glioblastoma. A. Surgical resection; B. Ra-
diotherapy; C. Chemotherapy; D. Targeted therapy; E. Immunotherapy; F. Tumor-treating fields.
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as it can not only clarify the tumor pathology 
but also reduce the tumor load. It also helps to 
improve the curative effect of postoperative 
adjuvant therapy. The application of advanced 
technology and equipment makes surgery less 
invasive, such as intraoperative MRI, neuronav-
igation systems, real-time ultrasound-MRI mul-
timodal fusion virtual navigation systems 
(UMNSs), awake craniotomy with motor and 
speech mapping through intraoperative corti-
cal electrodes, electrophysiological monitoring 
and fluorescence-guided resection with 5-ami-
nolevulinic acid (5-ALA) [8-11]. Surgeons can 
accurately identify the boundary of the tumor 
and achieve maximum safe resection. How- 
ever, due to the high invasiveness and inevita-
ble residual tumor, simple surgical resection is 
not sufficient, and patients without postopera-
tive adjuvant therapy may suffer from tumor 
recurrence after a short period. Postoperative 
adjuvant therapy can target residual tumor 
cells or destroy the environment needed for 
recurrence to delay recurrence. Moreover, a 
rational combination of postoperative adjuvant 
therapy based on individualized tumor genetic 
characteristics can reduce the toxicity and side 
effects of treatment and inhibit tumor progres-
sion to the greatest possible extent.

Chemotherapy: Chemotherapy is one of the 
most critical preoperative or postoperative 
adjuvant therapies for cancers. In glioblasto-
ma, high blood-brain barrier permeability and 
low toxicity or side effects had caused TMZ to 
become the most widely used chemotherapeu-
tic drug, and its concurrent use with RT for at 
least 6 cycles has become a standard adjuvant 
therapy for GBM patients. In recent years, 
lomustine has shown a powerful antiglioblas-
toma effect in several clinical trials [12]. The 
2020 central nervous system tumors NCCN 
guidelines also recommended lomustine as a 
treatment for GBM. Although chemotherapy 
plays a critical role in killing cancer cells, it has 
little effect on the tumor immune microenviron-
ment (TIME), which is closely related to recur-
rence. Therefore, we should focus on cancer 
cells as well as the TIME and explore drugs that 
target immune cells and key tumor-promoting 
molecules or pathways.

Radiotherapy: Radiotherapy (RT) can produce 
ionizing radiation and damage the DNA of can-
cer cells, thus controlling local tumor progres-

sion and delaying tumor recurrence after sur-
gery. The standard radiotherapy regimen for 
GBM in adults is 60 Gy divided equally into 30 
fractions after surgery. In elderly GBM patients, 
hypofractionation with a 45-Gy (> 2 Gy frac-
tions) dose is also recommended. In addition to 
whole-brain radiotherapy, stereotactic radio-
therapy and gamma knife are approved by the 
FDA [13]. More recently, FLASH radiotherapy, 
ultrahigh dose rate radiation, has exhibited 
considerable potential and is expected to pro-
duce the same radiation effect and reduce 
radiation-induced toxicities [14]. Tumor molec-
ular pathology plays an important role in deter-
mining the mode of radiotherapy and affects 
the efficacy of radiotherapy. For anaplastic glio-
mas with 1p19q codeletion, the NCCN guide-
lines recommend combined standard RT, while 
for those without 1p19q codeletion and a poor 
KPS score (< 60), combined hypofractionated 
RT is preferred. GBM patients with unmethyl-
ated or indeterminate MGMT promoters may 
consider RT alone. Patients with IDH1/2 gene 
mutations are more sensitive to radiation than 
those with wild-type IDH. In addition, radiosen-
sitizers, including poly-(ADP-ribose)-DNA poly-
merase (PARP) inhibitors, DNA-PK inhibitors, 
and ATM/ATR inhibitors, can also impede DNA 
repair pathways and enhance the efficacy of 
radiation [15]. Although progress has been 
made, radiotherapy resistance should not be 
ignored. It is especially obvious for GSCs, which 
may be the source of recurrence. Therefore, it 
is necessary to combine radiotherapy with anti-
neoplastic drugs or other treatment techni- 
ques.

Immunotherapy and targeted therapy

Immunotherapy has achieved favorable thera-
peutic effects in many solid tumors, which has 
triggered unprecedented research on this  
treatment for GBM [16]. Immunotherapy mainly 
kills cancer cells by activating cytotoxic T lym-
phocytes (CTLs) or increasing exogenous CTLs 
to target cancer cells directly. There are four 
main types of immunotherapies for GBM, 
including immune checkpoint inhibitors (PD1/
PDL1, and CTLA-4), CAR-T cells (EGFRvIII and 
IL-13Rα2), vaccine therapy (DC/peptide vac-
cines) and oncolytic viruses. More recently, 
CAR-NK immunotherapy has also been report-
ed. However, the treatment outcomes of immu-
notherapy in GBM are not as favorable as those 
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in other malignancies because of the suppres-
sive TIME [17]. Therefore, reversing this unique 
characteristic is key to achieving favorable 
immunotherapeutic effects. In addition, target-
ed therapies are also novel therapeutic regi-
mens that have achieved promising curative 
effects in glioblastoma, especially for recurrent 
patients. The most commonly used targeted 
drug is bevacizumab (Bev), which is a monotar-
get antagonist of VEGF-A that controls abnor-
mal tumor angiogenesis to some extent. 
However, due to high inter- and intracellular 
heterogeneity, single targeted therapies have a 
short therapeutic effect duration, and cancer 
cells soon achieve immune escape [18]. Thus, 
promoting the normalization of the anomalous 
TIME with simultaneous multitarget targeted 
therapy (also called cocktail therapy) may be a 
future treatment direction.

Tumor-treating fields

TTFields is a unique treatment modality that 
utilizes alternating electric fields to deliver ther-
apy. By acting on tubulin in proliferating cancer 
cells, it interferes with mitosis, causing the 
apoptosis of affected cancer cells and inhibit-
ing tumor growth. It may also effectively rever- 
se the issues of a suppressive TIME and drug 
resistance. A number of clinical trials have 
shown that when TTFields is combined with 
surgical resection and chemoradiotherapy, 
GBM patients can achieve a better prognosis 
than with surgery and chemoradiotherapy. 
Moreover, TTFields has been recommended as 
a treatment for GBM in the NCCN guidelines 
since 2016 and was upgraded to a category 1 
recommendation in 2018. Therefore, TTFields 
is a reasonable supplement to GBM surgery 
and chemoradiotherapy. Traditional therapy 
combined with TTFields therapy may kill tumor 
cells via multiple mechanisms to maximize the 
antitumor benefits.

Developments in TTFields-based cocktail 
therapy in GBM

TTFields-based cocktail therapies have shown 
special promise in GBM therapy in many stud-
ies. Furthermore, preclinical studies and clini-
cal trials are currently advancing the combina-
tion of TTFields with chemoradiotherapy, tar-
geted therapy, immune therapy, small molecu-
lar inhibitors, skull remodeling surgery (SR sur-
gery) and even two or more of these therapies 
simultaneously (Table 1).

TTFields combined with chemotherapy

Chemoresistance occurs in nearly all GBM 
patients due to mechanisms such as DNA dam-
age repair pathway activation, enhanced cell 
plasticity, and glioma stem cell (GSC) develop-
ment [19]. Aiming to overcome these obstacles, 
Kirson et al. attempted to combine TTFields 
with TMZ in glioma cell lines and discovered 
that the effectiveness and sensitivity of TMZ 
could be increased by adjuvant TTFields [20]. 
Further, by using patient-derived GBM stem- 
like cells (GSCs), including MGMT-expressing 
and non-MGMT-expressing lines, Clark et al. 
verified that the combination of TMZ and 
TTFields functions well regardless of the  
MGMT promoter status [21]. EF-14, as the first 
phase 3 clinal trial to study the effect of com-
bining TMZ and TTFields in GBM, also verified 
the additive effects of TTFields. It enrolled 695 
patients, and the results showed that TTFields 
plus TMZ significantly improved progression-
free survival while increasing the overall sur-
vival by 5 months compared with TMZ alone 
[22]. The updated results of EF-14 showed that 
adding TTFields to TMZ resulted in significantly 
improved 5-year overall survival compared with 
TMZ alone [7]. In addition to TMZ, Lazaridis et 
al. indicated that the combination of TTFields 
and lomustine was safe and feasible, and the 
observed survival outcomes showed potential 
benefits in GBM patients [23]. More recently, 
chloroquine, which is mainly used to treat 
malaria, has been researched in combination 
with TTFields (NCT04397679). It is likely that 
more drugs will be used in combination with 
TTFields because studies have reported that 
TTFields can enhance the BBB permeability of 
chemotherapeutic drugs.

TTFields combined with radiotherapy

Radiotherapy is an effective combination treat-
ment with TTFields because it slows DNA dam-
age repair [24]. To test whether TTFields and 
radiotherapy interfere with each other when 
applied synchronously, Stachelek et al. per-
formed a study that simulated the radiation 
plans with TTFields on a skull model, optimized 
the anatomical structure of the model and stud-
ied the effect of TTFields on planning target vol-
ume (PTV). Their results demonstrated that the 
placement of TTFields arrays did not affect the 
target volume coverage of radiotherapy [25]. To 
date, many studies have suggested the safety 
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Table 1. A summary of preclinical studies and clinical trials on TTFields-based cocktail therapies

Type of Study Authors or 
NCT Number Disease Intervention Outcomes Enrollment Completion Date

Basic Research Kirson et al. GBM Drug: Temozolomide 
Procedure: TTFields

TMZ efficacy and sensitivity were increased by two 
orders of magnitude with adjuvant TTFields

U-118-MG January 2009 [20]

Basic Research Clark et al. GBM Drug: Temozolomide 
Procedure: TTFields

Combination of TMZ and TTFields performed well 
regardless of the MGMT promoter status

GSCs February 2017 [21]

Basic Research Jo et al. GBM Drug: Sorafenib 
Procedure: TTFields

Sorafenib sensitized glioblastoma cells to TTFields U373/U87-MG November 2018 [30] 

Basic Research Groves et al. GBM Drug: Cytostatic Agents 
Procedure: TTFields

TTFields in combination with cytostatic agents led to 
enhanced inhibitory effect on glioma cells

U-118-MG/U87-MG November 2016 [32]

Basic Research Kessler et al. GBM Drug: MPS1-IN-3 
Procedure: TTFields

Mitotic checkpoint inhibition augmented effects of 
TTFields on glioblastoma cells

U-87MG/GaMG July 2018 [33]

Basic Research Chang et al. GBM Drug: Withaferin A 
Procedure: TTFields

TTFields and withaferin A synergistically inhibited 
proliferation in glioblastoma

GBM2/GBM39/U87-MG September 2017 [35]

Case Report Stein et al. ndGBM Drug: Temozolomide 
Radiation  
Procedure: TTFields

Complete radiological response was observed 1 year 
after the end of radiation therapy

1 patient April 2020 [27]

Case Report Meletath et al. ndGBM Drug: Dabrafenib 
Procedure: TTFields

TTFields in combination with dabrafenib yielded a 
remarkable clinical and radiologic response in a BRAF 
V600-mutated high-grade glioma patient

1 patient November 2016 [31]

Case Report Elzinga et al. rGBM Drug: Bevacizumab 
Procedure: TTFields

The GBM cyst and most of the cerebral edema in the 
surrounding brain were reduced after 6 cycles of add-
on TTFields therapy

1 patient April 2014 [28]

Retrospective Study Lu et al. rGBM Drug: Bevacizumab 
Drug: Irinotecan 
Drug: Temozolomide 
Procedure: TTFields

The triple-drug regimen demonstrated efficacy with no 
unexpected toxicities

48 patients January 2019 [29]

Phase 1 Clinical Trial NCT04397679 ndGBM Drug: Temozolomide 
Drug: Chloroquine 
Radiation 
Procedure: TTFields

Ongoing 10 patients September 2022

Phase 1 Clinical Trial NCT01925573 rGBM Drug: Bevacizumab 
Radiation  
Procedure: TTFields

Ongoing 7 patients December 2026

Phase 1 Clinical Trial NCT03477110 GBM Drug: Temozolomide 
Radiation  
Procedure: TTFields

Ongoing 35 patients September 2021

Phase 1 Clinical Trial NCT03705351 GBM Drug: Temozolomide 
Radiation 
Procedure: TTFields

Ongoing 30 patients November 2025

Phase 1 Clinical Trial NCT02903069 ndGBM Drug: Marizomib 
Drug: Temozolomide 
Procedure: TTFields

Ongoing 66 patients October 2020
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Phase 1 Clinical Trial NCT02893137 rGBM Procedure: SR surgery 
Procedure: TTFields

Ongoing 15 patients May 2019

Phase 1 Clinical Trial NCT03223103 GBM Drug: Poly-ICLC 
Procedure: TTFields 
Biological: Peptides

Ongoing 20 patients May 2023

Phase 2 Clinical Trial NOA09/CeTeG ndGBM Drug: Lomustine 
Drug: Temozolomide 
Procedure: TTFields

TTFields/lomustine/temozolomide is safe and feasible 
PFS: 20 months

16 patients March 2020 [23]

Phase 2 Clinical Trial NCT03780569 GBM Drug: Temozolomide 
Radiation  
Procedure: TTFields

PFS: 8.9 months 
Skin toxicity was reported in eight (80%) patients

10 patients January 2019 [26]

Phase 2 Clinical Trial NCT01894061 rGBM Drug: Bevacizumab 
Procedure: TTFields

Ongoing 25 patients July 2019

Phase 2 Clinical Trial NCT02743078 rGBM Drug: Bevacizumab 
Procedure: TTFields

Ongoing 3 patients October 2019

Phase 2 Clinical Trial NCT02663271 rGBM Drug: Bevacizumab 
Procedure: TTFields

Ongoing 18 patients March 2021

Phase 2 Clinical Trial NCT03687034 GBM Drug: Bevacizumab 
Procedure: TTFields

Ongoing 21 patients December 2020

Phase 2 Clinical Trial NCT02343549 ndGBM Drug: Bevacizumab 
Drug: Temozolomide 
Procedure: TTFields

Ongoing 46 patients June 2021

Phase 2 Clinical Trial NCT03430791 rGBM Drug: Nivolumab 
Drug: Ipilimumab 
Procedure: TTFields

Ongoing 60 patients August 2021

Phase 2 Clinical Trial NCT03405792 ndGBM Drug: Temozolomide  
Drug: Pembrolizumab 
Procedure: TTFields

Ongoing 29 patients February 2023

Phase 2 Clinical Trial NCT04221503 GBM Drug: Niraparib 
Procedure: TTFields

Ongoing 30 patients December 2025

Phase 2 Clinical Trial NCT04223999 rGBM Procedure: SR surgery 
Procedure: TTFields

Ongoing 70 patients March 2024

Phase 3 Clinical Trial NCT00916409 ndGBM Drug: Temozolomide 
Procedure: TTFields

OS: 20.5 vs 15.6 months; PFS6: 56% vs 37% 
No significant increase in systemic AEs with TTFields 
compared with TMZ alone (48 vs 44%, respectively; P 
= 0.58)

695 patients March 2017 [22]

Phase 3 Clinical Trial NCT04218019 ndGBM Drug: Temozolomide 
Radiation  
Procedure: TTFields

Ongoing 68 patients February 2023

Phase 3 Clinical Trial NCT04471844 GBM Drug: Temozolomide 
Radiation  
Procedure: TTFields

Ongoing 950 patients August 2026

GBM: glioblastoma, ndGBM: newly diagnosed glioblastoma, rGBM: recurrent glioblastoma, MGMT: O6-methylguanine-dna methyltransferase, GSC: glioma stem cell, SR surgery: skull remodeling surgery, OS: 
overall survival, PFS: progression-free survival, PFS6: progression-free survival at 6 months, AE: adverse effect.
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and efficacy of TTFields-based cocktail therapy 
containing chemoradiotherapy. A pilot study 
that enrolled 10 patients (NCT03780569) veri-
fied the feasibility and safety of combining 
TTFields treatment with initial radiotherapy and 
TMZ therapy in newly diagnosed GBM. The 
results demonstrated a median PFS of 8.9 
months and low-severity local dermatological 
complications in 80% of patients [26]. In addi-
tion, Stein et al. reported a case of complete 
radiological response of thalamic GBM after 
treatment with proton therapy followed by TMZ 
and TTFields [27]. Furthermore, several ongo-
ing clinical trials are trying to determine the 
safety and efficacy of the combination of 
TTFields with chemoradiotherapy (NCT0347- 
7110, NCT04471844 and NCT03705351) and 
are studying the optimal timing for TTFields in 
combination with chemoradiotherapy (NCT04- 
218019). These investigations are likely to 
encourage more efforts to develop a combina-
tion of radiotherapy and TTFields for GBM ther-
apy with higher efficacy and fewer adverse 
effects.

TTFields combined with immunotherapy

Based on the mechanisms by which TTFields 
affects cancer immunity, many researchers  
are exploring the combined effects of these 
two therapies. Among the ongoing clinal trials, 
peptide vaccines and immune checkpoint 
inhibitors are being combined with TTFields. A 
phase 1 clinical trial (NCT03223103) used pre-
cision medicine in the form of a vaccine, a 
mutation-derived tumor antigen vaccine (MTA-
based vaccine), in combination with TTFields 
during the maintenance phase of TMZ. The 
other two phase 2 clinical trials combined  
pembrolizumab (a PD-1 monoclonal antibody) 
plus TMZ for newly diagnosed GBM and 
nivolumab (a PD-1 monoclonal antibody) plus 
ipilimumab (a CTLA-4 monoclonal antibody) for 
recurrent GBM with TTFields (NCT03405792 
and NCT03430791). The results of these clini-
cal studies may be of great significance for cli-
nicians for helping to design a more flexible and 
effective therapeutic schedule. More impor-
tantly, these combination strategies can also 
help researchers better understand the TME.

TTFields combined with targeted therapy

Studies have indicated that TTFields-based 
cocktail therapy containing targeted drugs has 

synergistic effects. Among them, bevacizumab 
is the most widely used, and many phase 2 
clinical trials are trying to determine the eff- 
ects of bevacizumab with TTFields in both 
newly developed GBMs and recurrent GBMs 
(NCT01894061, NCT02743078, NCT02663- 
271, NCT03687034, and NCT02343549). To 
date, several clinical results have shown the 
efficacy of bevacizumab combined with TT- 
Fields. For example, Elzinga et al. reported that 
a patient with recurrent cystic GBM had an 
insignificant response to single-agent bevaci-
zumab; after 6 cycles of add-on TTFields thera-
py, the GBM cyst and cerebral edema were sig-
nificantly relieved [28]. Another retrospective 
study analyzed the potential effect of three 
drugs, including bevacizumab, irinotecan, and 
TMZ, plus TTFields for recurrent GBM; this 
study also reported an obvious improvement  
in PFS and OS with the combination regimen 
[29]. In addition, some other targeted drugs  
are also being explored in combination with 
TTFields. Yunhui et al. found that sorafenib sen-
sitized GBM cells to TTFields. TTFields-based 
cocktail therapy with sorafenib accelerated 
apoptosis via reactive oxygen species (ROS) 
generation and inhibited cancer cell motility, 
invasiveness and angiogenesis [30]. In addi-
tion, Meletath et al. described a case in which 
TTFields-based cocktail therapy with dab-
rafenib yielded a remarkable clinical and radio-
logic response in a BRAF V600-mutated high-
grade glioma patient [31]. All of the above 
results show that TTFields may strengthen the 
therapeutic effects of various targeted agents 
regardless of their targets. Further, studies are 
not limited to simply combining targeted drugs 
with TTFields, and they tested bevacizumab for 
treating recurrent GBM in combination with 
TTFields and hypofractionated stereotactic  
irradiation simultaneously (NCT01925573). 
Overall, clinical trials of targeted drug combina-
tions with TTFields or even more therapeutic 
regimens simultaneously are expected to bring 
more hope for the treatment of primary or 
recurrent GBM.

TTFields combined with small molecule inhibi-
tors

Small molecule inhibitors are often used to 
inhibit the function of specific enzymes or pro-
teins that have been proven to greatly increase 
cancer aggressiveness. The feasibility of com-
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bining them with TTFields is also being 
researched. In preclinical studies, Groves  
et al. found that TTFields in combination with 
several cytostatic agents, including mefloquine, 
metformin, bumetanide, minocycline and gan-
ciclovir, led to enhanced inhibitory effects on 
glioma cells [32]. Some inhibitors, such as 
MPS1-IN-3 (a mitotic checkpoint inhibitor), can 
also synergistically augment the effect of 
TTFields [33]. In terms of clinical trials, nirapa-
rib, a PARP inhibitor, was shown to effec- 
tively reduce cell viability and proliferation [34]; 
it can also induce DNA damage and sensitize 
cells to radiotherapy. A phase 2 clinical trial is 
trying to determine whether it can enhance the 
effect of TTFields in patients with GBM (NCT- 
04221503). Recently, Chang et al. observed 
the synergistic anticancer effect of withaferin A 
and TTFields on glioma cells, which laid the 
foundation for the treatment of cancer with 
natural products [35]. Marizomib, which is a 
type of brain osmotic proteasome inhibitor, is 
being used to treat recurrent GBM with TTFields 
and TMZ in North America to assess the 
improvements in PFS and OS (NCT02903069). 
Therefore, molecule inhibitors combined with 
TTFields could help to progress future anti-
GBM therapy.

TTFields combined with SR surgery

Minor craniectomy or distributed burr holes is a 
surgical skull remodeling approach designed 
for individual patients. Preclinical modeling 
results suggested that such procedures en- 
hance the induced electrical field strength by 
up to ~100% and thereby potentially improve 
the clinical outcome of treated patients to a sig-
nificant extent [36]. The burr holes are approxi-
mately 15 mm in diameter. Theoretically, the 
burr holes can increase the electric current in 
the tumor by funneling the electricity through 
the path of least resistance, since bone hin- 
ders the electricity. Previously, a phase 1 clini-
cal trial of this combination treatment (NCT- 
02893137) with 15 trial participants showed 
safety and promising results by increasing the 
overall survival of trial participants. Optimal 
TTF-2 is an ongoing trial testing a new potential 
treatment, skull-remodeling surgery combined 
with TTFields, for patients with the first recur-
rence of GBM. In addition, the direct implanta-
tion of electrodes into the brain or around the 
tumor may theoretically have better antitumor 

efficacy and reduce the inconvenience caused 
by long-term wearing, which may represent the 
future trend of TTFields.

Potential mechanisms of TTFields-based cock-
tail therapy

Alternative electric fields have mutually inde-
pendent biological effects determined by the 
frequency, such as the membrane depolariza-
tion of low-frequency fields (under 1 kHz) and 
heating effect of high-frequency fields (above  
1 MHz). TTFields, as intermediate-frequency 
(100-300 kHz) alternating electric fields, was 
initially thought to have no biological effect on 
cells. However, in later experiments, exposure 
to TTFields at 200 kHz was proven to exert a 
remarkable growth inhibitory effect on GBM 
cell lines but to have little impact on normal 
brain cells [37, 38]. Therefore, TTFields is cur-
rently applied after surgery or radiation and 
often concomitantly with chemotherapy agents 
to obtain better therapeutic effects. Further- 
more, a variety of potential mechanisms 
induced by TTFields beyond inhibiting the cell 
cycle have been discovered and proposed in 
recent years and have become the theoretical 
foundation for new combination therapies 
(Figure 2).

Generation of cell cycle-specific effects

At the subcellular level, the delayed formation 
of the mitotic spindle and dielectrophoresis-
induced death are two widely acknowledged 
mechanisms that cause cell cycle-specific 
effects on cancer cells. TTFields contributes to 
cell cycle arrest and apoptosis mainly by affect-
ing metaphase, anaphase and telophase in 
mitosis. During metaphase, TTFields restrains 
mitotic spindle formation and the tubulin  
polymerization process, leading to improper 
chromosome segregation and the caspase-
dependent apoptosis of daughter cells [37, 39]. 
During anaphase, the malfunction of septin 
protein complexes in the presence of TTFields 
leads to a failure to stabilize the contractile 
apparatus, which causes aberrant mitotic exit 
[40]. During telophase, a higher-intensity elec-
tric field at the furrow region of daughter cells 
that are about to separate induces dielectro-
phoretic forces, compromising normal cytoki-
nesis and leading to cell death [37]. In addition, 
large biological molecules such as certain pro-
teins are dipolar particles (those with a positive 
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and negative charge) that are responsive to 
electric fields; when placed within a nonuniform 
electric field, dipolar particles will move toward 
the area of a higher intensity field. During cyto-
kinesis, two daughter cells present a cellular 
morphology resembling an hourglass shape 
and form a higher-density intracellular electric 
field at the furrow under TTFields exposure. 
This nonuniform field exerts a force on polar 
macromolecules and organelles, moving them 
toward the narrow neck and separating the 
newly formed daughter cells, which we refer to 
as dielectrophoresis [11, 41].

Reduction of cancer cell motility and angio-
genesis

Wound healing assays and Transwell invasion 
assays validated that the migration and inva-
sion were significantly reduced in GBM cell 
lines treated by TTFields compared to untreat-
ed cell lines. Additionally, cell adhesion assays 
and cell deadhesion assays demonstrated that 
cell adhesion to the substrate was significantly 
reduced and that the cell deadhesion process 
took a significantly longer time with trypsiniza-
tion upon exposure to TTFields. In these cas- 

Figure 2. Mechanisms of TTFields. Summary of existing and potential mechanisms that have been discovered and 
proposed in recent years. A. Generation of cell cycle-specific effects; B. Reduction of cancer cell motility and angio-
genesis; C. Increase in cancer cell membrane permeability; D. Increase in blood-brain barrier (BBB) permeability; 
E. Delay in DNA damage repair; F. Regulation of the anticancer immune response; G. Induction of resistance to 
TTFields.
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es, epithelial-to-mesenchymal transition-relat-
ed genes such as vimentin and E-cadherin were 
dysregulated, and the NF-κB, MAPK, PI3K/AKT 
signaling pathways were inhibited, suppressing 
the potential mobility of cancer cells [42, 43]. In 
addition, endothelial tube formation assays 
showed that vessel numbers were decreased 
with exposure to TTFields. Regarding further 
mechanisms, researchers suggested that 
TTFields can suppress the expression of VEGF 
and HIF1α in GBM cell lines, which are two clas-
sical key molecules in angiogenesis [42]. This 
provides a solid theoretical basis for the superi-
ority of TTFields combined with corresponding 
targeted therapy.

Increase in cancer cell membrane and blood-
brain barrier (BBB) permeability

Researchers found that TTFields can increase 
the uptake of some membrane-penetrating 
reagents, such as dextran-FITC, ethidium D  
and 5-aminolevulinic (5-ALA), in GBM cell lines 
but not in normal cell lines. Scanning electron 
microscopy (SEM) showed that the number of 
membrane pores increased and the pore size 
increased upon TTFields exposure, leading to 
increased membrane permeability, and the 
altered membrane morphology always disap-
peared by 24 h after the discontinuation of 
TTFields [44]. Based on these findings, we can 
infer that the application of preoperative 
TTFields may help to delineate cancer boundar-
ies and improve the surgical excision of GBM; 
meanwhile, TTFields increases the intracellular 
drug concentration and has the potential to 
treat drug-resistant cancer cells that overex-
press ABC transporters [45]. On the other hand, 
TTFields upregulated the amount of chemical 
chromogenic agents (Evans blue and TRITC-
dextran), immunoglobulin G (IgG) and gadolini-
um contrast agent (Gd-DTPA) in rat brains after 
intravenous injections. Frozen section staining 
results demonstrated that the vascular struc-
ture of rat brains became dispersed by the 
application of TTFields, and this effect was also 
reversible [44]. The application of TTFields 
increases the membrane permeability of can-
cer cells and the blood-brain barrier simultane-
ously, which has the potential to make it easier 
for various therapeutic drugs to enter intracra-
nial GBM cells. Therefore, combination therapy 
with TTFields can increase the antitumor effect 
of therapeutic drugs.

Delay of DNA damage repair

A comet assay was performed in GBM cell lines 
for the simple evaluation of cellular DNA dam-
age, and the results showed that the majority of 
the initial DNA damage was repaired within 24 
h after radiotherapy, while more than 40% of 
the initial DNA damage remained unrepaired 
when TTFields was subsequently applied. 
TTFields decrease total ataxia telangiectasia 
mutated (ATM) expression and its phosphoryla-
tion, which is one of the earliest activators trig-
gered in response to DNA double-strand breaks 
[46]. In addition, some other mechanisms that 
delay DNA damage repair have recently been 
verified in NSCLC cell lines, which suggested 
that TTFields reduces DNA double-strand break 
(DSB) repair capacity by downregulating BRCA1 
signaling [47]. Recently, TTFields was shown to 
not only reduce the rejoining of radiation-
induced DNA DSBs but also induce the genera-
tion of replication stress, causing DNA DSBs 
directly [24]. This new information suggests 
that using TTFields as a neoadjuvant therapy 
should be considered to take advantage of the 
vulnerabilities generated by prior or concomi-
tant TTFields exposure.

Regulation of the anticancer immune re-
sponse

TTFields-induced cell death is characterized by 
upregulated cell surface exposure of calreticu-
lin and the release of HMGB1, as well as the 
secretion of adenosine triphosphate (ATP) by 
dying cells, which are all hallmarks of immuno-
genic cell death (ICD). Meanwhile, TTFields 
causes micronuclei structures to be released 
into the cytoplasm and activates micronuclei-
dsDNA sensor complexes (AIM2 and inter- 
feron-inducible protein cGMP-AMP synthase), 
activating innate immunity, such as via the 
STING pathway and pyroptosis [48]. Thus, can-
cer cells under TTFields can induce an antican-
cer immune response, such as DC maturation 
and leukocyte recruitment, leading to the 
enhancement of the anti-PD-1 therapeutic 
effect [49]. However, another study showed 
that TTFields hindered the proliferation of anti-
GBM T cells, regardless of peripheral blood-
derived or GBM-infiltrated cells [50]. TTFields-
induced aneuploidy has been proven to be a 
marker of immune evasion and to be accompa-
nied by a reduced response to immunotherapy 
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[51]. Although the effect of TTFields on tumor 
immunity is still controversial, with the promo-
tion of preclinical and clinical trials, more poten-
tial mechanisms will be found, and a more rea-
sonable combination will be developed in the 
near future.

Induction of resistance to TTFields

Cancer cells with different genetic backgrounds 
behave differently when treated with TTFields, 
which means that there are some ways to  
resist the anticancer effects of TTFields. To 
date, several resistance mechanisms have 
been reported. One is the activation of voltage-
gated Ca2+ (Cav) Channels. TTFields has been 
demonstrated to evoke intracellular Ca2+ sig-
nals that may be involved in particular Cav 
channels expressed by GBM cells [52]. Poten- 
tial downstream targets of Cav are Ca2+-
activated K+ (KCa3.1) channels, which contrib-
ute to the cell migration or therapeutic resis-
tance of GBM cells [53, 54]. Cav channel activ-
ity results in a cellular stress response to 
TTFields, and Cav inhibition may augment 
TTFields effects. Another resistance mecha-
nism is AMP-activated protein kinase (AMPK)-
dependent autophagy. Autophagy was found to 
be upregulated in glioma cells treated with 
TTFields and to desensitize cells to the treat-
ment; pathway analysis demonstrated that the 
TTFields-induced upregulation of autophagy 
was dependent on AMPK activation. Thus, com-
bining TTFields with an autophagy inhibitor may 
result in a more efficient reduction in cancer 
development than TTFields alone [55]. Addi- 
tionally, molecular alterations after TTFields 
therapy were detected in a recurrent GBM 
patient with next-generation sequencing tech-
nology. The acquisition of a widespread dele-
tion of CDK2NA and an activating mutation in 
mTOR (V2006I) were found to play key roles in 
TTFields resistance [56]. Therefore, a rational 
combination therapy is expected to overcome 
the potential drug resistance mechanism of 
TTFields to achieve a greater antitumor effect.

Current challenge in tumor-treating fields

Although TTFields has broad application pros-
pects, there are still some issues and challeng-
es. These mainly include the following aspects. 
First, the mechanism of TTFields in glioma still 
needs to be further studied, which is not limited 
to tumor cells but also includes the effects of 

TTFields on vascular endothelial cells, stromal 
cells, and even the whole tumor immune micro-
environment. In addition, more preclinical or 
clinical studies are needed to validate com- 
bination strategies with TTFields and different 
treatments. Furthermore, there are some side 
effects and economic problems in the clinical 
application of TTFields. For example, skin 
adverse events (AEs) are the most commonly 
reported AEs, occurring in 35% of primary and 
20% of recurrent GBM patients [57]. Many 
patients report scalp AEs caused by the direct 
contact of the array with the scalp, including 
contact dermatitis, hyperhidrosis, dryness or 
itching, as well as relatively rare skin erosion/
ulcers and infections [58]. The treatment mea-
sures include antibiotics, topical corticoste-
roids and moisturizers. It is also expected that 
adding a buffer protector or protective device 
between the array and scalp or achieving non-
direct contact wearing may solve this problem. 
A long wearing time is an important cause of 
reduced patient compliance and has limited 
the popularization of electric fields. According 
to the EF-14 clinical trial, the recommended 
wearing time is at least 18 h a day, and longer 
wearing times were associated with better anti-
tumor effects [7, 59]. However, wearing it for 
too long greatly affects the quality of life of 
patients. Safely improving the working efficien-
cy of electric field equipment may shorten the 
wearing time in the future. In addition, the high 
price also hinders the popularization of electric 
field therapy. The average cost of TTFields ther-
apy is approximately 20000 US dollars per 
month, which places a very large economic bur-
den on cancer patients [60]. However, with the 
development of technology and the reduction 
of equipment costs, the high treatment costs 
are expected to be gradually reduced.

Current advanced technologies in glioblasto-
ma and their potential application in TTFields

In recent years, a number of advanced diagnos-
tic and therapeutic technologies have emerged 
in the field of brain tumor research and therapy, 
such as glioma organoids, 3D bioprinting mod-
els, liquid biopsy, single-cell sequencing, spa-
tial transcriptome, nanotechnology, and CRISP-
cas9, known as “gene scissors”, whose devel-
opers won the Nobel Prize in chemistry in 2020. 
These advanced technologies have greatly ben-
efited glioma treatment, and ways to effectively 
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apply these technologies to TTFields therapy 
and research on GBM is worthy of further study 
(Figure 3).

Preclinical research models

Human organoids are three-dimensional (3D) 
models that are derived from human stem 
cells, have the ability to self-organize and can 
simulate both the structure and function of pri-
mary human organs [61]. Compared with cell 
lines and animal models, tumor organoids are 
better at preserving the characteristics of pri-
mary tumors and replicate the stereoscopic 
tumor microenvironment (TME) [62, 63]. 
Instead of isolating glioma stem cells, Jacob 
and colleagues directly cultured small tumor 
fragments in vitro to produce organoids [64]. 
This method saves a considerable amount of 
time, and it only takes approximately two  
weeks to generate GBM organoids. Moreover, 
these GBM organoids can solve the problem of 
a single cell type to some extent, but only in the 
early stage of culture. There are other new ways 
to generate glioma organoids, including genetic 
engineering and coculturing. The former meth-
od introduces oncogenic mutations into cere-
bral organoids via transposon- and CRISPR/
Cas9-mediated mutagenesis [65-67]. As they 
contain tumor stem cells, primary tumor char-
acteristics, a tumor hypoxic microenvironment, 

and the ability to develop living organism banks 
in a limited time, organoid-based models of 
malignancy may be a more effective preclinical 
model to evaluate the clinical efficacy and tox-
icity of TTFields. In addition, 3D bioprinting 
models are also potential 3D ex vivo tumor 
research models. Compared with organoids, 
they can effectively solve the problems of lack-
ing blood vessels and single cell types [68, 69]. 
Therefore, both organoid and 3D bioprinting 
can provide preclinical models that are more 
similar to parental tumors, which is essential 
for the translation of basic cancer research into 
novel therapeutic regimens for patients with 
brain tumors. We can use this model to more 
accurately explore the therapeutic effect of 
TTFields and its mechanism on cancer cells.

Liquid biopsy

Liquid biopsy is mainly used to diagnose or 
monitor tumor progression by extracting bodily 
fluids from patients. The main indicators 
include circulating tumor cells (CTCs), circulat-
ing DNA (ctDNA), extracellular vesicles (EVs), 
etc. [70-72]. Compared with histopathological 
detection, liquid biopsy differs from local tis-
sue, which cannot reflect all the genetic charac-
teristics of tumors due to tumor heterogeneity. 
In addition, due to the relatively noninvasive 
characteristics of liquid biopsy, it can allow mul-

Figure 3. Potential application prospects of TTFields. TTFields has the potential to be widely implemented in the lat-
est research technologies. A. Organoid/3D bioprinting models; B. Gene editing; C. Liquid biopsy; D. Single-cell RNA 
sequencing; E. Nanotechnology.
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tiple time point monitoring of tumor gene muta-
tions and more rational symptomatic treat-
ment. In 2019, Miller and his colleague detect-
ed ctDNA in the cerebrospinal fluid (CSF) of 85 
preoperative glioma patients. They found that 
42 (49.4%) of 85 patients had tumor-derived 
DNA in the CSF, which was associated with dis-
ease burden and adverse outcomes. Further- 
more, the genome map of glioma in cerebrospi-
nal fluid (CSF) contains a wide range of genetic 
changes and is very similar to the genome of a 
tumor biopsy, such as the codeletion of chro-
mosome arms 1p and 19q (1p/19q codeletion) 
and mutations in the metabolic genes isoci-
trate dehydrogenase 1 (IDH1) or IDH2 [73]. 
Therefore, we can monitor the progression of 
tumors after surgery with the results of liquid 
biopsy and further study the mutation of tumor 
genes in the process of TTFields treatment to 
adjust the electric field intensity and even the 
time and frequency of TTFields therapy more 
accurately according to tumor gene mutations 
during clinical treatment.

Single-cell RNA sequencing (scRNA-seq)

High-throughput data analysis of the genetic 
characteristics of cancer cells is part of main-
stream glioma research. From first-generation 
sequencing to the present single-cell sequenc-
ing and spatial transcriptomics analysis, revolu-
tionary leaps have been made in the explora-
tion of glioma gene alterations [74, 75]. Single-
cell RNA sequencing (scRNA-seq) has recently 
emerged as a vital tool for identifying and char-
acterizing cell types, states, lineages and cir-
cuitry [76]. By combining single-cell RNA 
sequencing and time-of-flight mass spectrom-
etry (TOF-MS), Sankowski discovered previous-
ly neglected transcriptional status profiles in 
microglia. Their transcriptional status is deter-
mined by their spatial distribution and changes 
with age and pathological changes in brain 
tumors [77]. Goswami and his colleagues per-
formed single-cell sequencing analysis on GBM 
patients with poor responses to PD-1/CTLA-4 
immunotherapy and found that CD73 is a spe-
cific immunotherapy target that can improve 
the antitumor immune response to immune 
checkpoint therapy in glioblastoma [78]. More 
recently, Pine compared the single-cell se- 
quencing maps of glioma stem cells in different 
models, and the results showed that a glioblas-
toma cerebral organoid (GLICO) model repro-

duced the cell state and plasticity of the corre-
sponding primary tumor. These results highlight 
the importance of the TME and tumor host cell 
interactions [79]. Thus, scRNA-seq can help to 
obtain a large number of genetic and biological 
characteristics of a single cell. When applied to 
TTFields and other new treatment studies, it 
can help to obtain high-throughput data of sin-
gle cells after treatment and a more compre-
hensive understanding of tumor genetic 
profiles.

Nanotechnology

Nanotechnology refers to the manipulation  
or design of materials and structures with 
required characteristics within a size of 1-1000 
nm [80]. Rapid progress has been made in the 
field of cancer treatment in recent years, espe-
cially for brain tumors, which have a natural 
barrier, the blood-brain barrier (BBB). Nano- 
materials can assist drugs in penetrating the 
blood-brain barrier. In addition, nanomaterials 
used in drug encapsulation have the advantag-
es of targeted transmission and specific tumor 
microenvironment response and release. More 
importantly, in preclinical studies, TTFields 
reversibly increased tumor cell-specific mem-
brane permeability [44]. Recently, barium tita-
nate nanoparticles were shown to sensitize 
refractory breast cancer to the effect of 
TTFields [81]. Therefore, the combination of 
nanotechnology could be immeasurable in can-
cer treatment.

Conclusion

TTFields is gradually being incorporated in the 
standardized treatment of glioblastoma. With 
the promotion of preclinical and clinical 
research, cocktail therapy based on TTFields 
has shown great potential and prospects for 
GBM treatment. The application of advanced 
technology will speed up the in-depth study of 
the mechanism of TTFields and help to develop 
a more rational combination therapy strate-
gies. This novel and multidimensional treat-
ment strategy is expected to effectively treat 
“cold” tumors in the near future.
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