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Abstract 

Tumor Treating Fields (TTFields) represent a novel, non-invasive therapeutic modality in oncology 

that employs low-intensity, intermediate-frequency alternating electric fields to disrupt mitotic 

processes and induce cancer cell death. This review integrates mechanistic, preclinical, and emerging 

clinical evidence supporting the integration of TTFields with immunotherapeutic strategies in 

pancreatic ductal adenocarcinoma (PDAC). Although immunotherapy has transformed the 

treatment landscape across multiple malignancies, its efficacy in PDAC remains limited due to the 

tumor’s dense stroma, immunosuppressive microenvironment, and low immunogenicity. Preclinical 

investigations suggest that TTFields may potentiate immune-based therapies by enhancing antigen 

presentation, modulating the tumor microenvironment, and attenuating mechanisms of immune 

resistance. We highlight studies evaluating TTFields in combination with immune checkpoint 

inhibitors, adoptive cellular therapies, and cancer vaccines, emphasizing their potential synergistic 

effects in PDAC. Clinically, the phase II PANOVA-2 trial demonstrated feasibility and encouraging 

survival outcomes with TTFields in combination with gemcitabine and nab-paclitaxel, providing the 

rationale for the ongoing phase III PANOVA-3 trial and the phase II PANOVA-4 trial which combines 

TTFields with chemotherapy and atezolizumab. Additional clinical experiences in glioblastoma and 

non-small cell lung cancer further substantiate the broader applicability of TTFields as an 

immunomodulatory adjunct. Remaining challenges include optimizing treatment sequencing, 

identifying predictive biomarkers, and managing TTFields-associated toxicities. Collectively, current 

evidence positions TTFields as a promising strategy to augment immunotherapy in PDAC, 

warranting further translational and clinical investigation to establish its role in reshaping 

therapeutic paradigms. 
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1. Introduction 

PDAC is one of the most lethal human malignancies, characterized by rapid progression, late 

clinical diagnosis, and profound resistance to conventional therapies [1]. Despite incremental 

advances in oncology, the prognosis for PDAC remains dismal, with a 5-year overall survival of only 

13.3% [2]. Current standard-of-care regimens, including gemcitabine plus nab-paclitaxel or multi-

agent chemotherapy combinations such as FOLFIRINOX and NALIRIFOX, which offer only modest 

improvements in progression-free and overall survival [3]. However, both intrinsic and acquired 

resistance to these cytotoxic regimens, combined with significant treatment-related toxicities, 

severely limit their clinical benefit. Moreover, the unique biology of PDAC defined by a dense 

desmoplastic stroma, poor vascularization, and an immunosuppressive tumor microenvironment 

(TME) acts as a formidable barrier to drug delivery and immune surveillance, further exacerbating 

therapeutic resistance [4]. These challenges highlight the urgent need for novel therapeutic strategies 

capable of overcoming resistance mechanisms, modulating the TME, and improving long-term 

survival outcomes. 

TTFields therapy has emerged as an innovative, non-invasive anticancer modality that utilizes 

low-intensity, intermediate-frequency alternating electric fields to disrupt mitosis in rapidly dividing 

tumor cells [5]. When applied at frequencies of 100–300 kHz, TTFields interfere with microtubule 

polymerization and spindle apparatus assembly, both of which are critical for proper chromosome 

segregation. This interference induces mitotic arrest and catastrophe, ultimately triggering apoptosis 

or senescence [6,7]. Importantly, TTFields selectively impair proliferating cancer cells while sparing 

quiescent, non-dividing normal tissue, thereby minimizing systemic toxicity and preserving healthy 

cell function [8]. Beyond their direct cytotoxic effects, TTFields exert immunomodulatory influences 

that expand their therapeutic potential. Preclinical studies have shown that TTFields can induce 

immunogenic cell death, increase tumor antigen presentation, and enhance leukocyte infiltration 

within the TME [6]. TTFields have also been reported to increase tumor membrane permeability, 

potentially augmenting the intratumoral penetration of chemotherapeutics and immune-based 

therapies [9]. Additionally, TTFields appear to reprogram the immune microenvironment by 

suppressing immunosuppressive populations such as regulatory T cells (Tregs) and myeloid-derived 

suppressor cells (MDSCs), while simultaneously promoting infiltration of cytotoxic CD8+ T 

lymphocytes [10]. This favorable immune remodeling provides a strong rationale for combining 

TTFields with immune checkpoint inhibitors (ICI) or other immunotherapies. The PANOVA phase 

II study evaluated the safety and preliminary effectiveness of TTFields combined with gemcitabine 

alone or gemcitabine plus nab-paclitaxel in patients with advanced pancreatic cancer. TTFields are 

low-intensity alternating electric fields that disrupt tumor cell division and may enhance 

chemotherapy response. The study showed that adding TTFields was feasible and generally well 

tolerated, with manageable toxicity. Early clinical outcomes suggested encouraging survival and 

disease control compared with historical expectations, supporting further clinical evaluation of 

TTFields in combination with standard chemotherapy for pancreatic cancer[11]. Encouragingly, 

clinical studies in glioblastoma and other solid tumors have demonstrated the therapeutic potential 

of TTFields based combinations. In PDAC, emerging positive results from advanced-phase clinical 

studies, including the phase III PANOVA-3 trial, support the ability of TTFields to modulate the 

tumor microenvironment and enhance immune responsiveness, positioning this approach as a 

promising component of the evolving immunotherapy landscape [12,13].The PANOVA-4 (EF-39) 

pilot study evaluates the feasibility of combining TTFields with atezolizumab, gemcitabine, and nab-

paclitaxel as first-line therapy for metastatic PDAC. TTFields are alternating electric fields that 

interfere with cancer cell division and may enhance chemotherapy and immune response. Early 

results indicate that the combination is tolerable and clinically feasible, with manageable safety and 

preliminary signs of disease control, supporting further investigation in larger clinical trials[14]. 
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2. Mechanisms of Action of TTFields in Cancer Therapy 

TTFields represent a novel, non-invasive anticancer modality that employs low-intensity (1–3 

V/cm), intermediate-frequency (100–300 kHz) alternating electric fields to selectively target dividing 

cancer cells [5]. The fundamental principle of TTFields lies in their interaction with polarizable 

macromolecules and organelles essential for mitotic progression [15,16]. During cell division, these 

alternating fields generate dielectrophoretic forces that disrupt the spatial orientation and function 

of electrically charged structures, such as microtubules and septins, which are critical for spindle 

formation and cytokinesis [17]. This interference prevents proper chromosome alignment and 

segregation, leading to mitotic arrest, chromosomal missegregation, and aneuploidy, which 

ultimately culminate in apoptotic or senescent cell death. 

A unique therapeutic advantage of TTFields is their selective activity against rapidly 

proliferating tumor cells while largely sparing non-dividing somatic tissues, since most normal cells 

rarely undergo mitosis [8]. Precision in targeting is further enhanced by calibrating field frequency 

according to tumor cell size and biophysical properties, thereby maximizing therapeutic efficacy 

while minimizing off-target effects [18]. This selectivity underlies the favorable safety profile of 

TTFields, allowing long-term, continuous treatment with minimal systemic toxicity. Beyond these 

direct antimitotic effects, accumulating preclinical evidence suggests that TTFields modulate diverse 

cellular pathways across different malignancies. In glioblastoma, TTFields impair DNA damage 

repair pathways, including homologous recombination, thereby sensitizing tumor cells to 

radiotherapy and genotoxic agents [19]. In non-small cell lung cancer (NSCLC) and mesothelioma, 

TTFields alter membrane integrity and disrupt key survival signaling cascades, further enhancing 

cytotoxicity. Importantly, TTFields have also been shown to induce immunogenic cell death, increase 

antigen exposure, and reshape the tumor immune microenvironment, laying the groundwork for 

synergistic combinations with immune checkpoint inhibitors and other immunotherapies. 

Collectively, these mechanistic insights highlight TTFields as a multifaceted anticancer strategy 

capable of exerting both direct cytotoxic and immunomodulatory effects. Demonstrated efficacy in 

glioblastoma, mesothelioma, NSCLC, and more recently PDAC, underscores the translational 

potential of TTFields in highly resistant solid tumors where therapeutic options remain limited 

[17,19]. 

3. Immunomodulatory Effects of TTFields and Their Therapeutic Role in PDAC 

In addition to their established cytotoxic activity, TTFields exert potent immunomodulatory 

effects that broaden their therapeutic potential, particularly in immunologically “cold” tumors such 

as PDAC [20]. One of the central mechanisms involves the induction of immunogenic cell death 

(ICD). TTFields-treated tumor cells release damage-associated molecular patterns (DAMPs), 

including calreticulin, ATP, and high-mobility group box 1 (HMGB1), which serve as pro-

immunogenic signals to activate dendritic cells and enhance antigen presentation [18]. This cascade 

promotes effective priming of adaptive immune responses, transforming TTFields-treated tumors 

into an “in situ vaccine” that stimulates cytotoxic T lymphocyte activation against malignant cells. 

The immunologic consequences of TTFields are particularly relevant in PDAC, a malignancy defined 

by a profoundly immunosuppressive TME. PDAC is characterized by poor effector T cell infiltration, 

enrichment of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), and dense 

stromal barriers that collectively dampen immunotherapy efficacy [21,22]. Preclinical studies in 

murine models have demonstrated that TTFields can remodel this suppressive niche by enhancing 

CD8⁺ T cell infiltration while reducing immunosuppressive Tregs and MDSCs. Such reprogramming 

of the TME has the potential to mitigate resistance mechanisms that underlie the limited clinical 

benefit of immune checkpoint blockade therapies in PDAC [23]. 

In parallel, TTFields have been reported to transiently disrupt tumor cell membrane integrity, 

thereby improving the intratumoral penetration of therapeutic agents, including monoclonal 

antibodies, nanoparticle-based drugs, and conventional chemotherapeutics. This property is of 
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particular importance in PDAC, where the desmoplastic stroma and poor vascularization 

significantly hinder the delivery of both small molecules and immune effector cells [24].  Taken 

together, TTFields act through dual modalities: (i) direct cytotoxicity via disruption of mitosis and 

induction of tumor cell death, and (ii) indirect immunologic enhancement through ICD induction, 

TME modulation, and increased therapeutic penetration. This multifaceted mechanism provides a 

strong biological rationale for combining TTFields with immunotherapeutic strategies in PDAC. Such 

integration may enhance antitumor immunity and improve outcomes in a cancer type that has thus 

far remained refractory to most current immunotherapy approaches [18]. 

4. Preclinical and Clinical Evidence Supporting TTFields–Immunotherapy 

Synergy in PDAC 

An expanding body of experimental and clinical evidence supports the hypothesis that TTFields 

can enhance the efficacy of immunotherapy through complementary and potentially synergistic 

mechanisms. While much of the current evidence arises from preclinical models, these findings 

provide important mechanistic insights into the capacity of TTFields to modulate the tumor–immune 

interface [25]. In particular, TTFields appear capable of converting immunologically “cold” tumors 

such as PDAC into more immune-responsive phenotypes, thereby enhancing susceptibility to 

immune-based treatments [26]. In preclinical settings, TTFields have been shown to induce 

immunogenic cell death (ICD), characterized by the release of damage-associated molecular patterns 

(DAMPs) including calreticulin, ATP, and HMGB1 [27]. These DAMPs serve as potent signals to 

activate dendritic cells, leading to increased maturation, enhanced antigen presentation, and 

subsequent priming of cytotoxic CD8⁺ T cells. Murine tumor models treated with TTFields 

demonstrate increased infiltration of activated CD8⁺ T lymphocytes alongside a concurrent reduction 

in immunosuppressive regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), 

ultimately creating a more favorable tumor microenvironment (TME) for immunotherapy [6]. In 

some models, TTFields have also been reported to synergize with immune checkpoint inhibitors 

(ICIs), leading to durable tumor regressions that were not achieved with either modality alone. 

Clinically, TTFields have already gained regulatory approval for glioblastoma and malignant 

pleural mesothelioma, where they demonstrated improvements in progression-free and overall 

survival without substantial increases in systemic toxicity [28]. In metastatic non-small-cell lung 

cancer (NSCLC) following progression on platinum-based therapy, the randomized phase III 

LUNAR trial demonstrated that the addition of TTFields to standard systemic therapy consisting of 

immune checkpoint inhibitors, chemotherapy, or their combination significantly improved overall 

survival compared with standard systemic therapy alone, without an increase in systemic toxicity, 

providing robust clinical evidence supporting the efficacy of TTFields-based combination strategies 

in this setting [29] . These findings provide important proof-of-concept that TTFields can augment 

immunotherapy efficacy in the clinical setting. Although direct clinical evidence of TTFields, 

immunotherapy combinations in PDAC is still emerging; early-phase studies and translation 

observations suggest additive or synergistic effects when TTFields are combined with ICIs or 

standard chemotherapy. These combinatorial regimens have been associated with enhanced CD8⁺ T 

cell infiltration, improved tumor control, and better disease stabilization in cancers that are 

historically resistant to immune modulation [30,31]. Beyond their immunologic effects, TTFields have 

also been observed to transiently disrupt tumor cell membrane integrity, thereby facilitating the 

intratumoral delivery of therapeutic agents, including monoclonal antibodies, nanoparticles, and 

small molecules [32]. This property is particularly advantageous in PDAC, where the desmoplastic 

stroma and hypovascularity present formidable barriers to drug penetration and immune cell 

trafficking. 

Together, these findings highlight the multifaceted potential of TTFields to enhance 

immunotherapy efficacy through both direct and indirect mechanisms. By inducing Immunogenic 

cell death, reshaping the Tumor microenvironment, and improving therapeutic delivery, TTFields 

create a biologically rational platform for combination strategies in PDAC. Integrating TTFields with 
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immunotherapeutic approaches holds promise for overcoming the inherent immune resistance of 

PDAC and may ultimately translate into meaningful clinical benefit for patients with this otherwise 

refractory malignancy. 

5. Preclinical Studies Supporting TTFields’ Immunomodulatory Effects 

A substantial body of preclinical research has established that TTFields exert 

immunomodulatory effects in addition to their direct cytotoxic activity [33]. By inducing 

immunogenic cell death (ICD), enhancing antigen presentation, and facilitating immune cell 

infiltration into tumors, TTFields promote a more immunostimulatory tumor microenvironment 

(TME) that potentiates antitumor immunity [6]. These findings provide a mechanistic basis for the 

rational combination of TTFields with immunotherapeutic strategies in otherwise treatment-resistant 

malignancies such as PDAC. Voloshin et al. demonstrated that TTFields induce canonical features of 

immunogenic cell death (ICD) in syngeneic murine tumor models, including surface translocation of 

calreticulin and extracellular release of high-mobility group box 1 (HMGB1) from dying tumor cells 

[6]. These damage-associated molecular patterns promote dendritic cell activation and cross-

presentation of tumor antigens, resulting in effective priming of cytotoxic CD8⁺ T lymphocytes and 

increased intratumoral T-cell infiltration. Functionally, this immune activation was associated with 

significant tumor growth inhibition, supporting a strong immune-mediated antitumor effect of 

TTFields[6]. To further interrogate the therapeutic relevance of this immune modulation, Voloshin et 

al. evaluated TTFields in combination with immune checkpoint blockade using two syngeneic 

murine models: an orthotopic LLC-1 lung cancer model in C57BL/6 mice and a subcutaneous CT-26 

colon carcinoma model in BALB/c mice. Across both models, TTFields combined with anti–PD-1 

therapy produced significantly greater tumor control than either monotherapy alone and was 

accompanied by increased infiltration of leukocytes, including dendritic cells and macrophages, 

upregulation of PD-L1 on myeloid populations, and elevated interferon-γ production by cytotoxic 

CD8⁺ T cells. Mechanistic insights in this study were derived from analyses of DAMP release, 

autophagy induction, dendritic cell maturation, and immune phenotyping, rather than 

transcriptomic approaches. 

The immunologic activity of TTFields has been further substantiated in preclinical models of 

non–small cell lung cancer (NSCLC). When combined with immune checkpoint inhibitors, TTFields 

exert additive antitumor effects both in vitro and in vivo without compromising T-cell–mediated 

cytotoxicity. In vitro, TTFields enhanced anti–PD-1–mediated immune activity across multiple tumor 

cell lines. In vivo, TTFields combined with anti–PD-1 significantly reduced lung tumor burden, an 

effect associated with increased endoplasmic reticulum stress and surface exposure of calreticulin, 

consistent with immunogenic cell death. Beyond anti–PD-1, TTFields also potentiated broader 

immune checkpoint blockade, including anti–PD-L1 and anti–CTLA-4, resulting in greater tumor 

suppression, increased infiltration of cytotoxic CD8⁺ T cells, and elevated interferon-γ production. 

Together, these findings position TTFields as a robust immune-sensitizing modality capable of 

augmenting checkpoint inhibition in NSCLC.[34]. Similarly, TTFields in murine models of lung 

cancer and melanoma, demonstrating that TTFields combined with dual ICB (anti–PD-1 plus anti–

CTLA-4) achieved superior tumor regression and extended survival relative to monotherapy arms. 

Mechanistically, this combinatorial efficacy was linked to enhanced dendritic cell maturation, 

amplified cytotoxic T-cell activation, and depletion of immunosuppressive populations such as 

regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs). Together, these studies 

highlight TTFields as an immune-priming modality capable of converting “cold” tumors into 

immune-permissive states [35]. In addition to immune activation, TTFields directly affect tumor cell 

biophysics in ways that further support combination immunotherapy. TTFields transiently disrupt 

tumor cell membrane integrity, thereby improving the uptake of macromolecular therapeutics such 

as nanoparticles and monoclonal antibodies [36]. This increase in membrane permeability enhances 

intratumoral delivery of immunomodulatory agents, a property of particular importance in PDAC 

where a dense desmoplastic stroma and poor vascularization severely limit drug penetration. By 
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facilitating deeper distribution of checkpoint inhibitors or antibody-based drugs, TTFields may help 

overcome both the physical and immunologic barriers that underpin resistance to immunotherapy. 

Collectively, these preclinical studies underscore the multifaceted immunomodulatory role of 

TTFields. By inducing ICD, reshaping the immune composition of the TME, and enhancing the 

delivery of immune-targeting agents, TTFields establish a strong rationale for their integration with 

ICB and other immunotherapeutic modalities. Such combinations hold particular promise in PDAC, 

where profound immunosuppression and stromal barriers have historically blunted the efficacy of 

immune-based therapies. 

6. Preclinical Studies Supporting TTFields–Immunotherapy Synergy 

Beyond their direct antimitotic effects, TTFields have emerged as potent modulators of innate 

and adaptive antitumor immunity. A growing body of preclinical research in glioblastoma, lung 

cancer, melanoma, and other solid tumors demonstrates that TTFields not only disrupt tumor cell 

division but also initiate immunogenic stress responses that sensitize tumors to immunotherapy. 

Chen et al. provided a seminal mechanistic insight by showing that TTFields disrupt the nuclear 

envelope, leading to the generation of cytosolic micronuclei. These micronuclei dually activate the 

cyclic GMP–AMP synthase–stimulator of interferon genes (cGAS–STING) pathway and the AIM2 

inflammasome, resulting in type I interferon release and proinflammatory cytokine production. This 

dual signaling cascade culminates in immunogenic cell death (ICD), which not only eradicates tumor 

cells but also establishes immunological memory. In syngeneic glioblastoma models, these effects 

produced long-term cures in approximately 42–66% of mice in a STING- and AIM2-dependent 

manner, highlighting TTFields’ ability to drive durable antitumor immunity. Expanding these 

findings,  [37]. Low et al. confirmed that alternating electric fields induce DNA damage and 

micronuclei formation, reinforcing the central role of cGAS/STING activation in TTFields-mediated 

immune modulation. Importantly, they observed that glioblastoma patients receiving TTFields 

exhibited peripheral adaptive immune signatures consistent with an in situ vaccination effect, 

suggesting clinical translatability [38]. Voloshin et al. further demonstrated in murine glioma models 

that TTFields induce ICD characterized by calreticulin exposure and HMGB1 release. These DAMPs 

promoted dendritic cell activation, increased antigen cross-presentation, and enhanced infiltration of 

CD8⁺ T lymphocytes, resulting in tumor growth inhibition [6]. Complementary studies in non–small 

cell lung cancer (NSCLC) reinforced this immunomodulatory effect: TTFields triggered ICD, 

upregulated IFNγ/STAT1/IRF1 signaling, and induced chemokine expression (CCL2, CCL8, CXCL9, 

CXCL10), thereby promoting CD4⁺ and CD8⁺ T cell recruitment and remodeling of the tumor 

microenvironment. When combined with PD-1/PD-L1 blockade, TTFields significantly augmented 

T-cell infiltration and suppressed tumor growth [25]. Synergistic benefits of TTFields with immune 

checkpoint blockade (ICB) have also been observed in other malignancies. In murine models of lung 

cancer and melanoma, showed that TTFields combined with anti–PD-1 and anti–CTLA-4 therapies 

produced superior tumor regression and prolonged survival compared with either monotherapy. 

Mechanistically, this synergy was linked to heightened cytotoxic T cell activation, increased dendritic 

cell maturation, and depletion of immunosuppressive populations such as regulatory T cells (Tregs) 

and myeloid-derived suppressor cells (MDSCs) [39]. Adding a physical dimension to their 

immunologic effects, Gera et al. reported that TTFields transiently disrupt tumor cell membrane 

integrity, this phenomenon improves intratumoral drug penetration, particularly relevant in 

desmoplastic tumors such as PDAC, where stromal barriers impede delivery of immunotherapeutic 

agents [17]. In parallel, Diamant et al.  demonstrated that while TTFields reduce proliferation of T 

cells in vitro, they preserve essential effector functions including interferon-γ secretion, cytotoxicity, 

and PD-1 expression ensuring compatibility with T cell–based therapies such as CAR-T cells [40]. 

Collectively, these preclinical findings establish TTFields as immunogenic stressors that “heat 

up” immunologically cold tumors by inducing ICD, activating innate immune pathways, and 

facilitating adaptive immune responses. By enhancing cytotoxic T cell infiltration, promoting 

dendritic cell function, and improving drug delivery, TTFields create a more permissive 
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microenvironment for immune checkpoint inhibitors and other immunotherapies. These insights 

provide a compelling biological rationale for TTFields–immunotherapy combinations, an approach 

now advancing from preclinical validation into early-phase clinical trials across multiple tumor 

types, with important implications for refractory cancers such as PDAC. 

7. Clinical Trials of TTFields in Combination with Immunotherapy 

The clinical development of TTFields has advanced rapidly from glioblastoma into other solid 

tumors, with an increasing focus on combinatorial strategies with immune checkpoint inhibitors 

(ICIs). These ongoing and completed studies are designed to assess safety, efficacy, and immunologic 

mechanisms, while also exploring biomarker-driven predictors of response. Together, they provide 

a growing foundation for the integration of TTFields into the evolving immuno-oncology landscape. 

A Phase I/II clinical trial (NCT05649162) is currently evaluating TTFields in combination with anti–

PD-(L)1 therapy in patients with unresectable non-small cell lung cancer (NSCLC) and PDAC. 

Primary endpoints include safety, immune profiling, and progression-free survival (PFS). In parallel, 

the Phase II trial NCT05821685 is investigating TTFields plus pembrolizumab across advanced 

gastrointestinal malignancies, with a dedicated PDAC subgroup, focusing on clinical outcomes and 

immune modulation within the tumor microenvironment. These trials are among the first to 

systematically explore TTFields–ICI synergy in gastrointestinal cancers. The pivotal Phase III 

LUNAR trial tested TTFields combined with standard systemic therapy (ICI or docetaxel) in 

metastatic NSCLC after platinum-based chemotherapy. TTFields significantly improved median 

overall survival (13.2 vs. 9.9 months), with the most pronounced benefit observed in patients 

receiving ICIs (18.5 vs. 10.8 months). These findings culminated in the first FDA approval of TTFields 

for metastatic NSCLC in 2024, marking a milestone for TTFields beyond glioblastoma.  

The success of TTFields in glioblastoma continues to inform broader oncologic applications. The 

EF-14 trial established survival benefits of TTFields with adjuvant temozolomide, leading to global 

consensus guidelines. The Canadian Delphi panel endorsed TTFields with temozolomide for both 

newly diagnosed and recurrent glioblastoma, aligning with NCCN recommendations [41]. Ma et al. 

further mapped randomized controlled trials in elderly glioblastoma, demonstrating the feasibility 

and clinical benefit of TTFields in this subgroup while underscoring the absence of immunotherapy-

based RCTs, thereby reinforcing the rationale for TTFields–immunotherapy studies [42]. He et al.  

performed a comprehensive analysis of glioma clinical trials registered between 2005 and 2021, 

revealing a decline in chemotherapy- and radiotherapy-focused studies and a corresponding rise in 

immunotherapy-oriented and TTFields-based trials. This shift reflects the global recognition of 

TTFields as an emerging standard modality [43]. 

Emerging evidence suggests broader applicability of TTFields in solid tumors. Yue et al. 

provided the first preclinical evidence for TTFields in biliary tract cancer (BTC), showing suppression 

of proliferation and induction of ICD biomarkers (calreticulin exposure, HMGB1 release, 

extracellular ATP secretion). These findings have prompted initiation of a Phase Ib trial 

(NCT06611345) combining TTFields with immunotherapy in BTC [44]. Case reports further highlight 

TTFields’ potential in refractory malignancies. Torres Velasco et al. described a hepatocellular 

carcinoma (HCC) patient refractory to nivolumab who achieved 39 months of disease stabilization 

when treated with TTFields plus sorafenib. This exceptional response suggests that TTFields may 

prolong therapeutic durability, even in immunotherapy-experienced settings [45]. Notably, the NRG-

BN007 trial, which investigated dual checkpoint blockade with nivolumab and ipilimumab in newly 

diagnosed MGMT-unmethylated glioblastoma, excluded TTFields from the immunotherapy arm due 

to concerns about overlapping skin toxicities [46]. This highlights the need for thoughtful integration 

strategies to optimize tolerability in TTFields–ICI combinations. Su et al. conducted a network meta-

analysis of bevacizumab-based regimens in recurrent glioblastoma, where TTFields plus 

bevacizumab ranked favorably for 6-month overall survival [47]. Such evidence suggests that 

TTFields are already being incorporated into multimodal therapeutic frameworks and reinforces 

their relevance in recurrent disease settings. 
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Collectively, these trials and analyses establish TTFields as a clinically validated, 

immunomodulatory modality with expanding applications beyond glioblastoma. Ongoing studies 

in PDAC, NSCLC, and gastrointestinal cancers will be critical to defining the therapeutic role of 

TTFields in combination with ICIs. While practical barriers such as toxicity management and cost-

effectiveness remain, the convergence of clinical evidence strongly supports TTFields as a next-

generation platform therapy capable of synergizing with immunotherapy across multiple solid 

tumors. 

These ongoing studies are crucial for translating promising preclinical findings into potential 

new treatment paradigms for difficult-to-treat cancers. Emerging Evidence and Translational 

Insights: The immunologic potential of TTFields has garnered increasing attention within the 

oncology community, with accumulating preclinical and early clinical evidence supporting 

immunomodulatory activity.  Synthesizing preclinical and early clinical evidence. Collectively, 

these analyses underscore TTFields as more than a cytostatic modality, positioning them as active 

immunomodulators capable of reshaping the tumor–immune interface in solid malignancies. [48] 

Preclinical investigations have demonstrated that TTFields can induce immunogenic cell death (ICD), 

enhance tumor antigen availability, and promote dendritic cell maturation [43]. These effects are 

accompanied by activation of pro-inflammatory signaling cascades, including the release of damage-

associated molecular patterns (DAMPs) such as calreticulin, ATP, and HMGB1. These molecular 

events contribute to the recruitment and activation of cytotoxic lymphocytes, thereby potentiating 

antitumor immunity. Importantly, these properties could help counteract the profoundly 

immunosuppressive tumor microenvironment (TME) that characterizes refractory malignancies such 

as PDAC. Building on these mechanistic insights, a strong biological rationale has emerged for 

combining TTFields with immune checkpoint blockade in solid tumors historically resistant to 

immunotherapy  [11].  TTFields appear to possess a dual mechanism of action: direct tumor 

cytotoxicity via mitotic disruption, and indirect immune potentiation through TME reprogramming. 

By disrupting tumor cell division while simultaneously amplifying immune responsiveness, 

TTFields may help overcome the limited efficacy of immunotherapies in “cold” tumors. Notably, 

early preclinical studies have demonstrated synergy between TTFields and ICIs, together with 

emerging safety data, as justification for advancing these combinations into clinical testing across 

multiple tumor types, including PDAC. 

Although large-scale randomized clinical trials of TTFields combined with immunotherapy in 

PDAC are not yet available, the convergence of preclinical studies, and mechanistic plausibility, has 

generated significant translational momentum. The steady rise in ongoing clinical trials exploring 

TTFields–ICI combinations across gastrointestinal, thoracic, and central nervous system 

malignancies further reflects the growing recognition of TTFields as a platform therapy with broad 

immunotherapeutic potential. Taken together, these mechanistic and translational findings provide 

a strong scientific and clinical rationale for continued investigation of TTFields as an 

immunomodulatory adjunct. In PDAC and other immune-refractory cancers, TTFields may offer a 

transformative strategy to convert immunologically “cold” tumors into immune-permissive states, 

thereby enhancing the efficacy of checkpoint blockade and other next-generation immunotherapies. 

8. Challenges and Future Directions for TTFields–Immunotherapy 

Combinations in PDAC 

Despite encouraging preclinical evidence and the initiation of early-phase clinical trials, several 

critical challenges must be addressed before the therapeutic potential of TTFields in combination with 

immunotherapy can be fully realized in PDAC particularly in the context of rapidly evolving 

systemic therapies. Although TTFields have demonstrated immunomodulatory activity in multiple 

preclinical tumor models, clinical validation in PDAC remains at a nascent stage. Most current trials 

are early-phase and enrolling PDAC patients within broader gastrointestinal cancer cohorts, limiting 

the ability to derive tumor-specific conclusions. To date, no completed randomized controlled trials 

(RCTs) have established the clinical efficacy of TTFields immunotherapy combinations in PDAC.  
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This highlights the need for carefully designed, biomarker-enriched clinical studies incorporating 

integrated immune monitoring and survival endpoints, although the feasibility of large PDAC-

specific RCTs may be increasingly challenged by the rapid emergence of effective molecularly 

targeted therapies [49]. The optimal temporal integration of TTFields with ICI is not yet defined. 

Preclinical models suggest that concurrent administration enhances synergistic immune activation, 

but clinical studies have not systematically evaluated whether initiating TTFields prior to, during, or 

after immunotherapy maximizes therapeutic benefit. Moreover, the impact of variations in field 

intensity, application duration, and scheduling immune priming remains unexplored. Carefully 

designed clinical trials are required to establish evidence-based sequencing strategies that optimize 

both immunologic and clinical outcomes [50]. A major obstacle to personalized TTFields–ICI therapy 

is the absence of validated predictive biomarkers. While candidate markers such as MHC class I 

expression, interferon-γ signatures, and indicators of immunogenic cell death have been proposed, 

none have been prospectively validated in PDAC. Considering the profound heterogeneity of PDAC 

in terms of tumor immunogenicity and stromal composition, biomarker-driven patient selection will 

be essential for trial design, treatment stratification, and clinical decision-making [51].  PDAC is 

characterized by a profoundly immunosuppressive and desmoplastic TME, marked by dense 

fibrosis, infiltration of myeloid-derived suppressor cells, and polarization of tumor-associated 

macrophages toward an M2 phenotype. While TTFields have been shown to enhance antigen 

presentation and promote T-cell infiltration, it remains uncertain whether these effects alone are 

sufficient to overcome the entrenched immune exclusion of PDAC.  Mechanistic studies utilizing 

patient-derived organoids, co-culture systems, and spatial immune profiling will be essential to 

delineate the extent of TME remodeling induced by TTFields alone and in combination with 

emerging targeted therapies [52]. Recent progress in direct RAS inhibition is beginning to change 

how KRAS-mutant PDAC approaches therapeutically. Daraxonrasib (RMC-6236), a selective 

RAS(ON) multi-target inhibitor, has shown promising activity in early clinical studies involving 

heavily pretreated patients with metastatic PDAC harboring KRAS G12X mutations. These phase 1 

data demonstrated objective response rates in the 30–36% range, median progression-free survival of 

approximately 8–9 months, and a generally manageable safety profile. Together, these results 

supported FDA Breakthrough Therapy Designation and the initiation of ongoing phase 3 trials 

evaluating daraxonrasib both as monotherapy and in combination with chemotherapy [53].  

Importantly, the impact of RAS inhibition may extend beyond direct tumor growth suppression. 

Preclinical studies of KRAS-targeted agents, including KRAS^G12D inhibitors, suggest that blocking 

oncogenic RAS signaling can reshape the tumor immune microenvironment. These effects include 

increased infiltration of CD8⁺ T cells, reduction of immunosuppressive myeloid populations, and 

enhanced sensitivity of tumor cells to T-cell–mediated killing, driven in part by changes in 

inflammatory and interferon-related pathways. By reversing key mechanisms of RAS-driven 

immune exclusion, RAS inhibition may help create a tumor milieu that is more permissive to immune 

engagement [54].  

Against this backdrop, there is a strong biological rationale for exploring combination strategies 

that integrate RAS inhibitors with TTFields and immune checkpoint blockade. RAS inhibition may 

reduce intrinsic tumor resistance and stromal-mediated immune suppression, TTFields may promote 

immunogenic cell death and tumor antigen release, and immune checkpoint inhibitors may then 

amplify effective antitumor T-cell responses. While the feasibility of large, randomized trials in PDAC 

may be increasingly constrained by the rapidly evolving treatment landscape, well-designed 

translational studies incorporating immune profiling and molecular stratification will be critical to 

test these hypotheses and identify the patients most likely to benefit from such multimodal 

approaches.  

However, TTFields therapy requires continuous administration through wearable transducer 

arrays for 12–18 hours per day to achieve therapeutic efficacy. Although generally well tolerated, 

adherence may become challenging when combined with chemotherapy or immunotherapy 

regimens. Furthermore, the substantial cost of TTFields devices raises questions about cost-
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effectiveness, particularly in a malignancy such as PDAC, where overall therapeutic responsiveness 

has historically been limited [55]. To translate the mechanistic promise of TTFields immunotherapy 

synergy into meaningful clinical benefit for PDAC, several avenues of investigation must be 

prioritized.  Conducting biomarker-driven and molecularly stratified clinical studies that integrate 

immune monitoring and survival endpoints will be essential to establish efficacy beyond early-phase 

investigations. Parallel efforts should focus on the development and validation of predictive 

biomarkers capable of guiding patient selection and optimizing treatment stratification, thereby 

addressing the marked heterogeneity of PDAC. Furthermore, systematic evaluation of treatment 

sequencing, field intensity, and application duration in relation to immunotherapy is required to 

define the optimal therapeutic window and maximize immune priming. It will also be critical to 

explore rational combination strategies that integrate TTFields not only with immunotherapy but 

also with chemotherapy, stromal modulation, and molecularly targeted therapies, as these 

multimodal regimens may overcome the profound immunosuppressive microenvironment of PDAC. 

Finally, real-world implementation studies assessing feasibility, patient adherence, and cost-

effectiveness will help determine the translational potential of TTFields in clinical oncology. As these 

research directions advance, TTFields may evolve from a predominantly cytostatic modality into a 

powerful tool for immune reprogramming, offering new therapeutic opportunities in one of the most 

treatment-resistant malignancies. 

9. Conclusion 

PDAC remains a formidable therapeutic challenge due to its intrinsic resistance to systemic 

therapies and profoundly immunosuppressive microenvironment. TTFields, with their dual 

cytostatic and immunomodulatory effects, present a novel opportunity to reshape the tumor-immune 

interface and sensitize PDAC to immunotherapy. Preclinical studies offer compelling evidence that 

TTFields enhance immunogenic cell death, promote immune cell infiltration, and synergize with 

immune checkpoint blockade in solid tumors. Although clinical data are still preliminary, ongoing 

trials highlight the translational potential of TTFields in combination with immunotherapy. Future 

research must prioritize validating efficacy in PDAC specific patient cohorts, identifying predictive 

biomarkers, and optimizing treatment regimens. Addressing these challenges may enable TTFields 

immunotherapy combinations to redefine the therapeutic landscape of PDAC, providing renewed 

hope for one of oncology’s most treatment-refractory malignancies. 

Table 1. Summary of Key Preclinical Studies on TTFields and Immunotherapy Synergy. 

Study 
Experimental 

Model 
Key Findings 

Evidence of 

Synergistic Effect 

with 

Immunotherapy 

Voloshi

n et al. 

(2020) 

[6] 

Murine 

glioma 

Induction of immunogenic cell death (ICD), 

increased CD8⁺ T cell infiltration, dendritic 

cell activation 

Yes 

Chen et 

al. 

(2022) 

[37] 

Murine lung 

cancer & 

melanoma 

Prolonged survival, increased CD8⁺ T cells, 

decreased Tregs and MDSCs when 

combined TTFields + ICI 

Yes 

Gera et 

al. 

(2015) 

[17] 

In vitro 

human cancer 

cells 

Enhanced tumor cell membrane 

permeability, increased uptake of antibodies 

and nanoparticles 

Indirect support 

facilitates drug 

delivery 
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Table 2. The summary below outlines key design features of these trials. 

Trial ID 
Phas

e 
Cancer Type Combination Status Focus Areas 

NCT0564

9162 
I/II NSCLC, PDAC 

TTFields + anti–

PD-(L)1 

Recruiti

ng 

Immune profiling, 

progression-free 

survival (PFS) [42] 

NCT0582

1685 
II 

Gastrointestinal 

malignancies 

(includes DAC) 

TTFields + 

pembrolizumab 
Active 

PDAC subgroup 

analysis, immune 

modulation [43] 

Author Contributions: Conceptualization: HB; Review writing: DA and HKR wrote the review; Editing and 

Review: DA, RHK and HB reviewed. All authors have read and agreed to the published version of the 

manuscript. 

Funding: H.B acknowledges support under a grant awarded under the K-12 NCI grant program (K12CA090628) 

to study TTFields. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. 

Acknowledgments: DA, RHK, SB, and DM gratefully acknowledges the support of the Mayo Clinic. The author 

also thanks BioRender for graphical assistance, and acknowledges the use of ChatGPT and Grammarly for 

language refinement and sentence paraphrasing. 

Conflicts of interest: The authors of this paper have stated that they have no conflicts of interest regarding its 

publication. 

References 

1. Rachamala, H.K.; Nakka, N.M.R.; Angom, R.S.; Bhattacharya, S.; Pal, K.; Mukhopadhyay, D. Dual 

Targeting of Syndecan-1 and Glucose Transporter-1 With a Novel Lipid-Based Delivery System Enhances 

Therapeutic Efficacy and Overcomes Chemoresistance in Pancreatic Ductal Adenocarcinoma. 

Gastroenterology 2025, 168, 160-163.e164, doi:https://doi.org/10.1053/j.gastro.2024.09.009. 

2. NIH. Cancer Stat Facts: Pancreatic Cancer. Available online: 

https://seer.cancer.gov/statfacts/html/pancreas.html (accessed on  

3. Nichetti, F.; Rota, S.; Ambrosini, P.; Pircher, C.; Gusmaroli, E.; Droz Dit Busset, M.; Pusceddu, S.; Sposito, 

C.; Coppa, J.; Morano, F.; et al. NALIRIFOX, FOLFIRINOX, and Gemcitabine With Nab-Paclitaxel as First-

Line Chemotherapy for Metastatic Pancreatic Cancer: A Systematic Review and Meta-Analysis. JAMA 

Netw Open 2024, 7, e2350756, doi:10.1001/jamanetworkopen.2023.50756. 

4. Wang, S.; Zheng, Y.; Yang, F.; Zhu, L.; Zhu, X.-Q.; Wang, Z.-F.; Wu, X.-L.; Zhou, C.-H.; Yan, J.-Y.; Hu, B.-

Y.; et al. The molecular biology of pancreatic adenocarcinoma: translational challenges and clinical 

perspectives. Signal Transduction and Targeted Therapy 2021, 6, 249, doi:10.1038/s41392-021-00659-4. 

5. Kirson, E.D.; Dbalý, V.; Tovarys, F.; Vymazal, J.; Soustiel, J.F.; Itzhaki, A.; Mordechovich, D.; Steinberg-

Shapira, S.; Gurvich, Z.; Schneiderman, R.; et al. Alternating electric fields arrest cell proliferation in animal 

tumor models and human brain tumors. Proc Natl Acad Sci U S A 2007, 104, 10152-10157, 

doi:10.1073/pnas.0702916104. 

6. Voloshin, T.; Kaynan, N.; Davidi, S.; Porat, Y.; Shteingauz, A.; Schneiderman, R.S.; Zeevi, E.; Munster, M.; 

Blat, R.; Tempel Brami, C.; et al. Tumor-treating fields (TTFields) induce immunogenic cell death resulting 

in enhanced antitumor efficacy when combined with anti-PD-1 therapy. Cancer Immunol Immunother 2020, 

69, 1191-1204, doi:10.1007/s00262-020-02534-7. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2026 doi:10.20944/preprints202603.1368.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.1053/j.gastro.2024.09.009
https://seer.cancer.gov/statfacts/html/pancreas.html
https://doi.org/10.20944/preprints202603.1368.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 14 

 

7. Li, X.; Liu, K.; Xing, L.; Rubinsky, B. A review of tumor treating fields (TTFields): advancements in clinical 

applications and mechanistic insights. Radiol Oncol 2023, 57, 279-291, doi:10.2478/raon-2023-0044. 

8. Stupp, R.; Wong, E.T.; Kanner, A.A.; Steinberg, D.; Engelhard, H.; Heidecke, V.; Kirson, E.D.; Taillibert, S.; 

Liebermann, F.; Dbalý, V.; et al. NovoTTF-100A versus physician’s choice chemotherapy in recurrent 

glioblastoma: A randomised phase III trial of a novel treatment modality. European Journal of Cancer 2012, 

48, 2192-2202, doi:https://doi.org/10.1016/j.ejca.2012.04.011. 

9. Chang, E.; Patel, C.B.; Pohling, C.; Young, C.; Song, J.; Flores, T.A.; Zeng, Y.; Joubert, L.M.; Arami, H.; 

Natarajan, A.; et al. Tumor treating fields increases membrane permeability in glioblastoma cells. Cell Death 

Discov 2018, 4, 113, doi:10.1038/s41420-018-0130-x. 

10. Barsheshet, Y.; Voloshin, T.; Brant, B.; Cohen, G.; Koren, L.; Blatt, R.; Cahal, S.; Haj Khalil, T.; Zemer Tov, 

E.; Paz, R.; et al. Tumor Treating Fields (TTFields) Concomitant with Immune Checkpoint Inhibitors Are 

Therapeutically Effective in Non-Small Cell Lung Cancer (NSCLC) In Vivo Model. Int J Mol Sci 2022, 23, 

doi:10.3390/ijms232214073. 

11. Rivera, F.; Benavides, M.; Gallego, J.; Guillen-Ponce, C.; Lopez-Martin, J.; Küng, M. Tumor treating fields 

in combination with gemcitabine or gemcitabine plus nab-paclitaxel in pancreatic cancer: Results of the 

PANOVA phase 2 study. Pancreatology 2019, 19, 64-72, doi:10.1016/j.pan.2018.10.004. 

12. Babiker, H.M.; Picozzi, V.; Chandana, S.R.; Melichar, B.; Kasi, A.; Gang, J.; Gallego, J.; Bullock, A.; Chunyi, 

H.; Wyrwicz, L. Tumor treating fields with gemcitabine and nab-paclitaxel for locally advanced pancreatic 

adenocarcinoma: Randomized, open-label, pivotal phase III PANOVA-3 study. Journal of Clinical Oncology 

2025, JCO-25-00746. 

13. Stupp, R.; Wong, E.T.; Kanner, A.A.; Steinberg, D.; Engelhard, H.; Heidecke, V.; Kirson, E.D.; Taillibert, S.; 

Liebermann, F.; Dbalý, V.; et al. NovoTTF-100A versus physician's choice chemotherapy in recurrent 

glioblastoma: a randomised phase III trial of a novel treatment modality. Eur J Cancer 2012, 48, 2192-2202, 

doi:10.1016/j.ejca.2012.04.011. 

14. Seufferlein, T.; Gracian, A.C.; Kueng, M. PANOVA-4 (EF-39): Pilot study of tumor treating fields (TTFields) 

therapy with atezolizumab, gemcitabine (GEM), and nab-paclitaxel (NabP) as first-line (1L) treatment for 

metastatic pancreatic ductal adenocarcinoma (mPDAC). Journal of Clinical Oncology 2024, 42, TPS718-

TPS718, doi:10.1200/JCO.2024.42.3_suppl.TPS718. 

15. Arvind, R.; Chandana, S.R.; Borad, M.J.; Pennington, D.; Mody, K.; Babiker, H. Tumor-Treating Fields: A 

fourth modality in cancer treatment, new practice updates. Crit Rev Oncol Hematol 2021, 168, 103535, 

doi:10.1016/j.critrevonc.2021.103535. 

16. Mun, E.J.; Babiker, H.M.; Weinberg, U.; Kirson, E.D.; Von Hoff, D.D. Tumor-Treating Fields: A Fourth 

Modality in Cancer Treatment. Clinical Cancer Research 2018, 24, 266-275, doi:10.1158/1078-0432.Ccr-17-1117. 

17. Gera, N.; Yang, A.; Holtzman, T.S.; Lee, S.X.; Wong, E.T.; Swanson, K.D. Tumor Treating Fields Perturb the 

Localization of Septins and Cause Aberrant Mitotic Exit. PLOS ONE 2015, 10, e0125269, 

doi:10.1371/journal.pone.0125269. 

18. Ho Kim, E.; Sook Song, H.; Hoon Yoo, S.; Yoon, M. Tumor treating fields inhibit glioblastoma cell migration, 

invasion and angiogenesis. Oncotarget 2016, 7. 

19. Kim, E.H.; Teerdhala, S.V.; Padilla, M.S.; Joseph, R.A.; Li, J.J.; Haley, R.M.; Mitchell, M.J. Lipid nanoparticle-

mediated RNA delivery for immune cell modulation. Eur J Immunol 2024, 54, e2451008, 

doi:10.1002/eji.202451008. 

20. Yue, Y.; Wang, Y.; Yao, M.; Suo, Y. Tumor Treating Fields inhibit cell proliferation and promote immunogenic cell 

death in biliary tract cancer cells; 2025. 

21. Zhao, Y.; Qin, C.; Lin, C.; Li, Z.; Zhao, B.; Li, T.; Zhang, X.; Wang, W. Pancreatic ductal adenocarcinoma 

cells reshape the immune microenvironment: Molecular mechanisms and therapeutic targets. Biochimica et 

Biophysica Acta (BBA) - Reviews on Cancer 2024, 1879, 189183, doi:https://doi.org/10.1016/j.bbcan.2024.189183. 

22. Guo, S.; Wang, Z. Unveiling the immunosuppressive landscape of pancreatic ductal adenocarcinoma: 

implications for innovative immunotherapy strategies. Front Oncol 2024, 14, 1349308, 

doi:10.3389/fonc.2024.1349308. 

23. Qin, D.; Zhang, Y.; Shu, P.; Lei, Y.; Li, X.; Wang, Y. Targeting tumor-infiltrating tregs for improved 

antitumor responses. Front Immunol 2024, 15, 1325946, doi:10.3389/fimmu.2024.1325946. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2026 doi:10.20944/preprints202603.1368.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.1016/j.ejca.2012.04.011
https://doi.org/10.1016/j.bbcan.2024.189183
https://doi.org/10.20944/preprints202603.1368.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 14 

 

24. Martinez-Paniagua, M.; Khan, S.; Henning, N.W.; Konagalla, S.V.; Patel, C.B. Optimized Methods to 

Quantify Tumor Treating Fields (TTFields)-Induced Permeabilization of Glioblastoma Cell Membranes. 

Methods and Protocols 2025, 8, 10. 

25. Lin, W.; Wang, Y.; Li, M.; Feng, J.; Yue, Y.; Yu, J.; Hu, Y.; Suo, Y. Tumor treating fields enhance anti-PD 

therapy by improving CCL2/8 and CXCL9/CXCL10 expression through inducing immunogenic cell death 

in NSCLC models. BMC Cancer 2025, 25, 489, doi:10.1186/s12885-025-13859-w. 

26. Asadzadeh, Z.; Safarzadeh, E.; Safaei, S.; Baradaran, A.; Mohammadi, A.; Hajiasgharzadeh, K.; 

Derakhshani, A.; Argentiero, A.; Silvestris, N.; Baradaran, B. Current Approaches for Combination Therapy 

of Cancer: The Role of Immunogenic Cell Death. Cancers 2020, 12, 1047. 

27. Vergote, I.; Macarulla, T.; Hirsch, F.R.; Hagemann, C.; Miller, D.S. Tumor Treating Fields (TTFields) 

Therapy Concomitant with Taxanes for Cancer Treatment. Cancers 2023, 15, 636. 

28. Wang, Q.; Yin, X.; Ding, Y.; Zhao, H.; Luo, Y. Application of biomechanics in tumor epigenetic research. 

Mechanobiol Med 2024, 2, 100093, doi:10.1016/j.mbm.2024.100093. 

29. Leal, T.; Kotecha, R.; Ramlau, R.; Zhang, L.; Milanowski, J.; Cobo, M.; Roubec, J.; Petruzelka, L.; Havel, L.; 

Kalmadi, S.; et al. Tumor Treating Fields therapy with standard systemic therapy versus standard systemic 

therapy alone in metastatic non-small-cell lung cancer following progression on or after platinum-based 

therapy (LUNAR): a randomised, open-label, pivotal phase 3 study. The Lancet Oncology 2023, 24, 1002-1017, 

doi:10.1016/S1470-2045(23)00344-3. 

30. Kyi, C.; Postow, M.A. Immune checkpoint inhibitor combinations in solid tumors: opportunities and 

challenges. Immunotherapy 2016, 8, 821-837, doi:10.2217/imt-2016-0002. 

31. Formelli, M.G.; Palloni, A.; Tavolari, S.; Deiana, C.; Andrini, E.; Di Marco, M.; Campana, D.; Lamberti, G.; 

Brandi, G. Classic versus innovative strategies for immuno-therapy in pancreatic cancer. Advanced Drug 

Delivery Reviews 2025, 225, 115671, doi:https://doi.org/10.1016/j.addr.2025.115671. 

32. Mahgoub, E.; Hussain, A.; Sharifi, M.; Falahati, M.; Marei, H.E.; Hasan, A. The therapeutic effects of tumor 

treating fields on cancer and noncancerous cells. Arabian Journal of Chemistry 14, 202110, 

doi:10.1016/j.arabjc.2021.103386. 

33. Zang, M.; Zhu, S.; Niu, Q. Advancement in tumor treating fields of mechanism, clinical applications, and 

future directions. Discov Oncol 2025, 16, 1049, doi:10.1007/s12672-025-02861-0. 

34. Vergote, I.; Macarulla, T.; Hirsch, F.R.; Hagemann, C.; Miller, D.S. Tumor Treating Fields (TTFields) 

Therapy Concomitant with Taxanes for Cancer Treatment. Cancers (Basel) 2023, 15, 

doi:10.3390/cancers15030636. 

35. Rotte, A. Combination of CTLA-4 and PD-1 blockers for treatment of cancer. Journal of Experimental & 

Clinical Cancer Research 2019, 38, 255, doi:10.1186/s13046-019-1259-z. 

36. Chen, D.; Shi, P.; Odeh, J. Perspective Chapter: Theory and Application of Tumor Treating Fields in Brain 

Tumor Treatment. In Advanced Concepts and Strategies in Central Nervous System Tumors, Chow, F., Hwang, 

L., Eds.; IntechOpen: Rijeka, 2024. 

37. Chen, D.; Le, S.B.; Hutchinson, T.E.; Calinescu, A.A.; Sebastian, M.; Jin, D.; Liu, T.; Ghiaseddin, A.; Rahman, 

M.; Tran, D.D. Tumor Treating Fields dually activate STING and AIM2 inflammasomes to induce adjuvant 

immunity in glioblastoma. J Clin Invest 2022, 132, doi:10.1172/jci149258. 

38. Low, J.T.; Brown, M.C.; Reitman, Z.J.; Bernstock, J.D.; Markert, J.M.; Friedman, G.K.; Waitkus, M.S.; Bowie, 

M.L.; Ashley, D.M. Understanding and therapeutically exploiting cGAS/STING signaling in glioblastoma. 

J Clin Invest 2024, 134, doi:10.1172/jci163452. 

39. Ledbetter, D.; de Almeida, R.A.A.; Wu, X.; Naveh, A.; Patel, C.B.; Gonzalez, Q.; Beckham, T.H.; North, R.; 

Rhines, L.; Li, J. Tumor treating fields suppress tumor cell growth and neurologic decline in models of 

spinal metastases. JCI insight 2024, 9, e176962. 

40. Diamant, G.; Simchony Goldman, H.; Gasri Plotnitsky, L.; Roitman, M.; Shiloach, T.; Globerson-Levin, A.; 

Eshhar, Z.; Haim, O.; Pencovich, N.; Grossman, R.; et al. T Cells Retain Pivotal Antitumoral Functions under 

Tumor-Treating Electric Fields. The Journal of Immunology 2021, 207, 709-719, doi:10.4049/jimmunol.2100100. 

41. Mason, W.P.; Harrison, R.A.; Lapointe, S.; Lim-Fat, M.J.; MacNeil, M.V.; Mathieu, D.; Perry, J.R.; Pitz, M.W.; 

Roberge, D.; Tsang, D.S.; et al. Canadian Expert Consensus Recommendations for the Diagnosis and 

Management of Glioblastoma: Results of a Delphi Study. Current Oncology 2025, 32, 207. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2026 doi:10.20944/preprints202603.1368.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.1016/j.addr.2025.115671
https://doi.org/10.20944/preprints202603.1368.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 14 

 

42. Ma, W.; Sheng, X.; Li, G.; Wei, Q.; Zhou, Z.; Qiu, X. Effectiveness of different treatment strategies in elderly 

patients with glioblastoma: An evidence map of randomized controlled trials. Critical Reviews in 

Oncology/Hematology 2022, 173, 103645, doi:https://doi.org/10.1016/j.critrevonc.2022.103645. 

43. He, X.; Zhao, W.; Huang, J.; Xu, J.; Niu, S.; Zhang, Q.; Zhang, N.; Jin, H.; Shen, G. Characteristics and trends 

of globally registered glioma clinical trials in the past 16 years. Ther Adv Neurol Disord 2022, 15, 

17562864221114355, doi:10.1177/17562864221114355. 

44. Yue, Y.; Wang, Y.; Feng, J.; Yao, M.; Suo, Y. Tumor treating fields suppress tumor cell growth and induce 

immunogenic cell death biomarkers in biliary tract cancer cell lines. Scientific Reports 2025, 15, 30611, 

doi:10.1038/s41598-025-16341-6. 

45. Torres Velasco, M.; Álvarez Gallego, R.; Peinado, P.; Muñoz Gregorio, C.; Ugidos, L.; García Morillo, M.; 

Vicente, E.; Quijano, Y.; Prados, S.; de la Fuente, E.; et al. Long-Term Survival in Hepatocellular Carcinoma 

following Second-Line Tumor Treating Fields Therapy and Sorafenib: A Case Report. Case Reports in 

Oncology 2024, 17, 843-851, doi:10.1159/000539719. 

46. Lassman, A.B.; Polley, M.C.; Iwamoto, F.M.; Sloan, A.E.; Wang, T.J.C.; Aldape, K.D.; Wefel, J.S.; Gondi, V.; 

Gutierrez, A.N.; Manasawala, M.H.; et al. Dual Immune Check Point Blockade in MGMT-Unmethylated 

Newly Diagnosed Glioblastoma: NRG Oncology BN007, a Randomized Phase II/III Clinical Trial. J Clin 

Oncol 2025, Jco2500618, doi:10.1200/jco-25-00618. 

47. Dongpo, S.; Zhengyao, Z.; Xiaozhuo, L.; Qing, W.; Mingming, F.; Fengqun, M.; Mei, L.; Qian, H.; Tong, C. 

Efficacy and Safety of Bevacizumab Combined with Other Therapeutic Regimens for Treatment of 

Recurrent Glioblastoma: A Network Meta-analysis. World Neurosurgery 2022, 160, e61-e79, 

doi:https://doi.org/10.1016/j.wneu.2021.12.091. 

48. Arimoto, K.-i.; Miyauchi, S.; Liu, M.; Zhang, D.-E. Emerging role of immunogenic cell death in cancer 

immunotherapy. Frontiers in Immunology 2024, Volume 15 - 2024, doi:10.3389/fimmu.2024.1390263. 

49. Babiker, H.M.; Picozzi, V.; Chandana, S.R.; Melichar, B.; Kasi, A.; Gang, J.; Gallego, J.; Bullock, A.; Chunyi, 

H.; Wyrwicz, L.; et al. Tumor Treating Fields With Gemcitabine and Nab-Paclitaxel for Locally Advanced 

Pancreatic Adenocarcinoma: Randomized, Open-Label, Pivotal Phase III PANOVA-3 Study. Journal of 

Clinical Oncology 2025, 43, 2350-2360, doi:10.1200/jco-25-00746. 

50. Lin, H.; Liu, C.; Hu, A.; Zhang, D.; Yang, H.; Mao, Y. Understanding the immunosuppressive 

microenvironment of glioma: mechanistic insights and clinical perspectives. Journal of Hematology & 

Oncology 2024, 17, 31, doi:10.1186/s13045-024-01544-7. 

51. Qiu, X.; Shi, Z.; Tong, F.; Lu, C.; Zhu, Y.; Wang, Q.; Gu, Q.; Qian, X.; Meng, F.; Liu, B.; et al. Biomarkers for 

predicting tumor response to PD-1 inhibitors in patients with advanced pancreatic cancer. Hum Vaccin 

Immunother 2023, 19, 2178791, doi:10.1080/21645515.2023.2178791. 

52. Pan, D.; Li, X.; Qiao, X.; Wang, Q. Immunosuppressive tumor microenvironment in pancreatic cancer: 

mechanisms and therapeutic targets. Front Immunol 2025, 16, 1582305, doi:10.3389/fimmu.2025.1582305. 

53. Eleazar, A. Daraxonrasib Earns FDA Orphan Drug Designation in Pancreatic Cancer. 

54. Mahadevan, K.K.; McAndrews, K.M.; LeBleu, V.S.; Yang, S.; Lyu, H.; Li, B.; Sockwell, A.M.; Kirtley, M.L.; 

Morse, S.J.; Diaz, B.A.M. KRASG12D inhibition reprograms the microenvironment of early and advanced 

pancreatic cancer to promote FAS-mediated killing by CD8+ T cells. Cancer Cell 2023, 41, 1606-1620. e1608. 

55. Onken, J.; Staub-Bartelt, F.; Vajkoczy, P.; Misch, M. Acceptance and compliance of TTFields treatment 

among high grade glioma patients. J Neurooncol 2018, 139, 177-184, doi:10.1007/s11060-018-2858-9. 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2026 doi:10.20944/preprints202603.1368.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.1016/j.critrevonc.2022.103645
https://doi.org/10.1016/j.wneu.2021.12.091
https://doi.org/10.20944/preprints202603.1368.v1
http://creativecommons.org/licenses/by/4.0/

