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SUMMARY

Background: Immune checkpoint inhibitors (ICIs) have shown limited success in glioblastoma due to the tu- 
mor’s profoundly immunosuppressive microenvironment. Tumor treating fields (TTFields), a non-invasive 
electric field therapy, activate the type I interferon (T1IFN) pathway via DNA sensor-dependent inflamma- 
somes, promoting in situ immunization against glioblastoma. 
Methods: In this phase 2 study (this study was registered at ClinicalTrials.gov: NCT03405792), 31 newly diag- 
nosed glioblastoma patients were enrolled post-chemoradiation to evaluate synergy between TTFields, 
pembrolizumab, and temozolomide. The primary endpoint was progression-free survival (PFS) compared 
to case-matched controls treated with TTFields and temozolomide alone. Secondary endpoints included 
overall survival (OS), response rate, safety, and immune correlates assessed through single-cell transcrip- 
tomics and T cell clonotyping of blood and tumor samples. 
Findings: Among 26 patients treated per protocol, the median PFS was 12.0 vs. 5.8 months in controls (HR 
0.377, 95% CI 0.217–0.653; p = 0.0026), and the median OS was 24.8 vs. 14.6 months (HR 0.522, 95% CI 
0.301–0.905; p = 0.0477). Patients undergoing biopsy had longer PFS (27.2 vs. 9.6 months; HR 0.37, 95% CI 
0.16–0.85; p = 0.014) and OS (31.6 vs. 18.8 months; HR 0.4, 95% CI 0.17–0.92; p = 0.023) compared to maximal 
resection. Severe adverse events constituted 7.5% of treatment-related toxicities. TTFields promoted clonal 
T cell expansion via a T1IFN-driven trajectory, while pembrolizumab supported adaptive replacement of these 
clones, sustaining T cell activation and memory formation, especially in biopsy-only patients. 
Conclusions: These findings demonstrate synergy between TTFields and ICIs, particularly in patients with 
high tumor burden, and support further study in larger trials. 
Funding: This work was supported by a grant from Novocure.

CONTEXT AND SIGNIFICANCE Glioblastoma (GBM) is an aggressive brain cancer with a poor prognosis, and 

survival for patients with inoperable GBM is especially dismal. While immune checkpoint inhibitors (ICIs) have 

shown success in other cancers, their effectiveness in GBM has been limited due to the tumor’s profoundly 

immunosuppressive microenvironment. In this study, the researchers investigate the use of TTFields, an 

electric field treatment known to induce an in situ immunization effect against GBM, alongside pembrolizu- 

mab, an anti-PD-1 ICI, in newly diagnosed GBM patients. This study confirms that the use of TTFields in 

conjunction with pembrolizumab enhances immune recognition and anti-tumor immunity, significantly 

improving PFS and OS, particularly in patients with biopsy-only tumor. These findings suggest that TTFields 

can augment ICI efficacy, offering a promising new treatment strategy for GBM.
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INTRODUCTION

The survival outlook for glioblastoma (GBM) remains bleak, 

despite aggressive treatment composed of maximal surgical 

resection, concomitant chemoradiation, adjuvant temozolomide 

(TMZ), and tumor treating fields (TTFields). The median overall 

survival (OS) is 20.9 months, and the 5-year survival rate stands 

at a mere 13%. 1 For patients with inoperable tumors, the prog- 

nosis is considerably worse, with median OS of less than 

12 months. 2–4 This stark reality emphasizes an imperative need 

for new therapeutic approaches to improve outcomes, particu- 

larly for patients harboring high tumor burdens beyond the scope 

of safe surgical excision. 

While immune checkpoint inhibitors (ICIs) like anti-pro- 

grammed cell death protein 1/programmed cell death ligand 

1 (PD-1/PD-L1) monoclonal antibodies have shown success 

in many solid tumors, they show limited efficacy in GBM, 

despite high intratumor expression of PD-L1. 5–9 The mecha- 

nisms for this failure are complex, including GBM’s low muta- 

tion burden, extensive molecular heterogeneity and immune 

escape signals, and a profoundly immunosuppressed or 

‘‘cold’’ tumor microenvironment (TME), characterized by a 

dearth of tumor-infiltrating lymphocytes (TILs) and dendritic 

cells (DCs) and an abundance of immunoinhibitory cells like 

regulatory T cells and myeloid-derived suppressor cells 

(MDSCs). 10–12 Current strategies focused on inducing periph- 

eral cytotoxic T cell responses alone have met with limited suc- 

cess, indicating that potent systemic immune activation may 

not suffice to reverse the cold TME to enhance ICI efficacy. 11 

Consequently, recent efforts have pivoted to directly target 

the TME. This includes the use of intraoperative, intracavitary, 

or implantable reservoirs for local delivery of therapies such 

as hyperthermia, oncolytic viruses, or gene therapy to elicit in 

situ immunizing effects with encouraging results when com- 

bined with ICIs. 13–15 Nonetheless, there is a critical need for 

the development of non-invasive, safe, repeated administration 

strategies capable of directly modulating and sustaining TME 

stimulation in GBM. 

TTFields, approved for newly diagnosed and recurrent 

GBM, 1 are non-invasive, low-intensity, intermediate-frequency 

alternating electric fields that elicit anti-neoplastic effects via 

a plethora of molecular mechanisms. 16 Emerging evidence 

supports a role for TTFields in inducing immunogenic cell death 

(ICD). 17,18 We recently reported that TTFields induce focal nu- 

clear envelope disruptions in GBM and other solid tumor cells, 

causing cytosolic release of large clusters of naked DNA, 

thereby stimulating cyclic guanosine monophosphate-adeno- 

sine monophosphate synthase/stimulator of interferon genes 

(cGAS/STING) and absent in melanoma 2 (AIM2)/caspase-1 

and their cognate inflammasomes to produce local type I inter- 

feron (T1IFN) and pro-inflammatory cytokines. This, coupled 

with free tumor immunogens released by TTFields-induced 

ICD, creates a non-invasive, on-demand, in situ immunization 

platform for GBM and, potentially, other tumors. 19 Remarkably, 

in patients with newly diagnosed GBM, TTFields therapy re- 

sulted in robust T cell receptor (TCR) clonal expansion via a 

T1IFN trajectory, 19 and in a phase 3 randomized trial in meta- 

static non-small cell lung cancer, TTFields plus pembrolizumab

significantly extended survival compared to pembrolizumab 

alone. 20 

To investigate potential synergistic effects of TTFields and 

pembrolizumab, we conducted a pilot phase 2 study in patients 

with newly diagnosed GBM, who had either maximal tumor 

resection or biopsy only and had completed concomitant che- 

moradiation. The objective was to corroborate TTFields’ capac- 

ity for in situ immunization in the TME by assessing clinical out- 

comes and peripheral immune dynamics, including in patients 

with biopsy-only tumors. Conceivably, the higher neoplastic 

burden in biopsy-only patients is more amenable to the immu- 

nizing effects of TTFields plus pembrolizumab. We utilized 

a multi-omics approach, including paired 5 ′ single-cell RNA 

sequencing (scRNA-seq) and TCR sequencing of peripheral 

blood mononuclear cells (PBMCs) and bulk RNA-seq of enriched 

T cells, coupled with RNA-seq, whole-exome sequencing (WES), 

and immunohistochemistry (IHC) of paired primary and recurrent 

tumors to delineate potential determinants of response and 

resistance.

RESULTS

Study design and patient demographics and baseline 

characteristics 

The 2-THE-TOP phase 2 trial enrolled newly diagnosed GBM pa- 

tients who had undergone either maximal tumor resection or bi- 

opsy only and completed standard radiation and concurrent 

TMZ. Eligibility required Karnofsky Performance Status (KPS)

≥70%, adequate hematologic and metabolic reserves, and 

required dexamethasone ≤4 mg/day at enrollment. TTFields 

began with cycle 1 of adjuvant TMZ, with pembrolizumab 

200 mg intravenously every 3 weeks added at cycle 2, enabling 

differentiation of TTFields’ early immune effects from the com- 

bined effect with pembrolizumab. The primary endpoint was pro- 

gression-free survival (PFS) compared to historical controls from 

the EF-14 study, 1 with disease assessment via brain MRI every 

9 weeks per the Immunotherapy Response Assessment in 

Neuro-Oncology (iRANO) criteria. 21 Secondary endpoints 

included OS, safety, objective responses, and immune signa- 

tures using bulk RNA-seq and paired 5 ′ scRNA-seq and TCR clo- 

notyping of PBMCs and T cell RNA-seq. Preclinical models 

showed that PBMC changes serve as a surrogate for the 

TME’s immune dynamics along a T1IFN trajectory, later 

confirmed in TTFields-treated patients, 19 thereby obviating the 

need for repeated high-risk intracranial sampling. PBMCs were 

collected at baseline (before TTFields or Pre-TTF), 4 weeks after 

TTFields (Post-TTF and prior to pembrolizumab at cycle 1), and 

before cycles 2, 4, 9, 17, and 34, as well as at tumor recurrence. 

An exploratory objective is to identify TME resistance markers in 

paired primary and recurrent tumors using RNA-seq, WES, and 

IHC (Figure 1A). 

From 2018 to 2021, 31 eligible patients were enrolled 

(Figure 1B). Five patients did not receive study treatments—2 

withdrew consent without initiating TTFields (1 lost to follow- 

up) and 3 discontinued TTFields during cycle 1 of TMZ before 

receiving pembrolizumab (1 lost to follow-up). For evaluability 

in survival and immune analyses, at least one dose of pembroli- 

zumab was required; the intent-to-treat (ITT) group thus
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comprised 31 patients, with the per-protocol (PP) group of 26 

and 28 patients evaluable for safety (Tables S1 and S2). In the 

ITT and PP populations, the median ages were 60.7 and 60.5 

years, with 71% and 73% men, respectively, 29% and 27% 

were biopsy only, 68% and 73% had an unmethylated O-6- 

methylguanine-DNA methyltransferase (MGMT) promoter, and 

13% and 12% had an isocitrate dehydrogenase 1 (IDH1) or 

IDH2 mutation—assessed by IHC and DNA sequencing. 

PBMC and tumor samples collected and available for correlative 

analysis are detailed in Table S3. 

Because the PP population was enriched in adverse prog- 

nostic factors compared to the general EF-14 study (e.g., higher 

rates of male sex, unmethylated MGMT, biopsy only), we created 

a case-matched control cohort of 56 patients from the EF-14 trial 

(TTFields plus TMZ) with similar key characteristics, including 

median age, sex, KPS, extent of resection, MGMT promoter 

methylation, IDH mutation status, and TTFields usage during

Figure 1. 2-THE-TOP study design and sur- 

vival endpoints

(A) Top: the 2-THE-TOP study assessed the effi- 

cacy of adjuvant TTFields combined with pem- 

brolizumab and TMZ in newly diagnosed GBM 

patients, following standard chemoradiation. Pa- 

tients began TTFields therapy with cycle 1 of TMZ, 

with pembrolizumab added in cycle 2. Tumor and 

PBMC samples were collected at designated time 

points for correlative analyses. Bottom: the study 

objectives. Patients were stratified by MGMT 

promoter methylation status and extent of resec- 

tion (maximal resection vs. biopsy only).

(B) A CONSORT flowchart detailing recruitment 

and enrollments.

(C) Summary of primary and secondary survival 

endpoints.

(D) The median PFS from enrollment was 

12 months for the 26-patient PP group, compared 

to 5.8 months for the 56-patient case-matched 

control cohort treated with TTFields plus TMZ 

from the experimental arm of the EF-14 study (HR 

0.377; 95% CI 0.217–0.653; log rank p = 0.00261).

(E) The median OS from enrollment was 

24.8 months for the PP population, compared to 

14.6 months for case-matched controls (HR 

0.522; 95% CI 0.301–0.905; log rank p = 0.0477).

the first 6 months (Table S1, and see 

STAR Methods for details on cohort cre- 

ation). During accrual, updates to the 

World Health Organization classification 

excluded IDH1/2 mutant tumors from 

GBM 22 ; thus, for the last 8 enrollments, 

only wild-type IDH (WT-IDH) GBM were 

included, and no patients enrolled after 

this point met the GBM criteria only 

based on this new classification (e.g., tu- 

mors previously described as molecular 

GBM 23,24 ). In this WT-IDH GBM subset 

(23 patients), the median age was 60.8 

years, 74% were males, 30% were bi- 

opsy only, and 74% had an unmethylated MGMT promoter 

(Table S1).

Safety 

Throughout the pilot trial, we meticulously monitored and docu- 

mented all the adverse events. Of the 695 recorded events, 213 

(31%) were investigational treatment related, with only 16 events 

(7.5% of treatment-related events) classified as Common Termi- 

nology Criteria for Adverse Events grade 3 or higher. The toxicity 

table (Table S4) offers a comprehensive overview of these 213 

potential treatment-related toxicity events. The most common 

events were dermatological (notably scalp irritation from 

TTFields array placement) and gastrointestinal (primarily mild 

to moderate nausea likely linked to TMZ and pembrolizumab). 

Overall, the triple regimen (TTFields + TMZ + pembrolizumab) 

exhibited a manageable safety profile with few severe events, 

supporting further clinical development.
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TTFields plus pembrolizumab and TMZ is associated 

with extended survival 

At data cutoff, 5 patients had not progressed and 7 remained 

alive. In the ITT and PP populations, including patients with 

IDH1/2 mutant tumors, median PFS was 11.9 months (95% con- 

fidence interval [CI] 8.83–16.6) and 12.0 months (95% CI 8.83– 

21.1), respectively, while median OS was 22.1 months (95% CI 

13.9–27) and 24.8 months (95% CI 12.57–29.57). Among 23 

WT-IDH GBM patients, median PFS and OS were 10.8 months 

(95% CI 7.4–16.6) and 20.5 months (95% CI 12.5–25.5), respec- 

tively (Figure 1C). Compared to a 56-patient case-matched con- 

trol cohort from the EF-14 study, the PP population demon- 

strated significantly longer median PFS (12 vs. 5.8 months; 

hazard ratio [HR] 0.377; 95% CI 0.217–0.653; log rank p = 

0.00261) and OS (24.8 vs. 14.6 months; HR 0.522; 95% CI 

0.301–0.905; log rank p = 0.0477) (Figures 1D and 1E).

TTFields were linked to survival and adaptive immunity 

via a T1IFN trajectory in DCs 

TTFields were recently shown to induce intratumoral immune 

activation via cGAS/STING and AIM2/caspase-1-dependent in- 

flammasomes, leading to systemic adaptive immunity through a 

T1IFN pathway in DCs. 19 To validate this mechanism in a larger 

cohort and link it to treatment response and survival, we 

collected paired 5 ′ scRNA-seq and TCRα/β V(D)J sequencing 

data from serial PBMC samples starting at the Pre-TTF time 

point (Figure 1A). We used Seurat for graph-based clus- 

tering, 25,26 uniform manifold approximation and projection 

(UMAP) for dimensionality reduction, 27 and Simpson’s diversity 

index to assess TCR clonotype diversity, 28 and compared 

TCRβ clonotypes of primary and recurrent (where available) tu- 

mors with corresponding PBMCs to track T cell clonal evolution. 

Of the 26 PP patients, 21 had complete serial blood collections, 

contributing a total of 102 PBMC samples (16 maximal resection, 

including 14 WT-IDH tumors, and 5 biopsy-only tumors, all WT- 

IDH). The other 5 (3 maximal resection and 2 biopsy only) were 

excluded due to unusual sequence output from the first 2 treat- 

ment time points (Table S3). In total, 576,406 single PBMCs were 

resolved into 22 immunologically defined cell types, annotated 

as described earlier 19 (Figure 2A). 

Consistent with its complete in situ immunization platform via 

DNA sensor inflammasomes, 17–19 TTFields treatment was spe- 

cifically associated with increased expression of the 99-gene 

T1IFN pathway (GO: 0034340) in DCs—but not the 73-gene 

non-T1IFN inflammatory pathway (GO: 002437)—shortly after 

TTFields initiation (Pre-TTF to C1, before pembrolizumab, 

compared to C1–C2; Figures 2B and 2C). In a multivariable 

Cox proportional hazards model (Cox PH), accounting for key 

prognostic factors and survival for both the PP and WT-IDH 

GBM populations, T1IFN pathway intensity in DCs—but not in 

the 2 other T1IFN-responsive immune cell types, monocytes 

and natural killer (NK) cells—emerged as a strong predictor of 

survival (HR 0.27 and 0.31; p = 0.024 and 0.034 for PP and 

WT-IDH GBM populations, respectively; Figure 2D), whereas 

non-T1IFN pathway expression in DCs did not correlate with out- 

comes (Figure 2D). Given that T1IFN is an innate immune signal 

with rapid kinetics, the 2.5-month gap between the start of che- 

moradiation and the Pre-TTF time point suggests that the

observed T1IFN response is primarily driven by TTFields, with 

any residual effects from chemoradiation likely playing only a mi- 

nor role. 

From DCs, the T1IFN pathway engaged the adaptive immune 

system, showing a strong correlation with the 556-gene T cell 

activation pathway (GO: 0042110) in T cells by C4 pembrolizu- 

mab (Pearson r = 0.81; p = 0.000027) (Figure 2E), which in turn 

predicted survival (HR 0.44 and 0.07, p = 0.035 and 0.039 for 

PP and WT-IDH GBM populations, respectively) in the same 

Cox PH model (Figure 2F). Consistent with previous findings, 19 

T cell clonal expansion—measured by the Simpson’s diversity 

index of TCRB clonotypes—was observed from Pre-TTF to 

Post-TTF (prior to C1 pembrolizumab) but not after pembrolizu- 

mab initiation (C1–C4) (Figures 3A and S1), suggesting that while 

the initial immune activation by TTFields was crucial, sustained 

anti-tumor immunity may require additional effects from 

pembrolizumab. 

TCR clonal replacement is crucial for immune adaptation to 

neoantigen variations in the TME, particularly in the context of 

ICI. 29,30 We hypothesized that continuous TTFields application 

drives the expansion of new TCR clones targeting emerging tu- 

mor-associated antigens, potentially at the expense of previ- 

ously dominant clones, a process that may be enhanced by 

pembrolizumab. TCR clonal replacement is measured as the ra- 

tio of the prevalence of dominant clones at a given time to that of 

the previously dominant clones that were supplanted. Tracking 

the top 10 and 20 TCRβ clones across all PP patients revealed 

significant clonal replacement between Pre-TTF and C4, both 

before and after pembrolizumab (Figures 3B, 3C, and S2), 

demonstrating the sustained intratumor immunizing effect of 

continuous TTFields. 

In a univariate analysis, when replacement ratios were dichot- 

omized around the mean for each period, only a high replace- 

ment ratio from C1 to C4 predicted extended survival, while ra- 

tios for Pre-TTF to C1 and Pre-TTF to C4 did not (Figure 3D); 

similar results were observed with the top 20 clonal replacement 

(Figure S3). Thus, while TTFields appears to drive T cell clonal 

expansion from Pre-TTF to Post-TTF (C1), pembrolizumab was 

associated with selective expansion of these TTFields-induced 

clones during the C1–C4 interval. Indeed, a strong correlation 

between C1–C4 clonal replacement and T cell activation (Pear- 

son r = 0.72; p = 0.0018; Figure 3E) supports that this selective 

expansion is a key factor in improved survival. Although 

we cannot completely dismiss a delayed TTFields effect on se- 

lective T cell expansion, this is less likely given that a high 

replacement ratio from Pre-TTF to C4, which spans both pre- 

and post-pembrolizumab periods, did not predict extended sur- 

vival (Figure 3D). 

In summary, local TTFields therapy initiates an antigen-spe- 

cific adaptive immune response in the periphery via the T1IFN 

trajectory in DCs, which is selectively amplified by anti-PD-1 

immunotherapy, highlighting their potential synergistic in situ 

immunizing effects.

Patients with biopsy tumors exhibited longer survival 

than those with maximal resection 

To explore the synergistic immunizing effects of TTFields and pem- 

brolizumab, we hypothesized that larger tumor burdens, such as
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those in biopsy-only patients, would elicit stronger anti-tumor im- 

munity detectable in PBMCs, thereby improving response and sur- 

vival compared to maximal resection. We compared survival out- 

comes between these groups in the 2-THE-TOP study and 56 

matched controls. Notably, biopsy-only patients showed mark- 

edly greater improvements in PFS and OS relative to controls, 

whereas maximal resection patients showed only modest gains 

(Figure 4A). Within the 2-THE-TOP cohort, 7 biopsy-only WT-IDH 

GBM patients were compared to 23 WT-IDH patients who under- 

went maximal resection, with both groups having similar clinical 

and molecular profiles (Figure 4B). Representative patients with 

maximal resection and biopsy-only WT-IDH tumors are shown 

with their treatment timelines, steroid exposure, and serial brain 

MRI in Figure 4C. Best responses, defined as percent change of

measurable tumors from baseline per iRANO criteria, 21 showed 

that among the 7 biopsy-only patients, 2 achieved a durable com- 

plete/near-complete response, 2 reached a partial response, 2 

maintained durable stable disease, and 1 initially exhibited tumor 

reduction before succumbing to complications following seizures 

(Figure 4D). As predicted, the biopsy-only group had significantly 

improved outcomes, with median PFS of 27.2 vs. 9.6 months 

(HR 0.37; 95% CI 0.16–0.85; log rank p = 0.014) and median OS 

of 31.6 vs. 18.8 months (HR 0.4; 95% CI 0.17–0.92; log rank p = 

0.023) (Figures 4E and 4F). Although the markedly higher survival 

and response rates in biopsy-only patients were unexpected, 

given the historical association of biopsy-only GBM with poor out- 

comes under standard chemoradiation, 2–4 these findings align 

with our prior studies demonstrating TTFields as an effective in

Figure 2. TTFields-mediated T1IFN pathway 

induction in DCs is associated with 

T cell activation and serves as a prognostic 

indicator of survival

(A) Two-dimensional (2D) UMAP (resolution 1) of 

576,406 single PBMCs in 102 blood samples 

across 21 patients, highlighting 22 immune cell 

subtypes. cDC, conventional DCs; pDC, plasma- 

cytoid DCs; NK, natural killer cells; NK-T, NK 

T cells. 

(B and C) T1IFN pathway activation in DCs induced 

by TTFields treatment. (B) Left: stepwise model 

illustrating intratumor immunization by TTFields via 

the T1IFN pathway in DCs. Right: 2D UMAP of 

single DCs displaying mean expression of the 

T1IFN (top) and non-T1IFN inflammatory (bottom) 

pathways at indicated treatment times in all PP 

patients. (C) Combination box and whisker and dot 

plots depicting the mean expression of T1IFN (top) 

and non-T1IFN (bottom) signals in DCs at the 

indicated treatment periods (Pre-TTF to Post-TTF 

or C1 and C1–C2), demonstrating a significant in- 

crease in T1IFN, but not in non-T1IFN, signals in 

DCs immediately following TTFields treatment 

(Pre-TTF to C1), with no significant changes 

observed after pembrolizumab (C1–C2). Data are 

represented as mean ± SEM. The whiskers are the 

minimum and maximum values, the lower and up- 

per box edges are the 25 th and 75 th percentage 

values, respectively, and the lines within the boxes 

are the median. N = 21. Comparisons were per- 

formed using the Wilcoxon test.

(D) Left: stepwise model illustrating intratumor im- 

munization by TTFields via the T1IFN pathway in 

DCs, leading to improved survival. Right: line 

graphs displaying HR with 95% CI from a multi- 

variate Cox PH model incorporating the T1IFN 

pathway in DCs (DC-T1IFN), NK, and monocytes or 

the non-T1IFN inflammatory pathway in DCs in the 

PP (N = 21) and WT-IDH GBM-only populations 

(N = 19). Comparisons were performed using the 

Wald test in R.

(E) Left: stepwise model of intratumor immunization 

by TTFields via the T1IFN-DC pathway to T cells 

and survival. Right: scatterplot showing the corre- 

lation between DC-T1IFN signals at Post-TTF (C1) and the T cell activation pathway in T cells at C4 pembrolizumab, demonstrating a strong Pearson correlation (r = 

0.81; p = 0.000027). N = 19.

(F) Line graphs illustrating HR with 95% CI derived from a multivariate Cox PH model, incorporating the T cell activation pathway in T cells at C4 pembrolizumab in the 

PP (N = 19) and WT-IDH GBM only (N = 17) populations. Comparisons were performed using the Wald test in R.
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situ immunizing platform for GBM. 19 We suggest that the presence 

of a large residual tumor mass in biopsy-only cases provides suf- 

ficient antigen load to drive robust anti-tumor immunity, although 

the potential contribution of prior chemoradiation cannot be 

entirely excluded.

Pre-treatment characteristics of primary tumors and 

peripheral T cells in maximal resection versus biopsy- 

only patients 

To determine whether the survival advantage in biopsy-only pa- 

tients was due to TME differences rather than treatment effects, 

we analyzed all available primary WT-IDH tumors—14 from 

maximal resection and 6 from biopsy-only cases—for variations 

in tumor mutational burden (TMB) using WES, as TMB correlates 

with ICI response in many solid tumors. 31 Our analysis revealed

no significant differences in functional TMB, stop-gain SNPs, or 

in/del mutations between the groups, although maximal resec- 

tion tumors showed a slight increase in stop-loss SNP 

(Figure S4A). Additionally, clinical genomics reports, including 

data from all 7 biopsy-only tumors, showed no notable differ- 

ences in the frequency of mutations, deletions, or amplifications 

in key GBM prognostic genes (e.g., CDKN2A/B, EGFR, RB1, 

TP53, PTEN 32 ) or in genes involved in DNA excision repair and 

microsatellite stability (e.g., MLH1, MSH2, POLE 33 ) (Figure S4B). 

Next, we analyzed primary WT-IDH GBM tumors available for 

bulk RNA-seq—after depleting 2 samples per group during TMB 

analysis, 12 maximal resection and 4 biopsy-only cases re- 

mained. Our analysis revealed upregulation of GO pathways 

involved in MDSC recruitment, activation, and retention (e.g., 

negative chemotaxis, monocyte activation, and interleukin-9

Figure 3. The TCR clonal replacement ratio

following pembrolizumab therapy predicts

patient survival

(A) Combination violin, box and whisker, and dot 

plots illustrating TCRβ clonal diversity, calculated 

using the Simpson diversity index, across different 

treatment periods in the PP population, confirming 

significant TCR clonal expansion associated with 

TTFields treatment, whereas pembrolizumab 

administration did not induce TCR clonal expan- 

sion. N = 19.

(B) Tracking the top 10 most expanded TCRβ 
clones at each treatment time point in PP patients. 

Representative examples illustrate patients with 

high (Replacer) vs. low (Non-replacer) TCRβ clonal 

replacement by C4 pembrolizumab.

(C) Combination violin, box and whisker, and dot 

plots illustrating the top 10 TCRβ clonal replace- 

ment ratios during indicated treatment periods in 

PP patients, demonstrating that TCRβ clonal 

replacement occurs consistently following both 

TTFields and pembrolizumab treatments. Clonal 

replacement ratio is defined as the prevalence of 

the top 10 dominant TCR clones at a specific time 

point relative to that of previously dominant, sup- 

planted clones. N = 19.

(D) TCRβ clonal replacement ratio between C1 and 

C4 of pembrolizumab predicts extended survival: 

Kaplan-Meier survival plots stratify patients into 

low and high top 10 TCRβ clonal replacement ratio 

groups based on the median for each treatment 

period. A high top 10 TCRβ clonal replacement 

ratio between C1 and C4 pembrolizumab was 

significantly associated with extended survival. 

N = 19.

(E) Left: stepwise model of in situ immunization by 

TTFields via the DC-T1IFN pathway, promoting 

T cell activation and survival, with contributions 

from pembrolizumab and TCR clonal replace- 

ment. Right: scatterplot of the top 10 TCRβ clonal 

replacement ratios (C1–C4) vs. the T cell activation 

pathway in T cells at C4 pembrolizumab, showing 

a strong Pearson correlation (r = 0.72; p = 0.0018). 

N = 19. Data are represented as mean ± SEM. The 

whiskers are the minimum and maximum values, 

the lower and upper box edges are the 25 th and 

75 th percentage values, respectively, and the lines within the boxes are the median. Comparisons were performed using paired Student’s t test with a 2-tailed 

distribution for (A) and (C), and log rank test for (D).
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Figure 4. Patients with biopsy-only WT-IDH GBM exhibit longer survival compared to those with maximal resection

(A) Summary of survival in maximal resection and biopsy-only patients in 2-THE-TOP as compared to the case-matched control.

(B) Patient characteristics for maximal resection and biopsy-only groups within the 2-THE-TOP WT-IDH GBM cohort.

(C) Representative serial brain MR images and treatment timelines for a patient with a maximal resection WT-IDH tumor (top), showing early progression, and a 

patient with a biopsy-only WT-IDH tumor (bottom), demonstrating a complete response.

(D) Line graph showing the best tumor responses in biopsy-only WT-IDH GBM patients, measured as percentage changes in tumor size relative to baseline Pre- 

TTF tumor size. Tumor size was calculated as the sum of the products of 2 perpendicular dimensions of all target lesions.

(legend continued on next page)
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[IL-9], IL-21, and IL-23 signaling), as well as pathways related to 

hypoxic responses and neuronal activities in GBM and glioma 

stem-like cells 34,35 (Figure S4C). In a multivariable Cox PH 

model, high expression of these pathways correlated with poorer 

outcomes, whereas TIL markers (TCR complex and CD4 + and 

CD8 + differentiation) correlated with improved survival, although 

the functional pathways associated with these TILs did not 

reflect the survival benefit. This is consistent with evidence that 

GBM TILs are largely dysfunctional 36,37 and contribute to tu- 

mor-promoting activities rather than antitumor responses. 

Notably, key innate immune pathways bridging the innate 

and adaptive immune systems, those involving DC differentia- 

tion (HR 0.006; 95% CI 0–0.167; p = 0.0026) and positive regula- 

tion of microglial migration (HR 0.003; 95% CI 0–0.114; 

p = 0.0017), were strongly linked to improved survival 

(Figure S4C). Importantly, no differences in these pathways 

were observed between maximal resection and biopsy-only tu- 

mors (Figure S4D), supporting our hypothesis that bulky, bio- 

psy-only tumors provide an ideal setting for TTFields plus pem- 

brolizumab to engage the innate immune system and promote 

intratumor immunization, an effect likely diminished following 

maximal tumor resection. 

Lastly, to determine whether patients with biopsy-only WT-IDH 

tumors exhibit inherently more robust T cell activity before treat- 

ment than those with maximal resection, we isolated T cells from 

PBMCs in both groups via CD3 − selection for bulk RNA-seq 

analysis. Employing GeneRep/nSCORE, a validated gene 

network-based algorithm with an automated 3-dimensional 

(3D) visualization pipeline, 38 we mapped master regulatory 

hubs governing T cell biology at the Pre-TTF time point (immedi- 

ately before adjuvant TTFields and TMZ) and at subsequent 

study intervals. At Pre-TTF, the immune regulatory hub (hub 

1.1) in T cells was significantly downregulated in biopsy-only pa- 

tients relative to those with maximal resection (Figure S4E), indi- 

cating that T cells in biopsy-only patients were more repressed 

4 weeks after completing standard chemoradiation (i.e., 

2.5 months from the start of chemoradiation). Notably, only after 

initiating study treatment did hub 1.1 increase specifically in bi- 

opsy-only patients compared to the maximal resection group 

(Figure S4F). These findings suggest that prior chemoradiation 

may exert an immunosuppressive effect in the presence of large 

GBM tumors, as previously reported, 39 and that the subsequent 

increase in T cell activation in biopsy-only patients likely results 

from the combined effects of TTFields and pembrolizumab, 

although lingering delayed effects from chemoradiation cannot 

be entirely excluded.

Biopsy-only WT-IDH tumors were linked to higher 

adaptive immune activation through the T1IFN 

trajectory 

Assuming TTFields induce cGAS/STING and AIM2/caspase-1- 

dependent in situ immunizing effects, they are expected to pro- 

mote stronger T1IFN-mediated immune activation in the DC

compartment of biopsy-only patients compared to those under- 

going maximal resection. As anticipated, T1IFN pathway expres- 

sion was significantly higher after 4 weeks of TTFields in biopsy- 

only patients (Pre-TTF to Post-TTF or C1; Figures 5A and 5C). 

However, following pembrolizumab addition, T1IFN expression 

in DCs did not differ significantly between the groups, and non- 

T1IFN pathway expression remained comparable at all time 

points (Pre-TTF to C2; Figures 5B and 5D). These findings suggest 

that TTFields specifically enhance T1IFN-mediated immune acti- 

vation in biopsy-only tumors, potentially countering the severe 

systemic immunosuppression associated with large GBM tumors. 

To delineate differences in T cell evolution between maximal 

resection and biopsy-only WT-IDH tumors, we evaluated dy- 

namic changes in T cell clusters, their activation pathways, and 

TCRβ clonal expansion throughout treatment. We isolated 

166,391 T cells from PBMCs based on CD3 expression and an- 

notated them using a comprehensive T cell gene set (Figure S5; 

full list in STAR Methods) as previously described 19 (Figure 6A). 

Representative T cell tracking for patients with maximal resec- 

tion and biopsy-only tumors is shown in Figures 6B and 6C, 

respectively. In biopsy-only patients, the compartments for 

effector CD8 + (purple arrow) and activated CD4 + T cells (green 

arrow) were largely empty at the Pre-TTF time point, unlike in 

maximal resection patients, where these compartments were 

populated with activated cell (Figures 6A–6C). This aligns with 

our global expression analyses indicating reduced peripheral 

T cell activity in biopsy-only patients before TTFields treatment. 

Activated CD4 + and CD8 + T cells began to populate these com- 

partments only after study treatment initiation in biopsy-only pa- 

tients. Among the 19 WT-IDH patients with available single T cell 

data, TCRβ clonal expansion was observed in both patient 

groups prior to pembrolizumab treatment (Pre-TTF to C1 

compared to C1–C2 and C1–C4) but more pronounced in bio- 

psy-only patients (Figures 6D and S6A). Throughout treatment, 

biopsy-only patients exhibited significantly higher activation of 

both the T cell activation and the 761-gene adaptive immune 

response (GO: 0002250) pathways (Figure 6E), leading to sub- 

stantially greater peaks in central memory (CM) CD8 + and 

CD4 + T cell numbers, expressed as fold increases over the 

Pre-TTF baseline, compared to maximal resection patients 

(Figures 6A–6C, red arrow and asterisk; Figure 6F). Additionally, 

CM fractions increased later in the treatment course and per- 

sisted longer in biopsy-only patients (Figures S6B and S6C). 

In summary, local TTFields therapy of GBM initiates an anti- 

gen-specific adaptive immune response that is further enhanced 

by systemic anti-PD-1 immunotherapy, particularly in patients 

with biopsy-only tumors, demonstrating their potential synergis- 

tic in situ immunizing effects.

Recurrent tumors exhibited increased expression of 

alternative immune checkpoints 

Next, we examined TME changes between recurrent and pri- 

mary tumors that might undermine tumor-specific immune

(E) The median PFS from enrollment was 27.2 months for the biopsy-only wt-IDH tumor group in the 2-THE-TOP study, compared to 9.6 months for the maximal 

resection group (HR 0.37; 95% CI 0.16–0.85; log rank p = 0.014).

(F) The median OS from enrollment was 31.6 months for the biopsy-only WT-IDH tumor group in 2-THE-TOP, compared to 18.8 months for the maximal resection 

group (HR 0.4; 95% CI 0.17–0.92; log rank p = 0.023).
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efficacy and lead to treatment failure. In 9 paired primary 

and recurrent WT-IDH tumor samples, GeneRep/nSCORE 38 re- 

vealed elevated regulatory hubs in recurrent tumors (Figure 7A). 

Hub 1.1 comprised pathways related to hypoxic response and 

epithelial-mesenchymal transition (Figures S7A and S7B), which

promote glioma stem-like cell (GSC) survival, TME-mediated 

immunosuppression, and tumor invasion via focal adhesion 

and cell junction dynamics. 40,41 Hub 1.4 involved cell-cell inter- 

actions related to glio-neural development, axonal, and neuro- 

transmitter signaling (Figure S7C) pathways that GSCs may

Figure 5. Biopsy-only WT-IDH tumors exhibit more robust T1IFN activation in DCs

(A and B) 2D UMAP plots depicting the mean expression of the T1IFN (A) and non-T1IFN (B) pathways in individual DCs from patients with maximal resection vs. 

biopsy-only WT-IDH tumors, revealing that biopsy-only patients exhibited significantly higher T1IFN activation in both pDC and cDC populations following 

TTFields treatment. In contrast, no differences were observed in the expression of the non-T1IFN pathway. N = 14, maximal resection; N = 5, biopsy-only. 

(C and D) Combination box and whisker and dot plots showing relative changes in the mean expression of T1IFN (C) and non-T1IFN (D) signals in DCs across 

indicated treatment periods in patients with maximal resection and biopsy-only tumors. N = 14, maximal resection; N = 5, biopsy-only. The data reveal a specific 

and significant signal increase in T1IFN, but not non-T1IFN, in DCs following TTFields treatment (Pre-TTF to Post-TTF or C1), but not after pembrolizumab was 

added (Pre-TTF to C2). Data are represented as mean ± SEM. The whiskers are the minimum and maximum values, the lower and upper box edges are the 25 th 

and 75 th percentage values, respectively, and the lines within the boxes are the median. Comparisons were performed using the Wilcoxon test.
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Figure 6. Biopsy-only tumors are associated with higher T cell activation and central memory T cell formation

(A) 2D UMAP plot of all T cells at resolution 1, depicting 18 major CD4 + and CD8 + T cell subtypes. 

(B and C) 2D UMAP plots of T cell clusters displaying the activation status of the T cell activation pathway in representative patients with maximal resection (B) or 

biopsy-only (C) WT-IDH tumors, showing a progressive shift toward activated and central memory (CM) T cell formation in the biopsy-only patient. Purple arrow: 

effector CD8 + T cells; red arrow: CM CD8 + T cells; green arrow: activated CD4 + T cells; red asterisk: CM CD4 + T cells. 

(D) Combination box and whisker and dot plots illustrating TCRβ clonal diversity, measured by the Simpson diversity index, across various treatment periods in 

patients with maximal resection or biopsy-only WT-IDH GBM tumors. N = 14, maximal resection; N = 5, biopsy-only.

(legend continued on next page)
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exploit to enhance survival, invasion, and resistance. 42,43 Finally, 

Hub 1.7 encompassed mixed immune and inflammatory path- 

ways—some supporting anti-tumor responses (Figure S7D) 

and others enriched with genes that drive pathological inflamma- 

tion, recruit suppressive cells, and facilitate immune evasion by 

GSCs (Figure 7B)—consistent with a recently described mecha- 

nism of TTFields resistance in GBM cells. 44 

To further elucidate the interplay between GBM cells and im- 

mune evasion mechanisms, we analyzed immune regulatory 

subnetworks derived from deconvolved immune and non-im- 

mune components within the TME of the 9 paired primary and 

recurrent WT-IDH tumors (Figure 7C). In recurrent GBM, non-im- 

mune cells exhibited reactivation of pathways regulated by 

CEBPB and ATF5, key drivers of GSC maintenance, neural dif- 

ferentiation, metabolism, migration, and immune evasion via 

checkpoint mechanisms. 45,46 In addition, the senescence and 

metabolic regulator CREG1 dominated the immune pathway 

in both compartments, orchestrating various checkpoint mech- 

anisms. This is consistent with the activation of alternative 

checkpoints pathways following anti-PD-1 therapy, including 

phosphatidylinositol 3-kinase/AKT/mammalian target of rapa- 

mycine 47,48 and tumor necrosis factor-α/nuclear factor κB 49,50 

signaling in the immune/inflammatory Hub 1.7 (Figure S7E). 

Notably, we observed downregulation of the PD-1/PD-L1 axis, 

along with decreased expression of indoleamine 2,3-dioxyge- 

nase 1 (IDO1), lymphocyte-activation gene 3 (LAG3), and T-cell 

immunoglobulin and ITIM domain (TIGIT), while alternative 

checkpoints such as the TIM-3/galectin-9 (LGALS9) axis, 

V-domain Ig suppressor of T cell activation (VISTA or VSIR), 

PVR (poliovirus receptor, a TIGIT ligand), and CD276 (B7-H3) 

were significantly upregulated in non-immune cells (Figure 7C). 

These data suggest that selective upregulation of alternative im- 

mune checkpoints may contribute to therapeutic resistance. 

This pattern of adaptive resistance, marked by elevated alter- 

native immune checkpoints, aligns with ICI resistance observed 

in other solid tumors. 51,52 In our 9 paired samples, we confirmed 

the upregulation of TIM-3/LGALS9, VISTA, PVR, and CD276 (B7- 

H3) at both the mRNA (Figure 7D) and protein (Figure 7E) levels, 

concurrent with downregulated PD-1/PD-L1 axis, TIGIT, and 

LAG3. Importantly, this immune checkpoint profile was not 

observed in an RNA-seq dataset from a historical GBM cohort 

treated with either TMZ alone or TMZ plus TTFields. 53 Addition- 

ally, recurrent tumors exhibited increased major histocompatibil- 

ity complex class I (MHC class I) expression (Figure 7D), sug- 

gesting that MHC class I downregulation is not a primary 

mechanism of immune evasion in these cases. 

Collectively, these findings indicate that adjuvant TTFields 

combined with anti-PD-1 immunotherapy and TMZ is well toler- 

ated and may offer survival benefits, particularly in patients with

large, inoperable tumors, by enhancing antigen-specific T cell 

dynamics and sustaining immune responses. However, the con- 

current downregulation of PD-1/PD-L1 and the upregulation of 

alternative immune checkpoints may underlie resistance mech- 

anisms, leading to tumor relapse.

DISCUSSION

While anti-PD-1 therapies have shown limited efficacy in newly 

diagnosed GBM, 8,9 the incorporation of pembrolizumab into 

the adjuvant regimen with TMZ and TTFields in the 2-THE-TOP 

study yielded encouraging improvements in both PFS and OS, 

compared to case-matched controls, despite the high preva- 

lence of adverse prognostic factors. Notably, the WT-IDH 

GBM patients treated with biopsy only—historically an under- 

studied group associated with poor outcomes and representing 

roughly 25% of cases 2–4,54 —demonstrated significantly better 

survival than those undergoing maximal resection, aligning 

with previous findings that TTFields provide greater survival ben- 

efits in patients with higher tumor burdens in both newly diag- 

nosed 1 and recurrent 55 settings. These results reinforce the 

role of TTFields as a complete in situ immunization platform: 

shortly after starting TTFields and TMZ (prior to pembrolizumab), 

a significant increase in global immune activation along a T1IFN 

trajectory in DCs promoted enhanced T cell activation, clonal 

expansion, and survival. Moreover, although T cell clonal 

replacement began within the first month of TTFields treatment, 

only the replacement ratio from C1 and C4 pembrolizumab 

correlated with survival, suggesting that newly expanded T cell 

clones following TTFields are most critical for improved 

outcomes. 

Lastly, recurrent tumors resistant to the study treatment ex- 

hibited an immunosuppressive TME similar to the primary tu- 

mors, but with a distinct alternative immune checkpoint pro- 

file—most notably, the TIM-3/LGALS9 axis, VSIR, PVR, and 

CD276 (B7-H3). Although these alternative checkpoints have 

been linked to ICI resistance in other solid tumors, 51,52 our anal- 

ysis provides detailed insight into TME network alterations, 

revealing complex changes in key regulatory elements that 

may promote immune evasion and tumor survival through mech- 

anisms involving immune checkpoints, cellular senescence, and 

hypoxic pathways in both immune and non-immune TME 

components.

Limitations of the study 

(1) The single-arm design and small sample size, especially 

within the biopsy-only cohort, limit a definitive evaluation 

of the triple regimen’s efficacy. While major differences 

in comorbid conditions between the maximal resection

(E) Combination box and whisker and dot plots showing the median expression of T cell activation and adaptive immune response pathways in T cells across 

treatment time points, normalized to Pre-TTF values, in patients with maximal resection or biopsy-only WT-IDH tumors. N = 14, maximal resection; N = 5, biopsy- 

only.

(F) Combination box and whisker and dot plots illustrating the peak fold change in CM CD4 + (left) and CD8 + (right) T cells following study treatment, normalized to 

Pre-TTF values, in patients with maximal resection vs. biopsy-only WT-IDH tumors. N = 14, maximal resection; N = 5, biopsy-only. Data are represented as 

mean ± SEM. The whiskers are the minimum and maximum values, the lower and upper box edges are the 25 th and 75 th percentage values, respectively, and the 

lines within the boxes are the median. Comparisons were performed using the paired Student’s t test for (D) and (E) and unpaired Student’s t test with a 2-tailed 

distribution for (F).
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Figure 7. TME reprogramming in recurrent WT-IDH GBM tumors

(A) A 3D map of the activation status of GeneRep/nSCORE-generated global pathway hubs in bulk RNA-seq expression profiling of 9 paired primary vs. recurrent 

tumor samples in the WT-IDH GBM population. Globe size: the number of pathways in a hub; Globe colors: red, upregulated in recurrent tumors; gray, unchanged 

between primary and recurrent tumors. Gene names listed after a globe number are master regulators of that hub.

(B) A heatmap of fold change in key markers in the inflammation Hub 1.7 in the 9 paired primary vs. recurrent GBM tumors in (A), showing that Hub 1.7 is enriched 

in pathologic inflammatory response and immune inhibitory and escape gene clusters.

(C) 2D maps of the GeneRep/nSCORE-generated immune checkpoint regulatory subnetwork changes in the deconvoluted immune (CD45 + ) and non-immune 

(tumor cells and CD45 – stromal cells) TME cells from the 9 paired primary vs. recurrent GBM tumors, showing the compensatory downregulation of the PD-1/PD- 

L1 axis and the downregulation of IDO1, TIGIT, and LAG3, while other alternative immune checkpoints TIM-3/LGALS9, VSIR, PVR, and CD276 (B7-H3) were

(legend continued on next page)
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and biopsy-only groups are unlikely to account for the 

observed outcomes, we cannot rule out the potential 

impact of undetected underlying comorbidities. While 

the reliance on historical data introduces potential biases 

and confounding factors, the favorable safety profile and 

encouraging survival outcomes, particularly in patients 

with bulky, biopsy-only tumors (a historically unexpected 

finding supported by mechanistic data), justify further 

investigation in a phase 3 randomized placebo-controlled 

trial.

(2) Because repeated invasive CNS sampling poses signifi- 

cant risks, we used PBMCs as a surrogate to assess 

TME immunological changes. Peripheral immune alter- 

ations, particularly via the T1IFN pathway, closely mirror 

TME dynamics in GBM models treated with TTFields 

and were later confirmed in patients. 19 Although a win- 

dow-of-opportunity study would offer a more definitive 

assessment and could be the focus for future efforts, 

our serial PBMC and tumor analyses provide one of the 

most comprehensive multi-omics datasets in GBM and 

solid tumor immunotherapy.

(3) The single-arm design also limits our ability to fully rule out 

prior chemoradiation as a contributor to the heightened 

immune activation observed in biopsy-only patients 

compared to those with maximal resection. However, 

given that the Pre-TTF time point was at least 2.5 months 

after the start and 4 weeks after the end of chemoradia- 

tion, T cells in biopsy-only patients remained suppressed, 

likely due to the systemic immunosuppression from bulky 

tumors. 39 In contrast, rapid innate and adaptive immune 

activation was evident within 4 and 3 weeks of initiating 

TTFields and pembrolizumab, respectively. Although 

some delayed chemoradiation effects may complement 

the treatment, definitively separating these influences 

would require a trial comparing adjuvant TMZ with adju- 

vant TTFields with serial multi-omics analysis. However, 

omitting TTFields is not standard at our institution or 

many others.

(4) This study did not directly evaluate the impact of adjuvant 

TMZ, although we expect its effect on immune pheno- 

types to be minimal or even potentially exacerbate immu- 

nosuppression. Dose-intense TMZ (100 mg/m 2 /day for 

21 days) has been shown to induce a proliferative 

rebound after lymphopenia that merely restores pre- 

chemotherapy T cell metrics, 56–58 whereas standard- 

dose TMZ (150–200 mg/m 2 /day for 5 days) used in this 

study is known for persistent immunosuppressive effects 

such as lymphopenia and T cell exhaustion. 59,60 In 

contrast, the selective T1IFN pathway activation in DCs 

and subsequent T cell activation observed in our study,

along with preclinical evidence that TMZ does not signif- 

icantly interfere with TTFields-induced immune activa- 

tion, 19 suggest that TMZ’s impact is unlikely to confound 

our findings. Nonetheless, future studies enrolling 

only MGMT promoter-unmethylated GBM patients 

could exclude adjuvant TMZ to eliminate this potential 

confounder.

In summary, these limitations underscore the need for further 

investigation, ideally in a randomized placebo-controlled trial, to 

validate the promising survival outcomes, peripheral immune 

activation, and favorable safety profile of integrating TTFields 

with anti-PD-1 immunotherapy in newly diagnosed GBM 

patients.
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upregulated. Shape size: importance rank of a gene. Shape colors: red, upregulated in recurrent tumors; blue, downregulated in recurrent tumors; gray, un- 

changed between primary and recurrent tumors.

(D) Heatmaps of fold change in the expression of major immune checkpoints and MHC class I molecules in the 9 paired primary vs. recurrent GBM tumors 

confirmed the predicted downregulation of the PD-1/PD-L1 axis, TIGIT, and LAG3 and the upregulation of the alternative immune checkpoints TIM-3/LGALS9, 

VSIR, PVR, and CD276 (B7-H3). This pattern was not observed in a historical dataset of 12 paired primary vs. recurrent GBM tumors treated with TMZ alone or 

TMZ plus TTFields.

(E) Representative images of IHC for PD-L1, LGALS9, and VSIR in 2 sets of paired primary vs. recurrent tumors in the 2-THE-TOP study. Scale bar, 50 μm.
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(2012). NovoTTF-100A versus physician’s choice chemotherapy in recur- 

rent glioblastoma: a randomised phase III trial of a novel treatment modal- 

ity. Eur. J. Cancer 48, 2192–2202. https://doi.org/10.1016/j.ejca.2012. 

04.011.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Approval 

Human subject work was performed in accordance with an approved protocol from the IRB at the University of Florida and the Uni- 

versity of Southern California—ClinicalTrials.gov ID NCT03405792. An informed consent was obtained from each human participant 

before study procedures and analysis were performed. All enrollments were completed at the University of Florida.

Participant population detail 

Participants information on sex, age, and race was self-reported. Information on gender and socioeconomic status was not 

collected. Adult patients, who had histologically confirmed GBM, WHO grade IV—GBM variants were allowed—KPS of at least 

70%, had maximal safe resection of primary tumor including biopsy only, had completed standard radiotherapy with concurrent 

TMZ, required no more than 4mg daily dexamethasone, and had adequate bone marrow and organ functions, were eligible. Histo- 

pathologic confirmation was performed at the University of Florida Neuropathology Division. MGMT promoter methylation status was 

determined centrally at LabCorp using the quantitative methylation-specific PCR (qMSP) method. Starting in 2021—in 2020 at our 

own institution—important updates to the WHO CNS tumors classification were instituted that eliminated IDH1/2 mutant tumors from 

the GBM classification. 22 As a result, the last 8 enrollments included only wt-IDH GBM. While Gliadel wafers were allowed at the time 

of surgical resection of the primary tumors, none of the enrolled subjects received this treatment. Those, who had received anti- 

angiogenic agents, anti-PD-1 and other ICIs, had progressive disease per iRANO criteria, multifocal gliomas defined as distinct

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-LGALS9 antibody Sigma-Aldrich Cat#MABT833; RRID: AB_3696950

Anti-PD-L1 antibody Abcam Cat#AB205921; RRID: AB_2687878

Anti-VSIR antibody Abcam Cat#AB300042; RRID: AB_3696949

Biological samples

Patient tumor tissues (GBM) University of Florida/USC Brain Tumor Center N/A

Patient PBMC samples University of Florida/USC Brain Tumor Center N/A

Critical commercial assays

Human Pan T cell Isolation Kit Miltenyi Biotec Cat#130-096-535

QIAGEN RNeasy Midi Kit QIAGEN Cat#75144

QIAGEN RNeasy FFPE Kit QIAGEN Cat#73504

Chromium Next GEM Single 

Cell 5 ′ v2 (Dual Index)

10x Genomics Cat#PN-1000263

Human V(D)J Amplification Kit 10x Genomics Cat#PN-1000252

Deposited data

Raw and analyzed data This paper GEO: GSE269869, GSE269956, GSE269957

Bulk RNA-seq dataset for 

chemoradiation/TTFields

European Genome-phenome Archive EGAC00001002176

Software and algorithms

Seurat R package (v3.2.2) Butler et al., Stuart et al. 25,26 https://satijalab.org/seurat/

Cell Ranger (v7.0.0) 10x Genomics https://support.10xgenomics.com/

ImmunoArch R package (v0.9.0) Immunoarch Team https://cloud.r-project.org/web/packages/

immunarch/index.html

GeneRep-nSCORE platform Liu et al. 38 https://github.com/TranLabUSC/NETZEN-classic

Custom Analysis Pipelines This paper https://github.com/TranLabUSC/

2TT_clinical_trial_paper

Cytoscape software (v3.10.0) Cytoscape Consortium https://cytoscape.org

Blender (v3.6) Blender Foundation https://www.blender.org
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tumors without overlapping T2/FLAIR signal, leptomeningeal metastases, a history of immunodeficiency or autoimmune disease 

requiring systemic treatment within the previous 2 years, known history of HIV, active hepatitis B, active hepatitis C, and active tuber- 

culosis, and were pregnant or unwilling to use an acceptable method of contraception, were excluded. The complete inclusion and 

exclusion criteria are listed in the STAR Methods.

METHOD DETAILS

Treatment plan 

Patients were treated with a minimum of 6 and maximum of 12 cycles of adjuvant TMZ depending on tolerability and toxicity—cycle 1 

dosed at 150 mg/m 2 daily for 5 days on a 28-day cycle was started at least 4 but no later than 6 weeks from the end of chemoradia- 

tion, which was increased to 200 mg/m 2 daily for 5 days starting with cycle 2 of TMZ. Continuous TTFields began with cycle 1 of TMZ 

and pembrolizumab 200 mg intravenously every 3 weeks was added starting with cycle 2 of TMZ. The minimum usage of the TTFields 

device (Optune) was 50% of time averaged over each 4-week period with the goal of 75% usage time. TTFields delivery using trans- 

ducer arrays was achieved using array layouts and placement according to the approved clinical NovoTAL mapping system based on 

individual patient’s head geometry and the lesion’s location, size, and shape on brain MRI. 61 Both TTFields and pembrolizumab treat- 

ments were administered for up to 2 years or until disease progression or excessive toxicity, whichever occurred first. Patients were 

allowed to continue TTFields treatment past the first recurrence until the second recurrence. Long-term survivors could continue 

TTFields or pembrolizumab or both past 2 years on an individual basis.

Assessment 

Patients were monitored closely for the duration of the study to ensure safety. AEs and SAEs were documented and graded accord- 

ing to the Common Terminology Criteria for Adverse Events (CTCAE), v.4 with clear assignment of relatedness to the study treatment. 

Dexamethasone dose was monitored at each monthly visit. Disease assessment was performed using the iRANO criteria. 21 A base- 

line brain MRI was performed at enrollment and repeated every 2 months until disease progression or at the end of study treatment at 

2 years, whichever occurred first. To determine the immune signature of response, we collected blood samples for bulk and single 

cell RNA-seq analysis of PBMC at the following time points: before TTFields (Pre-TTF), 4 weeks after TTFields (Post-TTF and before 

cycle 1 of pembrolizumab), before cycles 2, 4, 9, 17, and 34 of pembrolizumab, and at the time of tumor recurrence. Primary tumor 

samples and recurrent tumors (if available) were obtained for bulk RNA-seq, whole exome sequencing and IHC analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

The primary objective was PFS. The secondary objectives were OS, safety, objective response, and immune response signatures. 

Survival endpoints were defined as the time from study enrollment to the survival events at the data cutoff date. Patients who are lost 

to follow-up and the patients who are still alive at the date of data cutoff will be censored at the date the patient was last known alive or 

the cutoff date, whichever occurs first. Power calculation based on a one-sided, one-sample log-rank test shows that with sample 

size of 24 patients, this study achieves over 80% power at a 0.05 significance level to detect an improvement in median PFS by 

6 months for the treatment group (i.e., the triple regimen of TTFields, pembrolizumab and TMZ), when the median survival time of 

the historic control group is 6.7 months (i.e., TTFields plus TMZ arm in the EF-14 study). It is assumed that the survival time distri- 

butions of both groups are approximated reasonably well by the Weibull distribution with a shape parameter of 0.88. 62 Patients 

were stratified for MGMT promoter methylation and extent of tumor resection for survival analysis. We applied the log rank test to 

evaluate survival patterns between the maximal tumor resection and biopsy-only groups through Kaplan-Meier curves and incorpo- 

rated the 95% confidence intervals (CI). The estimated median survival probability is reported along with the corresponding 95% CI. 

Best responses were measured per iRANO criteria. 21 A complete response (CR) was defined as the disappearance of all enhancing 

measurable and non-measurable disease on a stable or decreasing steroid dose and sustained for at least 30 days. A partial 

response (PR) was defined as a ≥50% decrease in the sum of the products of perpendicular diameters of all measurable enhancing 

lesions on a stable or decreasing steroid dose and sustained for at least 30 days. Patients with disease progression could continue 

with study treatment if deemed safe and would have a repeat brain MRI within 4 weeks to confirm progression. Various computational 

methods were used to analyze the genomics data obtained as detailed below.

Case-matched control cohort 

To identify a suitable control group for the 2-THE-TOP study, 152 patients from the experimental arm (TTFields + TMZ) of the EF-14 

trial 1 were initially pre-selected based on the following criteria, matching those of the 2-THE-TOP study (Table S1).

(1) TTFields usage ≥ 50%.

(2) TTFields duration ≥ 4 weeks.

(3) Available IDH and MGMT assessment.

(4) Baseline KPS score ≥ 70.

(5) Similar follow up time.
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However, the 26 patients enrolled in the 2-THE-TOP study exhibited notable baseline imbalances compared to the overall EF-14 

population. Specifically, 27% of 2-THE-TOP patients underwent only a biopsy at initial diagnosis (all with a KPS score of 80), whereas 

in EF-14, approximately 15% were biopsy-only patients (and only 5% had a KPS score of 80). Imbalances were also evident in KPS 

score, MGMT status, and other variables across resection status. Given the small sample size and pronounced data imbalance, pro- 

pensity score matching was not feasible because it can increase bias under such conditions. 

To address these imbalances, the EF-14 data were divided into smaller subgroups. The initial stratification was based on KPS 

score and extent of resection, but to achieve a closer match to the 2-THE-TOP population, additional variables (e.g., MGMT, IDH 

mutation status, and age) were also considered. When a particular subgroup in EF-14 was smaller than the corresponding subgroup 

in 2-THE-TOP, the entire EF-14 subgroup was included (e.g., the ‘‘biopsy with KPS = 80’’ category, which comprised only 7 out of the 

152 pre-selected EF-14 patients [4.6%]). If an EF-14 subgroup was larger, random selection using the SURVEYSELECT procedure in 

SAS was applied to attain the appropriate proportion. 

Following this subgroup selection and proportional matching process, a simulation was performed to determine the maximum 

number of EF-14 controls that could be included without significantly altering the distribution of key variables. An exact chi-square 

test ensured the p-value remained above 0.1, maintaining the distribution balance. 

Ultimately, this approach yielded a final control cohort of 56 patients from the EF-14 study for statistical analyses.

Bulk RNA-seq of enriched T lymphocytes 

Sample processing 

Using the human pan T cell isolation kit (Miltenyi Biotec, Cat#130-096-535), untouched T cells were isolated from the PBMC single- 

cell suspensions in accordance with the manufacturer’s guidelines. RNA extraction was performed using the QIAGEN RNeasy Midi 

Kit (Cat#75144), following the protocols provided by the manufacturer. Total tumor RNA was extracted from snap frozen and 

formalin—fixed paraffin—embedded tumor samples using QIAGEN RNeasy Midi Kit (Cat#75144) and RNeasy FFPE Kit 

(Cat#73504) separately. The bulk RNA-seq library construction, pooling, and sequencing were executed by NOVOGENE. 

Pathway differential expression analysis 

Gene Set Enrichment Analysis (GSEA) was employed for the investigation of specific immune pathways of interest. In the context of 

comparing Maximal Resection versus Biopsy Only conditions, genes were ranked based on their log Foldchange derived from Gene 

differential expression analysis outcomes. Subsequently, GSEA in the pre-ranked "classic" mode with 10,000 permutations was 

executed to ascertain the enrichment of desired pathways. The necessary command lines and the Java implementation for GSEA 

were acquired from the Broad Institute’s software portal http://software.broadinstitute.org/gsea/index.jsp. 

Boxplots for pathway activity 

For each pathway among the top 10 identified via GSEA, boxplots were created to elucidate differences in pathway activity between 

samples from Maximal Resection and Biopsy Only groups across various timepoints. The calculation of pathway activity was based 

on the average expression values of genes constituting a pathway, with the relevant pathway gene sets being procured from the 

GSEA-MSigDB website http://www.gsea-msigdb.org. 

Differential expression network analysis 

The differential expression network analysis was performed using the GeneRep/nSCORE platform as previously described. 38 The 3D 

GeneRep/nSCORE analysis plot was created by Blender (v 3.6). The gene interactions networks were generated using publicly avail- 

able dataset. 38 The 2D gene network was visualized using Cytoscape software (v. 3.10.0).

Single cell RNA-seq (scRNA-seq) analysis of PBMCs 

Sample processing 

Cryopreserved PBMCs obtained from patients were rinsed in PBS, and cell viability was assessed using Trypan Blue staining. Single- 

cell suspensions were then prepared and applied to the Chromium Single Cell Chip (10x Genomics) as per the instructions provided 

by the manufacturer. Subsequently, single-cell RNA-seq libraries were generated using the Chromium Next GEM Single Cell 5 ′ v2 

(Dual Index). To ensure consistency, all patient samples and the corresponding libraries were processed simultaneously in a single 

batch. Sequencing of the single-cell libraries was performed on an Illumina NovaSeq system, utilizing an 8-base i7 sample index read, 

a 28-base read 1 for capturing cell barcodes and unique molecular identifiers (UMIs), and a 150-base read 2 for the mRNA insert. 

Data processing 

The main operations were performed using the Seurat R package (3.2.2), 25,26 unless otherwise stated. When option parameters for 

function deviated from the default values, we provided details of the changes accordingly. Most of the changes to the default options 

were made to accommodate and leverage the large size of the dataset. Cell Ranger Aggregation: The raw sequencing data was pro- 

cessed using cellranger mkfastq and cellranger multi commands of Cell Ranger package as described in TCR clonotyping section. 

Results from all libraries and batches were pooled together using the command cellranger aggr without normalization for dead cells 

as it will be handled downstream. The filtered background feature barcode matrix obtained from this step was used as input for 

sequential analysis. Normalization of UMI: Using the global scaling normalization method, the feature expression for each cell 

was divided by the total expression, multiplied by the scale factor (10,000), and log transformed using the Seurat R function 

NormalizeData with method ‘‘Log Normalize’’. Seurat aggregation and correction for batch effect: As the counts were from three 

different batches, to align cells and eliminate batch effects for dimension reduction and clustering, we adopted the multi dataset
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integration strategy as previously described. 26 Briefly, ‘‘anchors cells’’ were identified between pairs of datasets and used to 

normalize multiple datasets from different batches. We chose a reference based, reciprocal PCA variant of the method detailed in 

the Seurat R package. 25,26 First, we split the previously integrated dataset by batches, using the Seurat function SplitObject. 

Next, for each split object, we performed variable feature selection using the function FindVariableFeatures. Features for integration 

were selected using the function SelectIntegrationFeatures and PCA performed for each split object on the selected features. The 

anchor cells were identified by using the function FindIntegrationAnchors with the reference chosen as the largest among 3 batches 

and the reduction option set to ‘rpca’. Finally, the whole datasets from 3 batches were reintegrated using the function IntegrateData 

with the identified anchor cells. 

Uniform Manifold Approximation and Projection (UMAP) dimension reduction: The integrated multiple batch dataset was used as 

input for UMAP dimension reduction. 27 The feature expression was scaled using the Seurat function ScaleData, followed by a PCA 

run using the function RunPCA (Seurat) with the total number of principal components (PC) to compute and store option of 100. The 

UMAP coordinates for single cells were obtained using the RunUMAP function (Seurat) with the top 75 PCs as input features (dims = 

1:75) with min.dist = 0.75 and the number of training epochs n.epochs = 2000. Clustering of cells: We relied on a graph-based clus- 

tering approach implemented in the Seurat package, which embeds cells in a K-nearest neighbor graph with edges drawn between 

similar cells and partitions nodes in the network into communities. Briefly, a Shared Nearest Neighbor graph was constructed using 

the FindNeigbhors function with an option dimension of reduction input dims = 1:75, error bound nn.eps = 0.5. This function calcu- 

lates the neighborhood overlap (Jaccard index) between every cell and its k.param nearest neighbors. 63 The graph was partitioned 

into clusters using the FindClusters function with different values for resolution parameter. The differential expressed gene markers 

for each cluster were found using the FindAllMarkers function with the option of only returning positive markers and a minimal fraction 

of cells with the marker of 0.25. The default Wilcoxon Rank-Sum test was used to calculate statistical differences in each cell cluster. 

Cell type annotation 

To delineate specific cell types within the data, cell type labels were assigned manually to clusters emerging from UMAP analysis. 

This annotation process was guided by the expression profiles of a set of marker genes, which are characteristic of various cell types 

including T cells, B cells, natural killer (NK) cells, monocytes, dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), mega- 

karyocytes, red blood cells (RBCs), CD34 + stem cells, granulocytes, lymphocytes, macrophages, basophils, eosinophils, and neu- 

trophils. The marker genes utilized for this purpose encompassed a wide array of immune response and cell differentiation indicators 

such as CD3D, CD3E, ID3, IL7R , CCR7, ITGB1, CD95, TCF7, CD3D, CD3E, CD4, S100A4, CCR10, FOXP3, IL2RA, TNFRSF18, IKZF2, 

CTLA4, IL2, IL4, IL13, IL17A, CD3D, CD3E, CD8A, CD8B, CCL4, GZMA, GZMB, GZMH, GZMM, GZMK, IFNG, GNLY, TNF, PDCD1, 

LAG3, CD79A, CD79B, CD19, JCHAIN, GNLY, NKG7, CD16, NCAM1, KIR2DL4, SIGLEC7, CD14, LYZ, S100A8, S100A9, LGALS3, 

FCN1, FCGR3A, MS4A7, FCER1A, CST3, ITGAM, ITGAX, CLEC10A, CLEC9A, THBD, CD1C, LILRA4, CLEC4C, TLR7, TLR9, 

ITGAM, CD33, CD3D, CD3E, CD14, CD19, FUT4, CEACAM1, HLA-DRA, HLA-DRB1, HLA-DRB5, PPBP, PF4, ITGA2B, ITGB3, 

PEAR1, CD42D, CD59, HBG1, HBG2, HBB, CD34, CCR3, CD11b, CD13, CD18, CD229, CRACC, CD14, CD68, CD36, CD164, 

LAMP1, CD44, CD69, EMR1, MPO, CD62L, CD3D, CD3E, CD4, CD8A, CD8B, NKG7, GNLY, CD14, LYZ, FCER1A, CLEC10A, 

LILRA4, CLEC4C, CD79A, CD79B, HBB, PPBP, PF4. T cells were further divided into clusters to annotate subpopulations: Naive 

CD4, Central Memory CD4, Central Memory CD8, Anergic CD4, Activated CD4, Treg, Exhausted CD4, Stem-like CD8, NKT, Ex- 

hausted CD8, Effector CD8, Naive CD8, Cytotoxic CD4 and Effector Memory CD8 using the following marker genes: CD3D, CD4, 

CD8A, CTLA4, PDCD1, TIGIT, FOXP3, CCR7, GZMK, GZMB, GZMH, IL7R, CCL5, KLRB1, TRAV16, TRAV17, CX3CR1, CCL4, 

TRDC, CD69, FOS, BATF, IL2RB, TBX21, EOMES, PRDM1, ICOS. 

UMAP showing pathway activity 

We focused specifically on T cells. The objective was to examine the pathway activity within these T cells across various patient time- 

points. This involved calculating the mean expression levels of genes associated with each pathway, a method analogous to that 

used in bulk RNA sequencing data analysis. The mean expression levels were then normalized against the baseline time (Pre- 

TTF), facilitating the observation of dynamic changes in pathway activity. The UMAP visualizations were generated using the 

FeaturePlot function in the Seurat package. 

Violin plot showing pathway activity 

Pathway activity was quantified using the same methodology as described for the UMAP analysis. This approach also incorporated 

additional data points, specifically the number of cells present at each timepoint and the statistical significance (p-value) of expres- 

sion changes between timepoints compared to the Pre-TTF baseline. The significance levels were determined using the FindMarker 

function of the Seurat package, which assesses differential expression.

TCR clonotyping 

Sample processing 

The Human V(D)J Amplification Kit (10x Genomics) Single-cell RNA-seq libraries were generated using the Chromium Next GEM Sin- 

gle Cell 5 ′ v2 (Dual Index) alongside the Human V(D)J Amplification Kit (10x Genomics), following the manufacturer’s protocols. To 

ensure consistency, all patient samples and the corresponding libraries were processed simultaneously in a single batch. 

Sequencing of the single-cell libraries was performed on an Illumina NovaSeq system, utilizing an 8-base i7 sample index read, a 

28-base read 1 for capturing cell barcodes and unique molecular identifiers (UMIs), and a 150-base read 2 for the mRNA insert.
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Data processing 

The 5 ′ Single Cell TCRα/β V(D)J library data was first processed using 10X Genomics Cell Ranger package (v. 7.0.0, with java/9.0.1, 

bcl2fastq/2.20.0.422 dependencies). Command cellranger mkfastq was used to convert the raw sequencing data from the bcl to 

fastq format, and cellranger multi command to align to the reference genomes GRCh38 (GENCODE v.24) and single cell clonal iden- 

tification. Clonal tracking plots were created using the Immunoarch R package v0.9.0 (https://cloud.r-project.org/web/packages/ 

immunarch/index.html) with the function trackClonotypes, option col = ’’a.a’’, to collapse all clones that share the same amino 

acid sequences. TCRβ clones of immune cells from bulk primary and recurrent tumor samples were analyzed by ImmunoSeq pro- 

prietary pipeline of Adaptive Biotech. A clonal tracking grid was generated for CD8 and CD4 T Cells. In the grid, all TCRβ clones were 

identified at a particular timepoint and then tracked (number of cells, cell type change, pathway activity, etc.) for each timepoint. For 

example, the first row tracks all TCR clones at timepoint Pre-TTF, second row tracks all TCRβ clones at the next timepoint, and so on. 

The same was done for top 2 clones instead of all clones for an in-depth look. 

TCR clonotyping, diversity, and evolution 

A key part of this analysis involved tracking the evolution and activation of TCRβ clones over time. A clonal tracking grid was estab- 

lished to map the presence and characteristics of TCR clones at each patient timepoint, focusing on aspects such as the number of 

cells, changes in cell type, and pathway activity. For example, the first row in the grid tracks all TCR clones at timepoint Pre-TTF, 

second row tracks all TCRβ clones at the next patient timepoint, and so on. This tracking was performed for all identified clones, 

with a detailed analysis for the top two clones, offering insights into the dynamic nature of T cell responses.

Clonal diversity within the populations was quantified using the Simpson Diversity Index, 28 represented by the formula: D = 1 −
∑ n 

i = 1 (p i ) 
2

where p i is the proportion of the i-th clone in the population, and n is the total number of clones observed. This index measures the 

probability that two randomly selected individuals from the population will be of the same clone, with values ranging from 0 (no di- 

versity) to 1 (maximum diversity). 

To evaluate changes in clonal diversity across different timepoints, the Clonal Diversity Ratio was calculated as follows:

Clonal Diversity Ratio =
D timepoint 2

D timepoint 1

This ratio provides a comparative measure of clonal diversity between two specified timepoints. A ratio greater than 1 indicates an 

increase in diversity, suggesting a diversification of the clonal population over time. Conversely, a ratio less than 1 reflects a decrease 

in diversity, pointing to a homogenization of the population. This analysis facilitates the understanding of clonal dynamics over the 

course of the study. 

TCRβ clonal replacement ratio calculation 

The TCRβ clonal replacement ratio was calculated between two time points t1 and t2 was calculated as follows. The top clones at 

time point 1 was tracked in the time point 2 and their proportion in t2 was recorded (t1_top clone proportion at t2). Also, the proportion 

of the top clones at time 2 was calculated (t2_top clone proportion at t2). 

Clonal replacement = t2_top clone proportion at t2/max (t1_top clone proportion at t2, 0.001). 

The small number 0.001 was added to prevent division to zero. The p-value for clonal replacement was calculated using Student’s 

T-test, with null hypothesis that the clonal replacement ratio equal 1 and the alternative hypothesis is the clonal replacement ratio is 

greater than 1. To assess the role of TCRβ clonal replacement in patient survival, the Cox Proportional Hazards Model was created, 

using coxph and survfit commands in R survival package (v3.5.7) with multiple co-variates together: Age, Sex, MGMT.methylation, 

and with or without TCRβ clonal replacement ratio in the wt-IDH GBM only population. The Schoenfeld residuals test 64 was per- 

formed to assess the proportional hazards assumption in the Cox regression model. None of the covariates showed a significant 

violation of the assumption, indicating that the proportional hazards assumption holds for the model. Clonal replacement ratio 

was applied as a continuous variable. The Kaplan Meyer plot was calculated using median TCRβ replacement ratio to divide patients 

into 2 groups with low and high replacement ratio by survfit, survdiff (R survival package) and plotted using autoplot function of 

ggplot2 package (3.4.4). The p-value was calculated using log-rank test. 

Correlation analysis 

In the study, the relationship between various biological variables was assessed using the Pearson correlation coefficient. This sta- 

tistical measure, calculated in R, quantifies the degree of linear relationship between two continuous variables. The Pearson corre- 

lation coefficient values range from − 1 to +1, where +1 indicates a perfect positive linear relationship, − 1 indicates a perfect negative 

linear relationship, and 0 signifies no linear correlation. Each correlation coefficient was accompanied by a p-value to assess the sta- 

tistical significance of the observed correlation. Results with a coefficient close to +1 or − 1 suggest a strong linear relationship, indi- 

cating that as one variable increases, the other variable also increases (positive correlation) or decreases (negative correlation) corre- 

spondingly. Conversely, coefficients near zero imply a weak or no linear relationship between the variables. This analysis provides 

insights into the potential interactions or independent behaviors of the variables within the dataset, guiding further investigations into 

their biological or clinical implications.

External dataset 

We included a dataset with paired tumor tissues from 12 newly diagnosed GBM patients obtained before and after treatment with 

standard chemoradiation (n = 6) or with TTFields + chemoradiation (n = 6) (Table S5) to determine whether the changes in the
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TME, including the upregulation of alternative immune checkpoints were observed without pembrolizumab. The data, accessible 

through the European Genome-phenome Archive (EGAC00001002176), was obtained with approval from the investigators. 53 We 

processed the FASTQ data using the same pipeline employed for our bulk RNA-seq analyses. The resulting TPM data was then uti- 

lized for a comparative analysis of gene expression.

Immunohistochemistry 

IHC was performed in the USC Immunohistochemistry R&D Laboratory using 5-μm sections of formalin-fixed paraffin-embedded 

specimens. Slides were run on a Leica Bond III Autostainer. EDTA (High pH 9.0, for LGALS9 and PD-L1) and citrate (low pH 6.0, 

for VSIR), were used to retrieval antigen. The slides were then incubated with correlated antibodies for 15 min followed by BOND 

IHC Polymer Detection Kit (Leica, Cat#DS9800): anti-LGALS9 (Sigma-Aldrich, Cat#MABT833, 1:850 dilution; RRID: AB_3696950), 

anti-PD-L1 (Abcam, Cat#AB205921, 1:100 dilution; RRID: AB_2687878), and anti-VSIR (Abcam, Cat#AB300042. 1:100 dilution; 

RRID: AB_3696949). The stains were counterstained with hematoxylin and allowed to dry before they were scanned at 40x with 

the Phillips FMT0095.
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Table S1 (related to Figure 1): Characteristics of enrolled patients and case-matched 
controls from EF-14 

 ITT Per Protocol 
(PP) 

Matched 
control (EF-14) 

P-value (PP vs 
Matched) wt-IDH GBM 

Age (Years)      

   n 31 26 56 0.787 23 

   Mean (SD) 57.9 (12.98) 56.7 (13.22) 55.9 (12.11)  58.6 (12.20) 

   Median (range) 60.7 (31-79) 60.5 (31-79) 56.5 (26-83)  60.8 (31-79) 

Sex, No. (%)      

   Male 22 (71) 19 (73) 38 (68) 0.633 17 (74) 

   Female 9 (29) 7 (27) 18 (32)  6 (26) 

KPS, %      

   Median (range) 80 (70-90) 80 (70-90) 80 (70-90) 0.865 80 (70-90) 

EOR, N (%)      

   Biopsy only 9 (29) 7 (27) 15 (27) 0.979 7 (30) 

   Maximal resection 22 (71) 19 (73) 41 (73)  16 (70) 

MGMT status, N (%)      

   Methylated 10 (32) 7 (27) 14 (25) 0.853 6 (26) 

   Unmethylated 21 (68) 19 (73) 42 (75)  17 (74) 

IDH mutation, N (%)      

   Positive 4 (13) 3 (12) 7 (12) 0.901 0 (0) 

   Negative 27 (87) 23 (88) 49 (88)  23 (100) 

TTF usage–First 6m      

   Mean % (range) 70.6 (0-95) 80.3 (55-95) 80.9 (50-94) 0.196 84.5 (55-95) 
 



Table S2 (related to Figure 1): Characteristics of patients 
evaluable for Safety

Age (Years)
n 28
Mean (SD) 57 (12.93)
Median (range) 60.5 (31-79)

Sex, No. (%)
Male 20 (71)
Female 8 (29)

Karnofsky Performance Score, %
Median (range) 80 (70-90)

Extent of Resection, N (%)
Biopsy only 8 (29)
Maximal resection 28 (71)

MGMT Promoter Methylation, N (%)
Methylated 8 (29)
Unmethylated 20 (71)

IDH-1/2 Mutation Status (by IHC/NGS), N (%)
Positive 4 (14)
Negative 24 (86)

Dexamethasone dose at enrollment, mg daily
Median (range) 0 (0-4)

TTFields compliance – first 6 months
Median % (range) 84 (45-95)

TMZ cycles completed
Median (range) 9 (1-12)

Pembrolizumab doses completed – first 6 months
Median (range) 8.0 (0-8)



Pt No EOR
IDH1/2 
mutation Pre-TTF

Post-
TTF (C1) C2 C4 C9 C17 C34 R1 R2 Pre-TTF

Post-TTF 
(C1) C2 C4 C9 C17 C34 R R2

1 Resection positive
2 Resection negative
3 Biopsy negative
4 Biopsy negative
5 Resection negative
6 Resection negative ○ ○ ⮾ ○ ○ ○ ○ ⮾ ○ ○
7 Biopsy negative ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
8 Resection negative ○ ○ ○ ○ ○ ○ ○ ○
9 Resection negative ○ ○ ○ ○ ○ ○ ○ ○

10 Biopsy negative ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
11 Resection negative ○ ○ ○ ○ ○ ○ ○ ○
12 Biopsy negative ○ ⮾ ○ ○ ○ ○ ○ ○ ○ ○ ○ ⮾ ○ ○ ○ ○ ○ ○
13 Resection positive ○ ○ ○ ○ ○ ○ ○ ○
14 Resection negative ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
15 Biopsy negative ○ ○ ○ ○ ○ ○ ○ ○
16 Biopsy negative ○ ○ ○ ○ ○ ○ ○ ○
17 Resection negative ○ ○ ○ ○ ○ ⮾ ○ ○
18 Resection negative ○ ○ ○ ○ ○ ○ ○ ○
19 Resection negative ○ ○ ○ ⮾ ○ ○ ○ ⮾
20 Resection positive ○ ○ ○ ○ ○ ○ ○ ○
21 Resection negative ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
22 Resection negative ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
23 Resection negative ○ ○ ○ ○ ○ ○ ○ ○
24 Resection negative ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
25 Resection negative ○ ○ ○ ○ ○ ○ ○ ○
26 Resection negative ○ ○ ○ ⮾ ○ ○ ○ ○ ⮾ ○

Pt No EOR
IDH1/2 
mutation Primary R1 R2 Primary R1 R2 Primary R1 R2

1 Resection positive ○ ○ ○ ○ Passed Q/C
2 Resection negative ○ ○ ○ ○ ○ ⮾ Not obtained or failed Q/C
3 Biopsy negative ○ ○ ○ R1 First recurrence
4 Biopsy negative ○ ○ ○ R2 Second recurrence
5 Resection negative ⮾ ⮾ ⮾ EOR Extent of resection
6 Resection negative ○ ○ ⮾ ○ ○ ○
7 Biopsy negative ○ ⮾ ○
8 Resection negative ○ ○ ○
9 Resection negative ○ ○ ○ ○ ○ ○

10 Biopsy negative ○ ⮾ ○
11 Resection negative ○ ○ ○ ○ ○ ○
12 Biopsy negative ○ ○ ○ ○ ○ ○ ○ ○ ○
13 Resection positive ○ ○ ○
14 Resection negative ○ ○ ○ ○ ○ ○
15 Biopsy negative ○ ○ ○
16 Biopsy negative ⮾ ⮾ ⮾
17 Resection negative ○ ○ ○ ○ ○ ○
18 Resection negative ⮾ ⮾ ⮾
19 Resection negative ○ ○ ○ ○ ○ ○
20 Resection positive ○ ○ ○
21 Resection negative ○ ○ ○ ○ ○ ○
22 Resection negative ○ ○ ○
23 Resection negative ○ ○ ○
24 Resection negative ○ ○ ○ ○ ○ ○
25 Resection negative ○ ⮾ ○
26 Resection negative ○ ○ ○

Enriched T cells PBMC scRNA-seqPBMC scRNA-seq and TCR clonotyping

Samples from first 2 time points failed Q/C due to excessive degradation from PBMC 
cryopreservation issue. Without these baseline control samples, samples from later 

time points were not processed to include in the analysis.

Tumor WES Tumor bulk RNA-seq Tumor TCR clonotyping

Samples from first 2 time points failed Q/C due to excessive degradation 
from PBMC cryopreservation issue. Without these baseline control 

samples, samples from later time points were not processed to include in 
the analysis.

Table S3 (related to Figures 1-7): Inventory of tissue samples for multi-omics 
analysis in the 2THETOP study.



Table S4 (related to Figure 1): Toxicity Summary–Including All Treatment Related 
Adverse Events
Toxicity Category CTCAE Toxicity Term Number of patients with Toxicity 

Grade Observed
Grade 1-2 Grade 3 Grade 4

Allergy/Immunology Allergic reaction/hypersensitivity 1
Blood/Bone Marrow Thrombocytopenia 12 1 1
Coagulation Thrombosis 2

Constitutional Symptoms

Weight loss 6
Fatigue (asthenia, lethargy, malaise) 13 6
Fever (in the absence of neutropenia defined as ANC 
<1.0 x 10e9/L) 1

Rigors/chills 1

Dermatology/Skin

Rash (scalp irritation) 22
Pruritus/itching 14
Dermatology/Skin - Other (Specify, __) 4
Rash – Other (acne/acneiform) 3
Urticaria (hives, welts, wheals) 1
Bruising (in absence of Grade 3-4 thrombocytopenia) 1

Gastrointestinal

Nausea 29
Vomiting 14 1
Diarrhea 6
Constipation 5
Taste alteration (dysgeusia) 1
Anorexia 1
Gastritis (including bile reflux gastritis) 1

Lymphatics
Edema: limb 2
Edema: head and neck 1

Metabolic/Laboratory
Bilirubin (hyperbilirubinemia) 1
ALT, SGPT (serum glutamic pyruvic transaminase) 2 1

Musculoskeletal/Soft Tissue

Extremity-lower (gait/walking) 6
Joint effusion 2
Muscle weakness, generalized or specific area (not 
due to neuropathy) - Extraocular 3 1

Neurology

Dizziness 1
Memory impairment 2
Mood alteration - Anxiety 1
Neurology - Other 1 2
Personality/behavioral 1
Speech impairment (e.g., dysphasia or aphasia) 5

Pain

Pain-Head/headache 8
Pain-Extremity-limb 8
Pain-Scalp 6
Pain-Joint 3
Pain-Abdomen NOS 2
Pain-Other 1
Pain-Stomach 1
Pain-Muscle 1
Pain- Lymph node 1

Renal/Genitourinary Incontinence, urinary 1



Table S5 (related to Figure 7D): Patient characteristics 
of the control cohort from Diamant et al. J Immunol 
(2021)  

Group Patient no. Sex Age 
(years)

PFS (days)

TMZ alone

8 F 62 806

9 F 57 281

11 M 59 548

13 M 61 222

16 F 59 634

17 M 52 544

TMZ+
TTF

1 F 32 614

2 F 59 311

3 M 57 514

4 M 58 176

5 F 61 427

6 M 47 88
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TCRb clonotypes – Per protocol patients

Figure S1 (related to Figure 3A): TCRb clonotyping in PP patients.
Combo box-and-whisker and dot plots illustrating TCRβ clonal diversity, calculated 
using the Simpson’s diversity index, across different treatment periods in individual 
PP patients, confirming significant TCRβ clonal expansion associated with TTFields 
treatment, whereas pembrolizumab administration did not induce TCR clonal 
expansion. N=19.
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Figure S2 (related to Figure 3B): Tracking the top 10 most expanded TCRβ clones at each treatment timepoint for all PP patients, ordered by survival duration from shortest to longest (left to right, top to bottom). Patients in bold red font are 
biopsy-only.



Figure S3 (related to Figure 3C-D): Top 20 TCRb clonal 
replacement between various treatment periods in wt-IDH 
GBM population.
(Left) Violin plots of top 20 TCRβ clonal replacement ratio between Pre-
TTF vs Post-TTF (C1) (A) and between C1-C4 (B).

(Right) Kaplan Meier plot using low or high top 20 TCRβ clonal 
replacement ratio around the median in a univariate analysis between 
Pre-TTF vs Post-TTF (C1) (A) and between C1-C4 (B). These results 
show that Top 20 TCRβ clonal replacement ratio between C1 and C4 is 
predictive of extended survival. 

TCRβ clonal replacement ratio was analyzed using paired Student T-test. 
Survival comparison was assessed using log rank test.
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Figure S4 (related to Figures 4-6): Patients with maximal resection and biopsy-
only wt-IDH tumors show similar TME characteristics in primary tumors and 
systemic T cell activity at study entry. 
A) Combo box-and-whisker and dot plots illustrating total functional mutational burden, stop-gain 
SNP, stop-loss SNP, and insertions/deletions (IN/DEL), revealing minimal differences in tumor 
mutational burden between maximal resection and biopsy-only primary tumors in the wt-IDH 
GBM population. N=14, maximal resection; N=6, biopsy-only. Data are represented as mean 
±SEM.  The whiskers are the minimum and maximum values, the lower and upper box edges the 
25th and 75th percentage values, respectively, and the lines within the boxes the median. 
Comparisons were performed using unpaired Student’s T-test with a 2-tailed distribution. *, 
P<0.05; **, P<0.01. 

B) Mutations (Mut) and copy number variation (deletion [Del] or amplification [Amp]) profiles of 
genes with known prognostic or predictive significance in high-grade glioma and immune-
oncology in primary maximal resection and biopsy-only tumors, revealing a similar distribution 
of genetic alterations between the 2 groups. N=14, maximal resection; N=7, biopsy-only.

C) Multivariate Cox PH model analyzing 20 GO immune pathways most strongly associated with 
survival in primary wt-IDH GBM tumors. N=12, maximal resection; N=4, biopsy-only.

D) Heatmap showing the mean expression levels of the 20 GO pathways most strongly correlated 
with survival in primary wt-IDH tumors revealed no significant differences between maximal 
resection and biopsy-only groups. N=12, maximal resection; N=4, biopsy-only.

E-F) 3D maps of global pathway hubs generated by GeneRep/nSCORE from bulk RNA-seq data 
of peripheral T cells in patients with maximal resection versus biopsy-only wt-IDH GBM tumors 
at Pre-TTF (E) and all subsequent treatment time periods (F), illustrating that the immune activity 
of peripheral T cells, measured by the expression signal of immune regulatory hub 1.1, was 
reduced before TTFields treatment and subsequently increased after the initiation of TTFields and 
pembrolizumab in biopsy-only patients compared to those with maximal resection. Globe size: 
the number of pathways in a hub; Globe colors: Red–Upregulated in biopsy-only patients; Blue–
downregulated in biopsy-only patients; Grey–No change in biopsy-only patients compared to 
Maximal resection patients. Gene names listed after a globe number are master regulators of that 
hub. N=14, maximal resection; N=5, biopsy-only.



Figure S5 (related to Figure 6A): Representative markers for T cell cluster 
annotation.
2D UMAP of expression of indicated representative markers of T cell subtypes and functions in 
all T cell clusters.
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Figure S6 (related to Figure 6D and Figure 6F): TCRb clonotyping and central 
memory (CM) T cell formation in Maximal Resection vs Biopsy-Only patients.
Combined box-and-whisker and dot plots illustrating TCRβ clonal diversity, measured by the Simpson 
diversity index, at various treatment periods in patients with maximal resection or biopsy-only wt-IDH 
GBM tumors (A). CM CD8+ (B) and CD4+ (C) T cell fractions as percentages of CD3+ cells and 
normalized to Pre-TTF rose later in the treatment course and more persistently in biopsy-only patients, 
compared to those with maximal resection. N=14, Maximal Resection; N=5, Biopsy-Only 
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Figure S7 (related to Figure 7A): TME reprogramming in recurrent wt-IDH tumors. 
GSEA of representative GO pathways in Hub 1.1, including migratory regulation (A) and genetic response to 
hypoxia (B), Hub 1.4, including axonic, neurotransmitter, and junctional complex signaling (C), and Hub 1.7, 
including antigen presentation and inflammatory (D) and immune checkpoint regulatory (E) pathways in 9 
paired primary vs recurrent wt-IDH tumors. NES: normalized enrichment score. FDR: False discovery rate.
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