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Neoadjuvant anti-PD1 immunotherapy for
surgically accessible recurrent glioblastoma:
clinical and molecular outcomes of a stage 2
single-arm expansion cohort

A list of authors and their affiliations appears at the end of the paper

Glioblastoma is immunologically “cold” and resistant to single-agent immune-
checkpoint inhibitors (ICI). Our previous study of neoadjuvant pem-
brolizumab in surgically-accessible recurrent glioblastoma identified a mole-
cular signature of response to ICI and suggested that neoadjuvant
pembrolizumab may improve survival. To increase the power of this obser-
vation, we enrolled an additional 25 patients with a primary endpoint of
evaluating the cell cycle gene signature associated with neoadjuvant pem-
brolizumab and performed bulk-RNA seq on resected tumor tissue
(NCT02852655). Neoadjuvant pembrolizumab was associated with suppres-
sion of cell cycle/cancer proliferation genes and upregulation of T-cell/inter-
feron-related gene expression. This signature was unique to patients treated
with neoadjuvant pembrolizumab and was an independent positive risk factor
for survival. Our results demonstrate a clear pharmacodynamic effect of anti-
PD1 therapy in glioblastoma and identify pathways that may mediate resis-
tance. However, we did not confirm a survival benefit to neoadjuvant pem-
brolizumab in recurrent glioblastoma and our secondary endpoint of PFS-6
was 19.5% (95% CI: 9.29-41.2%) for the pooled neoadjuvant cohorts. Our new
data suggests some patients may exhibit innate resistance to pre-surgical ICI
and require other concomitant therapies to sensitize effectively.

Glioblastoma is the most aggressive primary brain cancer in adults
and two-thirds of patients are inherently resistant to the current
standard-of-care systemic therapies1. Despite the impressive intra-
cranial activity of immune-checkpoint inhibitors (ICIs) in patholo-
gies such as melanoma brain metastases, glioblastoma is resistant
to single-agent immune-checkpoint blockade2–5. To better under-
stand the molecular response of glioblastoma to ICIs and to identify
targetable pathways of immune evasion, we previously reported on
a pilot randomized surgical window-of-opportunity trial of neoad-
juvant followed by adjuvant pembrolizumab versus adjuvant pem-
brolizumab alone in patients with recurrent glioblastoma

underdoing surgical resection6. Analysis of bulk gene expression
profiles of neoadjuvant-pretreated versus untreated tumors
uncovered a molecular response signature that consisted of
downregulation of cell cycle/cancer proliferation genes and upre-
gulation of T cell/interferon-γ -related genes. Cell cycle gene sig-
natures were inversely correlated with overall survival. Importantly,
the addition of neoadjuvant treatment with pembrolizumab was
associated with a statistically significant increase in overall survival
compared to treatment with adjuvant pembrolizumab alone. Here
we report the results of a single-arm, non-randomized neoadjuvant
pembrolizumab expansion cohort (NCT02852655) to increase the
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power of our pharmacodynamic endpoint, the tumor molecular
response to pembrolizumab, and its effect on overall survival.

Results
To confirm the pharmacodynamic effects of pembrolizumab in glio-
blastoma,wedesigned anexpansioncohort toour previously reported
pilot, multicenter, randomized, open-label, surgical study of neoad-
juvant plus adjuvant pembrolizumab (neoadjuvant arm) versus adju-
vant pembrolizumab alone (adjuvant arm) in patients with recurrent
glioblastomaundergoing surgical resection (Fig. 2A)6. All patientswere
allocated to the neoadjuvant arm and received a single dose of pem-
brolizumab approximately 14 days prior to surgical tumor resection
followedby pembrolizumab every 3weeks after surgical recovery until
disease progression or unacceptable toxicity. A total of 25 patients
were enrolled between June 2020 and August 2021 at four institutions
and comprise the intention-to-treat population (SFig. 1 and STable 1).

In our initial investigation, pembrolizumab treatment resulted in a
decrease in cell cycle/cancer proliferation gene signatures and
increased T cell/interferon-γ signature. The cell cycle/cancer pro-
liferation gene signature inversely correlated with survival6. The pri-
mary objective of the current expansion cohort was to increase the
power of this observation and test the hypothesis that administration
of pembrolizumab leads to a decrease in the expression of cell cycle/
cancer proliferation-related gene signatures in the composite pooled
cohorts (see clinical trial protocol, Appendix A).

We conducted gene expression analysis of resected tumor tissue
in our expanded neoadjuvant cohort using bulk-RNA sequencing
(RNAseq) and pooled it with the gene expression data from stage 1 of
our clinical trial as a pre-planned primary endpoint for this expansion
study (Fig. 1a). The clinical trial met its primary pharmacodynamic
endpoint as composite gene expression analysis found a statistically
significant decrease in the median cell cycle/cancer proliferation-
related absolute enrichment score to −0.2996 (IQR −0.5853 to 0.2040)
in pembrolizumab-treated tumor tissue in the neoadjuvant cohorts,
compared to 0.5172 (IQR 0.0712-0.6579) in untreated tumor tissue
from the adjuvant cohort (Fig. 1b, p =0.009). Interestingly, the extent
of cell cycle gene set downregulation was not as pronounced in the
expansion cohort (SFig. 4A). Our pooled cohorts also showed a het-
erogenous enrichment of T cell/IFN gene signatures in
pembrolizumab-treated tumor tissue compared to untreated (Fig. 1c,
p =0.08). Individual analysis of the two neoadjuvant cohorts also
maintained the same pattern of gene expression changes in cell cycle
and interferon-γ-related genes compared to the adjuvant cohort,
though it did not reach significance for the expanded neoadjuvant
cohort (SFig. 4A, B). As in our initial study, neoadjuvant pem-
brolizumab treatment did not induce a statistically significant increase
in tumor-infiltrating lymphocytes relative to the adjuvant-only treated
cohort (TIL, SFig. 5). Thesefindings confirm apharmacodynamic effect
of PD1-directed ICIs on the gene expression patterns of glioblastoma
but suggest the existence of mechanisms that may mediate innate
resistance by preventing T cell infiltration or inhibiting TIL function in
the TME, as we have recently shown7.

In order to develop a biomarker that can inform about the clinical
course of these patients, we used a Cox proportional hazard model to
identify gene signatures differentially expressed in our neoadjuvant
cohorts that were also independently associated with survival. The cell
cycle gene signature (Farmers_Breast_Cancer_Cluster_2)8 was down-
regulated by neoadjuvant pembrolizumab treatment and found to be
an independent risk factor for overall survival (Fig. 1d, HR 3.54, CI
[1.17–10.65], p =0.025). Adding the cell cycle gene signature
(Farmers_Breast_Cancer_Cluster_2)8 to the Cox model substantially
increased the explained variance in overall survival (i.e., the R
squared)9 from 32% to 45%, which is consistent with the findings in our
initial report6. Interestingly, the interferon-γ-related gene set
(Ayers_et_al_IFN_genes)10 did not independently correlate with survival

(SFig. 4C, HR 0.93, CI [0.32-2.70], p =0.893), suggesting that Type 1
and Type 2 interferons are difficult to distinguish and may represent
chronic inflammation that mediates inherent resistance to ICI. Total
steroid dose at registration was the only clinical factor significantly
associated with survival along with cell cycle in this cohort (Fig. 1d, HR
1.44, CI [1.06–1.95], p = 0.021). Deconvolution of the bulk gene
expression data using CybersortX showed that the change in cell cycle
gene signature significantly and directly correlated with estimates of
tumor fraction, while T cell/IFN_gene expression changes correlated
with the myeloid fraction (Fig. 1e, f). These findings suggest that the
suppression of cell cycle genes triggered by anti-PD1 immune-check-
point blockade in glioblastoma bulk tumors is driven by tumor cells
and independently linked with survival in these patients.

In the intention-to-treat analysis, median overall survival in the
neoadjuvant expansion cohort was 204 days (6.8 months), compared
to 417 days (13.7 months) in the initial neoadjuvant cohort and
228 days (7.5 months) in the initial adjuvant-only cohort. Median
progression-free survival in the neoadjuvant expansion cohort was
75 days (2.5 months) compared to 99.5 days (3.3 months) in the initial
neoadjuvant cohort and 72.5 days (2.5 months) in the initial adjuvant-
only cohort, respectively (Fig. 2c). PFS-6 was 0% for the neoadjuvant
expansion cohort, as opposed to 33.3% (95% CI: 16.3–68.2%) for our
previously reported initial neoadjuvant cohort. Our secondary end-
point of PFS-6 for the pooled neoadjuvant cohorts was 19.5% (95% CI:
9.29–41.2%), compared to 13.3% (95% CI: 3.67–48.4%) in the adjuvant
cohort. Median follow-up times are reported in Supplementary
Table 4. There was no difference in overall or progression-free survival
between the 3 cohorts (p >0.05 and p =0.0543, respectively, Mantel-
Cox test). In patients that received surgery andhadhistologic evidence
of recurrent glioblastoma (mITT), median overall survival was
209.5 days (7.0 months) for the neoadjuvant expansion cohort, com-
pared to 400 days (13.2 months) in the initial neoadjuvant cohort and
192 days in the initial adjuvant-only cohort (Fig. 2b). The overall sur-
vival of patients in this expansion neoadjuvant cohort was modest
compared to the initial neoadjuvant cohort in our randomized trial,
but the pharmacodynamic endpoints suggest that the neoadjuvant
dosing with pembrolizumab did not induce as much downregulation
of tumor cell cycle genes as noted in the initial cohort (SFig. 4A).

To further evaluate the biological and clinical outcomes asso-
ciated with these changes in gene expression, we classified patients
into four groups based on their median cell cycle/cancer proliferation
and T cell/interferon-γ-related gene signatures (Fig. 3a). Post-hoc ana-
lysis of survival times as a function of these signatures showed a sig-
nificant difference in overall survival between the4groups (Fig. 3c, log-
rank test, p value < 0.0001). Additionally, the proportion of neoadju-
vant versus adjuvant patients varied significantly among the 4 quad-
rants (Fig. 3b, Chi-square test, p =0.027). Interestingly, all patients in
the subgroupwith an interferon-high and cell cycle-lowgene signature
(Group 3) had received neoadjuvant pembrolizumab (13 out of 13
patients) and had significantly longer survival, 420 days (13.8months),
comparedwith the other subgroups (Fig. 3b, c). Survival for “cell cycle-
low” groups was overall improved compared to “cell cycle-high”
patients, which showed the lowest survival times (Groups 2 and 4).
Isolating patients whose cell cycle and interferon signatures were both
classified as high (Group 4) was associated with the lowest survival,
with a hazard ratio for death of 7.46 (CI 1.22–45.46, p value = 0.029).
Tumors with high interferon/T cell signatures had significantly higher
TIL density compared to those with low interferon/T cell signatures
(Fig. 3e, f). To investigate the biological processes that account for the
large difference in survival between both interferon-high groups
(Groups 3 and 4), we screened various inflammation/immune
activation-related gene signatures. We found that Group 4 had differ-
entially higher enrichment of STAT3 and TNF-α-related gene sig-
natures comparedwithGroup 3 (Fig. 3d). Aberrant activation of STAT3
and TNF-α has been related to tumor cell proliferation, invasion and
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the recruitment of immunosuppressive cell populations such asMDSC
and regulatory T cells11. Notably, STAT3 has been identified as amaster
regulator of the mesenchymal GBM subtype12–14. These findings sug-
gest that neoadjuvant anti-PD1 immune-checkpoint blockade can
trigger a change in tumor gene expression states to low cell cycle/
cancer proliferation and high T cell/interferon-γ-related sig-
natures, and that this expression profile is associated with T cell

infiltration and the longest survival in this pembrolizumab-
treated cohort.

The baseline characteristics of study participants are outlined in
Supplementary Table 1. One patient was excluded from the modified
intention-to-treat population (mITT) after analysis of resected tumor
tissue failed to confirm recurrent glioblastoma (SFig. 1). Three patients
were censored at day 1 for PFS by iRANO criteria due lack of follow-up

Article https://doi.org/10.1038/s41467-024-54326-7

Nature Communications |        (2024) 15:10757 3

www.nature.com/naturecommunications


scans. Baseline characteristics were similar between the initial and
expanded neoadjuvant cohorts (STable 2). Pembrolizumab was well
tolerated and this cohort did not uncover any new, unexpected toxi-
cities. Therewere six CTCAE grade ≥3 events including cerebral edema
(2), headache, fatigue, adrenal insufficiency and hyperthyroidism.

Discussion
Our expansion cohort of recurrent glioblastoma patients treated with
neoadjuvant followed by adjuvant pembrolizumab met its primary
pharmacodynamic endpoint. Our pooled gene expression analyses
indicate a clear gene signature of pembrolizumab activity in recurrent
glioblastoma that is associated with a decrease in cell cycle and cancer
proliferation genes, and an increase in T cell/interferon-related genes.
Prior studies have demonstrated that high baseline or on-treatment
expression of interferon-γ in bulk tumor correlates with response to
immune-checkpoint inhibitors15,16. Consistent with our initial report of
a survival advantage to neoadjuvant pembrolizumab, we identify a
subgroup of 13 patients specifically in our neoadjuvant cohortmarked
by high tumor interferon-γ signature and low cell cycle signature with
very long survival at a median of 13.8 months. Similarly, analysis of
baseline and on-treatment melanoma tumor samples from patients
receiving immune-checkpoint inhibitors significantly correlated high
interferon-γ signature accompanied by decreased G2M checkpoint
genes to complete and partial clinical responses, suggesting these are
broad biomarkers for benefit from immune-checkpoint blockade17. As
interferon-γ induces cell cycle arrest in a number of cancer types,
immune cell-derived interferon-γ may be directly responsible for the
low cell cycle scores seen in our longest-surviving cohort18,19.

The lowest survival group in our analyses consisted of patients
with both high cell cycle/cancer proliferation genes and high inter-
feron signature andwas composed of patients in both the neoadjuvant
and adjuvant cohorts of our clinical trial. Cancer is well recognized to
produce a chronic inflammatory state. These data suggest that the
local inflammatory response in the TMEmay be contextual because an
equal fraction of patients (untreated vs. neoadjuvant) has evidence for
high cell cycle and high T cell/IFN transcriptional signatures. Patients
with this transcriptional pattern have tumors enriched in STAT-3 and
TNF signaling. As such, these tumors may be similar to the mesench-
ymal subset of GBM14,20 and suggest that this chronic inflammatory
TMEmaybe inherently resistant to ICI. Strategies to transiently reduce
such chronic inflammation have had success in other extracranial
tumor types21, and subsequently restored responses to immune-
checkpoint blockade22–24.

Hyperactivation of the p16-CDK4/6-Rb signaling pathway, amajor
cell cycle regulator in glioblastoma, may also independently provide a
mechanism for immune evasion. Cyclin-dependent kinases 4 and
6 signaling in both tumor and T cells has been previously implicated in
mediating immune evasion through suppression of tumor-intrinsic
antigen processing and presentation machinery, as well as through
modulation of T cell subsets25–29. Inmelanoma, increased expression of
CDK4 and E2F targets and decreased expression of class I HLA is

associated with resistance to anti-PD1 immunotherapy29. These find-
ings led to significant interest in the combination of CDK4/6 inhibitors
and immune-checkpoint inhibitors in tumors with frequent CDK4/6
hyperactivation, like glioblastoma20. Unfortunately, a phase 1b clinical
trial of the CDK4/6 inhibitor abemaciclib in combination with the anti-
PD1 antibody pembrolizumab in metastatic breast cancer revealed
unacceptably high rates of severe transaminitis and interstitial lung
disease (i.e., pneumonitis)30. For now, the question of whether tar-
geting CDK4/6 signaling and immune checkpoints in combination
results in significant anti-tumor activity remains unanswered.

The clinical impact of neoadjuvant immune-checkpoint blockade
compared to adjuvant administration alone in recurrent glioblastoma
remains unclear. We were unable to confirm a survival advantage of
neoadjuvant pembrolizumab. Our neoadjuvantly treated expansion
cohort had significantly lower survival than the neoadjuvant cohort of
our initial randomized study. There was a trend for increased post-
operative volumes and a higher proportion of IDHwild-type tumors in
our expansion cohort compared to our initial neoadjuvant cohort
which may have impacted survival, though they did not reach statis-
tical significance. In melanoma, the SWOG S1801 trial demonstrated
that neoadjuvant administration of immunotherapy significantly
improves event-free survival in patients with stage III malignant mel-
anoma compared to adjuvant immunotherapy alone despite equal
number of immunotherapy treatments31. In these patients, pathologic
response after 6–10 weeks of neoadjuvant therapy, defined as a
pathologic assessment of resected tumor tissue showing 10% or less
residual viable tumor, is the strongest indicator of benefit31,32. Although
the more aggressive growth kinetics of glioblastoma do not allow for
pathologic response assessments in those time-frames, our work
highlights low cell cycle/cancer proliferation and high T cell/inter-
feron-γ-related gene signatures as a potential early biomarker for
response to immune-checkpoint blockade in recurrent glioblastoma
that may serve as a basis for patient stratification in future clinical
trials.

There are some important limitations to our study. It was not
powered for survival analyses and the effect of neoadjuvant pem-
brolizumab on survival in recurrent glioblastoma remains unclear.
Other limitations in our expansion cohort include its single-arm
design, lack of a contemporaneous control cohort and small sample
size. Future clinical trials should be powered for survival analyses and
evaluate whether our biomarker signatures predict response to
immune-checkpoint inhibition in glioblastoma.

Methods
Study design and patients
This studywas approved by institutional reviewboards (IRB) at all sites
(Dana-Farber Cancer Institute; Huntsman Cancer Institute; MD
Anderson Cancer Center; Massachusetts General Hospital; Memorial
Sloan Kettering Cancer Center; University of California, Los Angeles;
University of California, San Francisco) and was conducted according
to the Declaration of Helsinki. All patients provided written informed

Fig. 1 | Pembrolizumab treatment is associated with increased T cell/inter-
feron-γ-gene-related signatures and decreased cell cycle/cancer proliferation
gene signatures. a Heat map of bulk tumor mRNA gene expression data showing
gene signature analysis enrichment (GSAE) scores of gene sets with interquantile
range ≥ 0.7. b Gene signature scores for Farmer_Breast_Cancer_Cluster_2 compar-
ing pooled adjuvant and neoadjuvant cohorts. Each dot represents a patient, the
lower and upper box bounds indicate the 25th and 75th percentile and the middle
box line indicates the median value (adjuvant n = 15; neoadjuvant n = 34). P values
were calculated using a two-sidedWilcoxon rank-sum test. cGene signature scores
for Ayers_et_al_IFN_genes comparing pooled adjuvant and neoadjuvant cohorts.
Each dot represents a patient, the lower and upper box bounds indicate the 25th
and 75th percentile and the middle box line indicates the median value (adjuvant
n = 15; neoadjuvant n = 34). P values were calculated using a two-sided Wilcoxon

rank-sum test. d Forest plot of Cox proportional hazard model analyzing the effect
of Farmer_Breast_Cancer_Cluster_2 and clinical variables on overall survival. Dia-
monds mark the hazard ratio (HR) estimates while error bars denote the 95%
confidence interval (CI) of the HR. The P value of each covariate was based on its
Wald statistics; the P values are not adjusted. e Correlation between tumor fraction
as estimated by Cibersort X and Farmer_Breast_Cancer_Cluster_2 gene signature
score. Each dot represents a patient (n = 49). The Spearman’s rank correlation
coefficient (ρ) and p value are calculated using a two-sided Spearman correlation
test. f Correlation between myeloid fraction as estimated by Cibersort X and
Ayers_et_al_IFN_genes gene signature score. Each dot represents a patient (n = 49).
The Spearman’s rank correlation coefficient (ρ) and p value are calculated using a
two-sided Spearman correlation test. Sourcedata are provided as a SourceDatafile.

Article https://doi.org/10.1038/s41467-024-54326-7

Nature Communications |        (2024) 15:10757 4

www.nature.com/naturecommunications


consent. Participants were not compensated. Eligibility criteria for the
neoadjuvant expansion cohort were identical to the previous rando-
mized trial. Patients were ≥18 years of age, had recurrent glioblastoma
and were candidates for surgical debulking. Key eligibility criteria
includedKarnofsky performance status≥70, previousfirst-line therapy
with at least radiotherapy, first or second relapse with unequivocal
evidence of tumor progression, adequate organ function, no high-
dose systemic corticosteroids (defined as >4mgday–1 of dex-
amethasone or bio-equivalent for at least three consecutive days
within two weeks of registration) and absence of previous anti-
angiogenic or antivascular endothelial growth factor agents. Sex of the
participants was self-reported. The clinical trial is registered in clin-
icaltrials.gov under NCT02852655. The full study protocol is available
under Supplementary Information as Appendix A.

After consent, patients enrolled into the neoadjuvant expansion
cohort received pembrolizumab 200mg by intravenous infusion
14 ± 5 d before scheduled surgical resection. Tumor resection was
performed according to institutional standards. After recovery from
surgery, patients received pembrolizumab 200mg by intravenous
infusion every 3weeks until either tumor progression or an adverse
event requiring study drug discontinuation. Blood samples were
obtained every two cycles (6weeks). Patients were followed for MRI
changes, clinical exams and steroid doses until death or second pro-
gression. After second progression, patients were followed every
3months for vital status until death.

Overall survival and progression-free survival were defined as
time from date of registration to date of confirmed death or radio-
graphic progression by iRANO criteria, respectively. Subjects without
efficacy evaluation data or without survival data were censored
at Day 1.

Tumor volume measurement
T1, T1C, FLAIR, and T2 MRI sequences for each study time point were
preprocessed using automated tumor segmentation pipeline as
described previously (https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC6051535/)(https://link.springer.com/chapter/10.1007/978-3-030-
72087-2_20). Briefly, N4 bias field correction was applied to each
sequence using the Insight Toolkit program (ITK, 2021, version 5.3.0;
https://itk.org/) (https://pubmed.ncbi.nlm.nih.gov/15458157/)(https://
pubmed.ncbi.nlm.nih.gov/32578020/). All sequences were resampled
to 1mm × 1mm × 1mm with linear interpolation and co-registered
using the 3D Slicer program (3D Slicer, 2019, version 4.10.2; https://
www.slicer.org/) (https://pubmed.ncbi.nlm.nih.gov/22770690/). Skull
stripping was applied to the T1-weighted sequence using the Robust
Brain Extraction program (ROBEX, 2013, version 1.2; https://www.nitrc.
org/projects/robex/) (https://pubmed.ncbi.nlm.nih.gov/21880566/).
Z-score pixel intensity normalization was applied to each MR
sequence. DeepNeuro segmentation model was then applied to the
four normalized and resampled images (https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC6051535/). The output label for enhancing
tumor were then reviewed andmanually edited, if needed, by a board-
certified neuroradiologist (R.H., with 16 years of experience)using ITK-
SNAP (ITK-SNAP, version 3.8.0; http://www.itksnap.org/pmwiki/
pmwiki.php) (https://pubmed.ncbi.nlm.nih.gov/16545965/).

RNA and genomic DNA isolation
RNA and genomic DNA were extracted from resected tumor speci-
mens preserved in AllProtect tissue reagent (Qiagen) at the time of
surgery. For the initial cohort, we simultaneously isolated RNA and
DNA using Qiagen AllPrep DNA/RNA kits (#80204). In the expanded
cohort, we divided the tumor tissue in half and employed the Qiagen
RNeasy Mini Kit (#74104) for RNA isolation and the Qiagen DNeasy
Blood and Tissue Kit (#69504) for DNA isolation.

Fig. 2 | Clinical trial design and survival outcomes. Patients in the first stage of
this clinical trial (S1) were randomized tono treatment prior to surgical resection of
recurrent glioblastoma (Adjuvant cohort, S1, blue) or single dose of pem-
brolizumab 200mgprior to surgery (Neoadjuvant cohort, S1, red). An additional 25
patients were enrolled in a second stage as a neoadjuvant expansion cohort
(Neoadjuvant cohort, S2, black). a Clinical trial schema. b Kaplan–Meier plot of
overall survival in the modified intention-to-treat population. Median survival of
the neoadjuvant expansion cohort (black)was 209.5 days, compared to 400days in
the stage 1 neoadjuvant cohort (red) and 192 days in the stage 1 adjuvant cohort
(blue) (p =0.0858 logrank test). cKaplan–Meier plot of progression-free survival in
themodified intention-to-treat population. Median progression-free survival of the
neoadjuvant expansion cohort (black) was 75 days, compared to 99.5 days in the
stage 1 neoadjuvant cohort (red) and 72.5 days in the stage 1 adjuvant cohort (blue)
(p =0.0543 logrank test). Source data are provided as a Source Data file.
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Bulk RNAseq
Paired-end, 2 × 100base pair (bp) transcriptomereadsweremapped to
the Genome Reference Consortium Human Build 38 (GRCh38) refer-
encegenomeusingHISAT2 (version2.0.6) (PMID: 25751142). The gene-
level counts were generated by the HTSeq-count program (version
0.5.4p5)33. To calculate single-sample gene set enrichment, we used

the Gene Set Variation Analysis (GSVA) package (version 1.32.0)34. To
compute the GSVA scores, the filtered, log2 normalized gene expres-
sion were supplied to the GSVA program using the ‘kcdf=Gaussian’
mode. We manually selected gene sets from the c2.cgp, c6, c7, hall-
mark geneset collections of the Broad Institute’s Molecular Signatures
Database (version 7.0)35. We utilized CIBERSORTx (https://cibersortx.
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stanford.edu/) to conduct cell type decomposition on the bulk-RNA-
seq data using scRNAseq reference, with the parameters --single_cell
TRUE --rmbatchBmode TRUE. The GBM single-cell reference was
generated using scRNA-seq data from the study by Abdelfattah et al.
(GEO series GSE182109)36.

Tumor-infiltrating lymphocytes density estimation
To assess the tumor-infiltrating lymphocyte density, we employed the
immunoSEQ Assay (Adaptive Biotechnologies) for formalin-fixed,
paraffin-embedded tumor samples. The assay amplifies both the TCRβ
CDR3 and selected reference genes, whichquantitate the total number
of T cells and nucleated cells, respectively. Tumor-infiltrating lym-
phocyte density is calculated by dividing the total number of T cells by
the total number of nucleated cells.

Statistics and reproducibility
Statistical analysis was performed using GraphPad Prism v. 10.1.1,
Insight Toolkit program (ITK, 2021, version 5.3.0; https://itk.org/), 3D
Slicer program (3D Slicer, 2019, version 4.10.2; https://www.slicer.org/),
Robust Brain Extraction program (ROBEX, 2013, version 1.2; https://
www.nitrc.org/projects/robex/), ITK-SNAP (ITK-SNAP, version 3.8.0;
http://www.itksnap.org/pmwiki/pmwiki.php).

Differences in GSVA scores from bulk RNAseq data were
determined using an unpaired T-test with unequal variances, spe-
cifically the two-sidedWelch’s t-test. To assess the impact on overall
survival or time to progression post-treatment, we employed the
log-rank test, with visualization facilitated by the Kaplan–Meier
technique using R’s survminer package. We further performed
multivariable cox proportional hazard (cox PH) regression analysis
with HRs (95% CIs) to determine if any of the treatment regimen
were significantly predictive of overall survival or time to progres-
sion after adjusting for clinical covariates, such as age, gender,
MGMT and IDH status. We used a Bonferroni correction to account
for multiple comparisons. The association between gene set
enrichment score and overall survival or time to progression was
analyzed similarly using log-rank (univariate) and Cox PH (multi-
variate) analyses.

Progression-free survival (time from registration to disease pro-
gression per iRANO criteria or death) and overall survival (time from
registration to death) were estimated in Prism (v10.1.1) using
Kaplan–Meier (non-parametric) survival analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA sequencing data generated in this study have been deposited
in the Gene Expression Omnibus repository under access code
GSE264695 for the expanded dataset and GSE121810 for the initial

dataset (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). Source
data are provided with this paper.

Code availability
R code is available in packages as described in the manuscript.
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