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Glioblastomais a fatal disease with a median prognosis of 12-18 months.
Recent studies have shown encouraging results using neoantigen-based

W Check for updates

vaccines to stimulate glioblastoma-directed immune responses, but overall
immunogenicity has been low. Here, we report the results of an open-label,
single-arm, phase 1 clinical trial (GT-20) to evaluate the safety and feasibility

(primary endpoints) as well asimmunogenicity and preliminary clinical
activity (secondary endpoints) of GNOS-PVO1 monotherapy, a DNA-based
personalized therapeutic cancer vaccine administered following

surgical resection and radiation for patients with MGMT unmethylated
glioblastoma. The GT-20 study vaccinated nine patients, using up to 40
neoantigens per patient (range, 17-40) without causing any serious adverse
events, unexpected toxicities or dose-limiting toxicities. The vaccine
induced activation and expansion of circulating peripheral T cells in all
evaluated patients, except one who was being treated with dexamethasone.
The secondary endpoint was to evaluate 6 month progression-free survival
and 12 month overall survival; each observed in 66.7% of patients. Median
progression-free survival was 8.5 months, median overall survival was

16.3 months and survival at 24 months was 33%, including one long-term
survivor still alive 4 years from the time of initial surgery. This study

met the pre-specified endpoints and supports the use of GNOS-PVO01 as
apotentiallyimpactful component of glioblastoma immunotherapy.
ClinicalTrials.gov: NCT04015700.

Glioblastoma (GBM) is the most common primary central nervous
system malignancy in adults. It hasa median overall survival of less than
20 months withstandard-of-care surgical resection, radiotherapy and
temozolomide chemotherapy'” Patients with GBM with unmethylated
promoter regions of the MGMT (O°-methylguanine methyltransferase)
gene do not benefit from temozolomide, a DNA-damaging chemo-
therapy, owingto the active DNA repair mechanisms facilitated by high
MGMT expression®. Therefore, new therapeutic options are desperately
needed for this subgroup of patients.

Immune-activating therapies, such as immune checkpoint
inhibitors, have demonstrated efficacy across many cancer types

but have not improved survival in GBM. Randomized phase 3 studies
showed no survival benefit from the addition of PD-1blockade therapy
to standard-of-care treatment in newly diagnosed patients*® or at
recurrence®. These poor responses may be attributed to extensive
intra-tumoral heterogeneity, large populations ofimmunosuppressive
myeloid cells, relatively low tumor mutational burden (TMB) and/or
both local and systemic immune effector cell dysfunction™, Patients
with GBM display profound T cell dysfunction owing to tumor-specific
features’ and to treatment with temozolomide and dexamethasone.
Neoantigen cancer vaccination is a versatile platform that has
emerged as an approach to clonally expand and, potentially, repolarize
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immune effectors that destroy malignant cells. In GBM, prior vac-
cination studies demonstrated that synthetic peptide vaccines gen-
erated T cell immunity to both patient tumor-specific neoantigens
and to shared tumor-associated antigens'*"". In addition, cell-based
approaches using infusion of autologous dendritic cells or mRNA
pulsed with tumor lysate have shown similar results’®". These initial
studies have supported the feasible use and preliminary efficacy of
therapeutic cancer vaccinesin GBM, but further optimization of these
platformsis needed, as cautioned by the failed randomized controlled
trialsto date™'. As such, imparting durable anti-tumoral immunity will
probably require amulti-epitope vaccine delivery system designed to
target widely distributed antigens, with respect to the documented
spatial heterogeneity of neoantigen diversity in GBM'. Incorporation
of multi-sector sampling from multiple tumor sites served as a basis
for neoantigen selectionin the ‘NeoVax’ phase1clinical trial (Clinical-
Trials.gov:NCT03422094), whichidentified awider breadth of spatially
heterogeneous candidate neoantigens in GBM'?, However, the incor-
porationand subsequent evaluation of all candidates was constrained
by manufacturing challenges related to cost, scalability, solubility and
production time of the synthetic long peptide platform™.

To address these challenges, we incorporated multi-sector sam-
pling into the design and production of personalized neoantigen
DNA vaccines, a platform that can accommodate a broader range
of neoantigens than peptide vaccines”. Here, we report the results
fromnine patients enrolled in the ‘GT-20’ DNA vaccine phase 1 clinical
trial (ClinicalTrials.gov: NCT04015700). For each patient, a bespoke
DNA vaccine was generated, targeting up to 40 spatially distributed
neoantigens (range, 17-40) using the same antigen selection strategy
and personalized variant antigens by cancer sequencing (pVAC-seq)
pipelineas previously described™. Vaccine-induced immune responses
were evaluated through bulk T cell receptor (TCR) sequencing, in vitro
functional assays and a unique method of T cell enrichment coupled
with single-nuclei RNA sequencing (snRNA-seq). The results from this
study willinform subsequent trials that aim to explore combinatorial
therapeutic approaches in this disease setting to maximize efficacy.

Results

GT-20 trial overview

This phase 1 clinical trial aimed to assess the safety, feasibility and
immunogenicity of a personalized neoantigen DNA vaccine platform
(GNOS-PVO01) in adult patients with newly diagnosed MGMT unmethyI-
ated GBM following surgical resection and radiotherapy (no temozo-
lomide chemotherapy). In total, 34 patients were screened, of which
13 patients were deemed eligible; nine patients agreed to participa-
tion (Fig. 1a). The median age of the participants was 59 years (range,
54-68 years); 67% were male and 100% were white. Patient treatment
history is summarized in Table 1. Three to four geographically dis-
tributed tumor regions were collected at the time of initial surgery
to predict and select candidate neoantigens'. All vaccinations were
given intramuscularly, followed by electroporation in combination
with INO-9012, a DNA plasmid encoding interleukin-12 (IL-12), as a
molecular adjuvant. The protocol allowed for vaccinations to continue
until progression, intolerance or vaccine supply exhaustion. Correla-
tive studies, including immunocyte deconvolution of bulk RNA-seq
datathrough CIBERSORTx*’, TCR sequencing (TCR-seq), interferon-y
(IFNy) ELISpot assay and flow cytometricintracellular cytokine staining,

were performed using tumor specimens and serial peripheral blood
mononuclear cell (PBMC) samples taken both pre and post vaccination
(Fig.1b).Inaddition, three patients underwent repeat resection follow-
ing concernforradiographic progression, whichallowed usingbulk and
snRNA-seq to evaluate transcriptional changes in the post-vaccination
tumor and immune microenvironment.

Multiregional neoantigen identification

Three spatially distinct tumor regions for each patient were collected
atinitial surgery, except for patient 2, from whom four regions were
collected owing to the larger tumor size. Whole-exome sequencing
(WES) was performed on DNA extracted from all tumor regions and
on matched normal PBMC-derived DNA. RNA-seq was performed
from RNA extracted from all tumor regions. GBMs typically have
a low TMB, which was consistently observed in our cohort with a
median pre-vaccination (n =9) TMB of 2.6 mutations per megabase
(Supplementary Table 1). The integration of multi-sector sampling
increased the number of identified variants by an average of 45% across
all nine patients (range, 17-73%) by comparing to the tumor region
with the least number of variants (Fig. 1c); a finding consistent with
our prior NeoVax synthetic long-peptide-based trial2. Computational
neoantigen prediction analysis and prioritization using pvVAC-seq* was
performed on data from all sampled regions to identify neoantigen
candidates as previously described" (Supplementary Tables2and 3).In
brief, a half-maximalinhibitory concentration (ICs,) human leukocyte
antigen (HLA) binding affinity score of <500 nM and an RNA transcript
per kilobase million (TPM) of >1 were used to prioritize vaccine neo-
antigens. Given that DNA-based vaccine platforms canaccommodate
arelatively higher neoantigen payload®>*, the maximum number per
patient for this study was capped at 40, unlike prior peptide-based
vaccine studies, which limited the number of neoantigen candidates
to 20 (refs.10-12). A median of 36 (range, 17-40) neoantigens were
included in each vaccine (Fig. 1d and Supplementary Table 4), and,
importantly, the increased neoantigen payload capacity of the DNA
platform enabled the inclusion of 100% of the candidate neoantigens
in the vaccine for seven out of the nine (78%) enrolled patients. On
average, 94.5% of neoantigens were derived from non-synonymous
mutations; 3% derived from deletions, 1.5% from insertions and 1%
from splice variants. There were no recurring neoantigens targeted
across patients.

Consistent with a previously published report™ and our prior
peptide vaccine study’?, most variants were shared among all sam-
pledregions (clonal); however, anotable number of variants (21-58%)
wererestricted to one or moreregions (subclonal private or subclonal
shared, respectively) (Fig. 1e). The spatial distribution of the final
selected neoantigens for each patient’s vaccine are shownin the respec-
tive donut plots (Fig. 1e). As expected, clonal and subclonal shared
variants had the highest variant allele frequencies (Extended DataFig.1)
and constituted the majority of prioritized neoantigen candidates,
although subclonal private neoantigens were also included to encom-
pass all aspects of tumor heterogeneity.

GNOS-PVOLl is safe and well-tolerated

The personalized cancer vaccine for each patient was manufactured
during the 6 weeks of standard radiation therapy. Following comple-
tion of radiation, patients received priming doses of vaccination (every

Fig.1| GT-20 trial overview. a, Consort diagram. b, Schematic sample
characterization. ¢, Bar graph displaying the number of validated variants for
each patient. Dark green bars show number of variants in the sampled region with
the lowest number of variants; light green bars show number of unique variants
among all sampled regions. d, Selection criteria for neoantigens included in the
personalized vaccines. The mean or median of all nine patients is shown. e, UpSet
plots displaying multi-sector sampling variant distribution for each patient.
Subclonal private variants are restricted to one sampled region. Subclonal shared

variants are found in more than one region but not all sampled regions. Clonal
variants are shared among all sampled regions. Donut plots show the regional
distribution of neoantigens included in each patient’s vaccine. ICS, intracellular
staining; IGV, integrated genomics viewer; IVS, in vitro stimulation; KPS,
Karnofsky Performance Scale. Illustrations created in BioRender: a, Garfinkle, E.
https://biorender.com/i65yunp (2026); b, Garfinkle, E. https://biorender.com/
y7akihk (2026); d, Garfinkle, E. https://biorender.com/zt5p5rr (2026).
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Table 1| GT-20 cohort overview

Patient  Volumetrics (cm®) Volumetrics (cm?®) KPS Dexamethasone Tumor-treating Bevacizumab for Treatment after
before surgery after surgery (on C1ID1GNOS-PVO1) fields symptomatic edema GNOS-PVO1 progression
1 NE: 155.88 NE: 26.54 70% No Yes Pre-GNOS-PVO1 Hospice
E: 2763 E: 0.99
2 NE: 79.93 NE: 54.00 80% Yes Yes Post-GNOS-PVO1 Surgery
E: 46.71 E:1.86 Pembrolizumab
Radiation
Temozolomide
3 NE: 86.17 NE: 21.52 90% No No Pre-GNOS-PVO1 Hospice
E: 23.69 E:9.16
4 NE: 201.52 NE: 171.02 90% No No Pre-GNOS-PVO1 Hospice
E:18.41 E: 516
5 NE: 93.79 NE: 47.00 100% No No Post-GNOS-PVO1 Regorafenib
E:67.32 E: 11 Pembrolizumab;
6 NE: 101.45 NE: 16.47 100% No No No Bevacizumab
E 287 E: 0.79
7 NE: 35.78 NE: 30.81 100% No Yes Post-GNOS-PVO1 Hospice
E: 20.52 E: 0.79
8 NE: 68.72 NE: 37.72 100% No No No -
E: 54.74 E: 0.61
9 NE: 67.9 NE: 30.91 100% No No No Surgery
E: 0.778 E: 0.50 Pembrolizumab

Bevacizumab

Volumetrics were measured using Sectra IDS7 on available pre-operative and first available post-operative MRIs. E, enhancing post-contrast T1; NE, non-enhancing T2 FLAIR.

3 weeks for 9 weeks) followed by booster doses (every 9 weeks) (Fig.2a).
The primary endpoint of the study was to determine the safety and
feasibility of GNOS-PVOL. All nine participants in the study received
the vaccine and were eligible for safety and feasibility assessments.
Vaccine administration continued until progression, and no patient
stopped vaccination owingtointolerance. A median of four doses was
given to each patient (range, 2-18). There were no unexpected toxici-
ties or dose-limiting toxicities reported in the study cohort. Most of
the reported adverse events were grade 1and related to injection site
reaction (Table 2), whichis consistent with prior DNA vaccine studies.
Noserious adverse events (per CTCAE v.4.0 grade 3 or greater) related
to GNOS-PVO1were observed. After the dose-limiting toxicities period
had lapsed, one patientexperienced grade 3 cerebral edema (Table 2),
noted as a slight worsening of baseline expressive aphasia and right
upper extremity paresthesia. The patient was treated with low-dose
bevacizumab (as per protocol guidelines), which led to a complete
resolution of the symptoms and continuation of vaccination. In con-
clusion, the incorporation of more than 20 neoantigens did not alter
the vaccine safety profile.

The feasibility endpoint was defined as the ability to manufac-
ture and administer the personalized neoantigen DNA vaccine within
4 weeks of completion of radiotherapy; atime when standard-of-care
adjuvant chemotherapy would otherwise be initiated. The median
feasibility time (completion of radiotherapy to first vaccine adminis-
tration) was 10 weeks (range, 5-18 weeks) and the median turnaround
time (surgery to first vaccine administration) was 22 weeks (range,
17-30 weeks) (Supplementary Table 5). These results suggest that
further pipeline optimization willneed to be addressed for future trials
toimprove feasibility.

Outcome endpoints following vaccination

Allnine patients enrolled in the study were included in the survival anal-
ysis. Of note, three of the patients (1, 2 and 9) had progressive disease
after radiation but before receiving their first vaccine dose (Fig. 2b).
The secondary endpoints of the study were 6 month progression-free
survival and 12 month overall survival, which were both 66.7%. Addi-
tionally, the median progression-free survival and median overall sur-
vival fromtime of surgery for the entire GT-20 cohort were 8.5 months

and 16.3 months, respectively (Fig. 2c). Moreover, the survival rate at
24 months was 33%, with one patient alive and disease-free more than
4 years from diagnosis (patient 8) (Fig. 2b). For reference, expected
overallsurvival at 24 months would be 10-15% based on previous stud-
ies in the same patient population®*****, Furthermore, comparedtoa
contemporaneous cohort of five patients with MGMT unmethylated
GBM who received standard-of-care chemoradiotherapy instead of
vaccine (four were eligible for GT-20 but declined because of per-
sonal preference and one had a history of a pre-existing malignancy
that excluded trial eligibility but did not impact survival), the GT-20
cohort fared better. Indeed, the GT-20 cohort mirrored that of a con-
temporaneous cohort of seven patients with GBM who were ineligi-
ble for GT-20 solely owing to MGMT methylation status and received
standard-of-care therapy (Extended Data Fig. 2). Given the limited
samplesize of these cohorts, survival differences did not reach statisti-
cal significance and limit broader comparative conclusions but serve
asaninstitutional control.

Vaccinationinduces an activated peripheral T cell response
correlated withimproved survival

PBMCs were collected after radiotherapy but before vaccine initia-
tion, and again after three priming doses of vaccine to assess immu-
nogenicity. Owing to a lack of sufficient samples collected, patients
1and 9 were not included in these assays. PBMCs were cultured ex
vivo for 3 days with respective neoantigen peptides to enrich for
antigen-specific T cells before restimulation (post hoc functional
assay). There was a statistically significant increase in CD8" and CD4*
T cells expressing activation markers (CD69, CD137 and PD-1) and the
proliferation marker Ki67 following neoantigen stimulation compared
tounstimulated controls (Fig. 3a). To assess the relationship between
T cell activationand clinical outcomes, a Pearson’s correlation test was
performedbetween the percentage change (% delta) in CD69 and IFNy
expressed on CD8"and CD4' T cells and the overall survival from time
of surgery. Interestingly, despite no significant difference observedin
the expression of effector cytokines (CD107a, granzyme A, perforin,
IFNy) post vaccination (Extended Data Fig. 3), a significant positive
correlation was observed between survival and percentage increase
inCD8'CD69" (R=0.84, P=0.018) and CD8*IFNy* (R=0.78, P=0.04)
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Fig. 2| GT-20 trial outcomes. a, Schematic of study design. SOC, standard of

care. Created in BioRender; Garfinkle, E. https://biorender.com/t5urg58 (2026).
b, Swimmer plot displaying clinical outcomes from the time of initial surgery for
all nine patients. ¢, Probability of progression-free survival (PFS; left) and overall

Time (months)

survival (OS, right) from first surgery in all patients. Asterisk indicates patients
who had progressive disease before receiving the vaccine. Significance was
evaluated by the log-rank (Mantel-Cox) test.

T cells, whereas a similar correlation was not found for CD4*CD69*
(R=-0.32,P=0.48) or CD4'IFNYy* (R=0.21, P=0.66) T cells (Fig. 3b).
To assess neoantigen-specific reactivity in peripheral blood T cells,
we performed IFNy ELISpot assays (pre-specified) for patients 2-8.
PBMCswere cultured overnight with two separate peptide pools, each
containing half the neoantigen load included in each patient’s vac-
cine (Supplementary Table 6). Spot-forming units were counted and
plotted asastacked bar graph to quantify cumulative T cell reactivity.
We observed a sustained increment in T cell reactivity against tumor
neoantigens in six out of seven patients starting as early as the first
on-treatment timepointevaluated (cycle 2, day 8; C2D8, approximately
10 weeks from initiation of dosing) relative to levels at initiation of
treatment (cycle 1, day 1; C1D1) (Fig. 3¢). Importantly, the one patient
(patient2) who did not generate an augmented immune response post
vaccination was receiving dexamethasone during vaccination, which
has been shown to blunt reactivity'. In total, we found a statistically
significant (P=0.0156) increase in response after vaccination compared
tobaseline for the entire cohort (Fig. 3d). Notably, in patients with serial
specimensavailable for analysis, we found the peak response occurred
betweencycles3and 6, or roughly 18 to 46 weeks after theinitial vaccine
dose (Fig. 3¢). The continued expansion of neoantigen reactive T cell
clones supports repeated vaccine dosing, and these data may have

Table 2 | GT-20 reported treatment-related adverse events

Treatment-related adverse events Grade 1-2 Grade 3
Injection side reactions

Pain, pain in extremity, musculoskeletal and 7 (78%) 0
connective tissue disorder-muscle soreness

for 24 h after vaccine

Gastrointestinal

Nausea 2 (22%) 0
Nervous system

Edema cerebral 0 1(11%)
Dizziness 1(M%) 0]
Musculoskeletal

Myalgia 1(M%) 0
General

Fatigue 1(11%) 0
Psychiatric disorders

Disoriented 1(M%) 0

Treatment-related adverse events were reported in 7 out of 9 patients.
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Fig.3| GNOS-PVO1drives polyfunctional T cellimmunity. a, Individual CD8" or
CD4" T cell markers from PBMCs were evaluated in seven patients (patients 2-8).
Atotal of 2.5 x 10° post-GNOS-PV0O1 PBMCs from C2DS8 for patients 2-7 and C2D1
for patient 8 were cultured in growth media with IL-2, IL-4 and IL-7 and enriched
for neoantigen-specific T cells with 10 pg ml™ of personalized neoantigen stimuli
(GNOS-PVO01) or controls (unstimulated). Cells were then stained intracellularly
with surface markers for T cell activation (CD69, CD137 and PD-1) or proliferation
(Ki67). Each filled circle represents a patient. Data are mean and s.e.m. P value
was evaluated by two-tailed unpaired ¢-test with a Gaussian distribution. b, Two-
tailed, Pearson’s test correlation between percentage delta CD69*and IFNy " for

CD8" or CD4"'T cells versus the overall survival from time of surgery (months)
inseven patients (patients 2-8). ¢, T cell reactivity evaluated by IFNy ELISpot
upon two pool stimulations for individual patients, measured as spot-forming
units (SFU) of n =3 individual technical replicates per pool for all patients except
patient 6. The stacked bars for patient 6 represent the mean SFU of two repeated
ELISpot assays with three individual technical replicates for each assay. Data
aremeanand s.e.m. d, The magnitude of vaccine-induced responses evaluated
by IFNy ELISpot (n = 7). Stacked cumulative T cell reactivity was measured for
patients 2-8. P value was evaluated by two-tailed Wilcoxon matched-pairs signed
rank test.

underestimated the true immune reactivity of patients without serial
PBMC sampling. These findings suggest that vaccine-driven activa-
tion of neoantigen-specific CD8" T cells contributes to an anti-tumor
response associated withimproved survival in this cohort.

Next, peptide deconvolution was performed to determine which
individual neoantigen(s) induced reactivity. These analyses were lim-
ited to patients 6,7 and 8 because they had sufficient PBMCs available.
PBMC from baseline (before vaccination) and peak post-vaccination
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timepoints were stimulated with individual vaccine-encoded pep-
tides for 18-24 h. Cells were then evaluated for the presence of
vaccine-induced neoantigen-specific responses by IFNy ELISpot. We
observed anincrease in the number of unique neoantigens eliciting a
response after vaccination in two out of the three patients (patients 7
and 8) (Extended Data Fig. 4a). The regional distribution of positive
neoantigens after vaccinationis reflective of the composition of each
patient’s vaccine, suggesting that vaccination was equally effective
atinducing a T cell response against abundant clonal variants and
subclonal variants (Extended Data Fig. 4b). We also observed a subset
of neoantigens that stimulated reactivity both before and after vacci-
nation, suggesting some post-vaccinationresponses are derived from
pre-existing T cellmemory rather than de novo induction.

Vaccination stimulates clonally expanded T cells in the GBM
microenvironment

Patients 2 and 9 underwent repeat craniotomies for tumor resection of
diseaserecurrence following vaccination. The resulting tissue permit-
ted aunique opportunity to evaluate intra-tumoral responses to vacci-
nation. Patient 2 had repeat resection 269 days after initial vaccination
and before administration of pembrolizumab (Extended Data Fig. 5).
Patient 9 had tumor resection 83 days after initial vaccination and
before administration of pembrolizumab (Extended Data Fig. 6). Pem-
brolizumab was administered off-study at the discretion of the physi-
cian and through the manufacturer’s expanded access program. WES
and bulk RNA-seq were performed on the post-vaccination tumor resec-
tionsamples. WES revealed that most of the variantsin the post-vaccine
tumor resections were shared with pre-vaccine tumor regions, although
some new subclonal private and shared clonal mutations emerged
(Fig. 4aand Extended Data Figs. 5c and 6c¢).

Bulk RNA-seq data were used to estimate immunocyte compo-
sition in the GBM microenvironment before and after vaccination
using CIBERSORTXx. Given that we selected neoantigens to include
in the vaccine based on predicted ability to expand tumor-directed
CDS8' T cells, we focused on the imputed number of CD8* T cells from
the CIBERSORTX analysis, revealing variability in the proportions of
tumor-infiltrating T cells before and after vaccination. Patient 2 had rel-
atively unchanged proportions of CD8" T cells across all pre-vaccination
and post-vaccination tumor samples, consistent withalack of increased
T cell reactivity in the peripheral blood following vaccination (Fig. 4b).
This result probably reflects the patient’s ongoing steroid treatment
throughout the post-operative and vaccination period. By contrast,
Patient 9 had no to low CD8" T cell infiltration before vaccination but
had a strong increase in CD8" T cell infiltration within the resection
sample post vaccination, suggesting avaccine-induced T cell response
(Fig.4b). Tofurther validate these inferred changes in RNA-based impu-
tation of CD8" T cell frequency, immunohistochemical assessment
of representative pre-vaccine and post-vaccine tissues supported an
insignificant increase in CD8" T cells for patient 2 (P=0.1391, 53 cells
per mm?versus 134 cells per mm?) and asignificant (P= 0.0194, 50 cells
per mm? versus 181 cells per mm?) increase for patient 9, confirming
the CIBERSORTX results (Fig. 4¢).

If vaccination administration successfully stimulates
neoantigen-specific T cells, we would expect to see a clonal expansion
oftumor-directed T cellsin the peripheral blood and within the tumor.
To assess changesin TCRrepertoire diversity of patients 2and 9 before
and after vaccination, we performed post hoc bulk TCR-seq using
ImmunoSEQ (Adaptive Biotechnologies) (Supplementary Table 7).
We first identified the top 20 clones by frequency in the respective
post-vaccination tumor resection samples for patients 2 and 9. After
removing known viral-reactive T cell clones with TCRMatch? (n =2 for
each patient), the frequency of the remaining clones for each patient
was plotted across pre-vaccination and post-vaccination tumor and
available PBMC samples. Post-vaccination tumor-infiltrating clones
were categorized as either new (not detectedina pre-vaccination tumor

sample) or expanded (detected in at least one pre-vaccination tumor
sample). Consistent with alack of increased CD8 T cells in the tumor
microenvironment after vaccination for patient 2 (Fig. 4b), we did not
identify any clones exclusive to the post-vaccination tumor microen-
vironment (Fig. 4d). In patient 9, for whom we observed an increase
in CD8" T cells after vaccination (Fig. 4b), six new clones exclusive to
the post-vaccination resection were identified. Two of these (CAS-
SPGTGFFYGYTF and CASSQDLDVLYEQYF) were also expanded in the
peripheral blood after vaccination and further increased in frequency
after administration of pembrolizumab (Fig. 4e). Unfortunately, suf-
ficient PBMCs were not available for patient 9 to fully characterize
the corresponding post-vaccine neoantigen-specific T cell reactivity.
Regardless, these results suggest that response to vaccination can
lead to both peripheral and intra-tumoralincreasesin T cell clonality.

Transcriptional landscape of the GBM tumor immune
microenvironment

In-depth characterization of T cells from the GBM immune microenvi-
ronmentby single-cell RNA-seq from fresh tissue has been successfully
demonstrated”; however, processing of fresh tissue is not always feasi-
ble because of the timing of surgery or staff availability, or when samples
needtobesentto otherinstitutions for analysis. With whole cells from
disrupted fresh tissue, rare T cell populations can be enriched using
anti-CD3 antibody surface staining followed by flow-cytometry-based
cellsorting, permitting afocused single-cell T cell analysis”. Single-cell
sample preparation from frozentissue involvesisolating nucleirather
thanwhole cells fromthe bulk specimen, precluding the ability to fur-
therenrichT cells based on cell surface protein markers. Owing to the
relative paucity of T cells withina GBM specimen, unenriched frozen tis-
sue specimens limit the analysis of vaccine-induced T cell alterations. To
overcome this technical challenge, we developed aninnovative post hoc
flow-cytometry-based method for enriching T cell nucleifrom frozen
specimens by staining for the T cell nuclear marker NFATc1 (Fig. 5aand
Extended DataFig.7a). We performed snRNA-seq on frozen specimens
from patients 2 (pre-vaccine region three and post-vaccine resection)
and 9 (pre-vaccine region two and post-vaccine resection). Each sam-
ple was repeated in biological replicate, for a total of eight samples,
and snRNA-seq data were annotated using the GBmap* (Fig. 5b,c and
Extended Data Fig. 7b).

Subsetting on the enriched T cell nuclei, we identified three
subtypes of CD4" T cells (central memory, activated and GZMK"*
exhausted)” and two subtypes of CD8" T cells (GZMK" activated and
GZMK' exhausted) (Fig. 5d and Extended Data Fig. 7c). To investigate
potential transcriptional differences in the post-vaccination setting
between patients 2 and 9, who differed in dexamethasone usage and
outcomes, we plotted expression of CD69 and PDCDI1 (encoding PD-1)
inthe two GZMK' CD8* T cell subsets (Fig. 5e). We found a statistically
significant increase in CD69 expression in both activated (P= 0.042)
and exhausted (P=2.6 x 107) subsets for patient 9 compared to patient
2but did not find a statistical difference in PDCDI1 expression. Unfortu-
nately, even with T cell enrichment, we were unable to capture enough
T cells from patient 9 before vaccination to perform differential expres-
sion and pathway analysis. Consequently, we only report results for
GZMK'CDS8'T cells from patient 2. Gene set enrichment analysis (GSEA)
identified downregulation of immune system regulation, defense
response, ATP metabolism and cellular response to stress pathwaysin
the post-vaccination tumor resection (Extended DataFig.7d). This find-
ing suggests that despite the relative consistency in the phenotype of
infiltrating GZMK"' CD8" T cells, these immunocytes are transcription-
ally less responsive post vaccination, presumably owing to the immuno-
suppressive effects of dexamethasone. To further interrogate potential
transcriptional changes that may affect T cell activation in patient 2,
we performed GSEA on the dendritic cells and found downregulation
of cellular response to stress, lymphocyte activation and immune
response pathwaysinthe post-vaccination tumor resection, suggesting
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Fig. 4 | Post-GNOS-PV01 GBM microenvironment evaluation for patients 2
and 9. a, UpSet plots displaying multi-sector sampling variant distribution for
each patientgrouped by region with the inclusion of a post-GNOS-PVO1 tumor
resection. Subclonal private variants are restricted to one sampled region.
Subclonal shared variants are found in more than one region but not all sampled
regions. Clonal variants are shared among all sampled regions. b, Percentage

of regional tumor-infiltrating immunocytes deconvoluted by the CIBERSORTX
algorithm for each patient. The proportion of CD8" T cells is colored black. NK
cells, natural killer cells. ¢, Representative immunohistological images for CD3
and CD8 pre-GNOS-PV01 and post-GNOS-PVO1 for patients 2 and 9. Images were
taken with a x20 objective. Bar graph displays manually counted cells per mm?
atthree selected hotspot areas from a representative tumor block from either

pre-GNOS-PVO1 or post-GNOS-PVOl1resection. Data are mean and s.d. P value
evaluated by two-tailed, unpaired ¢-test. NS, not significant. d,e, Frequency of top
18 expanded T cell clones identified in patient 2 (d) and patient 9 (e) post-GNOS-
PVO1 tumor resection by bulk TCRB sequencing. T cell clone frequency for all
sampled pre-tumor and post-tumor samples is plotted. New clones are defined
as present only in the post-vaccine tumor resection sample, and expanded clones
are defined as present at alower frequency in at least one pre-vaccine tumor
sample compared to the post-vaccination sample. e, New clones are indicated

by striped bars. Peripheral blood frequency of the six new clones identified in
patient 9 post-GNOS-PVO1 tumor resection at three timepoints is plotted (C1D1,
before vaccination; Pembro C1D1, after vaccination but before pembrolizumab;
C2D1, after vaccination and after one dose of pembrolizumab).

suppressionin the post-vaccine tumor microenvironment, also prob-
ably aresultof treatment with dexamethasone (Extended DataFig. 7e).

Toassess for potential tumor-intrinsic transcriptional changes that
could be associated with responsiveness to GNOS-PVO1 vaccination,

we evaluated changes in neoplastic cell populations. The expression
of HLA class I surface expression on tumors is essential for binding
and presenting neoantigens to the immune system?’, and loss of
B2M, a key component of HLA class I molecules, is associated with
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subtyping based on key gene expression markers. UMAP visualization of 1,439
total T cells split by patient and timepoint is displayed. e, Expression of CD69
and PDCDI for patients 2 and 9 post-GNOS-PVO1samples in GZMK" activated
and exhausted CD8' T cells is displayed in boxplots. f, All GBM cells were
computationally subset, and expression of B2Mis shown inaviolin plot across
patients 2and 9 pre GNOS-PVO1 and post GNOS-PVOL. For boxplotsineandf,
boxes represent the interquartile range (IQR), center line designates the median,
whiskers extend to 1.5 IQR and each dot represents a single cell. Statistical
significance was calculated across timepoints using unpaired two-tailed Wilcoxon
rank test. AC-like, astrocyte-like; DC, dendritic cell; MES-like, mesenchymal-like;
NPC-like, neural progenitor cell-like; OPC-like, oligodendrocyte progenitor
cell-like; OPC, oligodendrocyte progenitor cell; TAM-BDM, tumor-associated
macrophage that originates from bone marrow; TAM-MG, tumor-associated
macrophage that originates from microglia; T,.,, regulatory T cells.

acquired resistance to immunotherapy®°. We computationally sub-
setted all the tumor cells and then plotted B2M expression across
patients and between timepoints. Strikingly, patient 2 had a significant
(P<2x107) reduction in tumor cells expressing B2M after vaccina-
tion compared to patient 9, for whom B2M expression significantly
(P=0.00016) increased (Fig. 5f). To evaluate expression changes in
neoantigen-relevant HLA alleles, we aligned our bulk RNA-seq data

to an HLA class I reference. Consistent with the single-nuclei data, we
found downregulation of each classlallele after vaccinationin patient
2 (Extended Data Fig. 8a) compared with overall upregulation of four
out of six alleles in patient 9 (Extended Data Fig. 8b). We did not find
anassociation between expression of neoantigen-relevantalleles and
neoantigen expression (Extended Data Fig. 8c,d), suggesting a more
global HLA downregulation.
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Fig. 6| Tumor immune microenvironment characterization ofalong-term
survivor. a, UpSet plot displaying multi-sector sampling variant distribution

for patient 8 grouped by region with the inclusion of a post-GNOS-PVO1 tumor
resection. Subclonal private variants are restricted to one sampled region.
Subclonal shared variants are found in more than one region but not all sampled
regions. Clonal variants are shared among all sampled regions. b, DNA variant
allele frequency of variants grouped by regional distribution from pre-GNOS-
PVO1and post-GNOS-PVO1 tumor resection. Boxes represent the IQR, center line
designates the median, whiskers extend to 1.5x IQR and each dot represents a
variant. ¢, Percentage of regional tumor-infiltrating immunocytes deconvoluted
by the CIBERSORTx algorithm. The proportion of CD8" T cells is colored black.
d, Representative immunohistological images for CD3 and CD8 pre GNOS-PV01

and post GNOS-PVO1. Images were taken with a x20 objective. Bar graph

displays manually counted cells per mm? at three selected hotspot areas from
arepresentative tumor block from either pre-GNOS-PVO01 or post-GNOS-PVO1
resection. Dataare mean and s.d. P value evaluated by two-tailed, unpaired ¢-test.
e, Frequency of top 18 expanded T cell clones identified in patient 8 post-GNOS-
PVO1 tumor resection by bulk TCRB sequencing. T cell clone frequency for all
sampled pre-tumor and post-tumor samples is plotted. New clones are defined
as present only in the post-vaccine tumor resection sample, and expanded clones
are defined as present at alower frequency in at least one pre-vaccine tumor
sample compared to the post-vaccination sample. Peripheral blood frequency of
the four new clones identified in patient 8 post-GNOS-PVO1 tumor resection at
three timepointsis plotted.
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Long-term survivor demonstrates intra-tumoral T cell
expansion and late peripheral T cell expansion

Patient 8 is currently recurrence-free more than 4 years from the
time of diagnosis, but did develop transient magnetic resonance
imaging (MRI) changes (first and second pseudoprogression lesions)
followed by progressive changes concerning for disease recurrence
(Extended Data Fig. 9). Although the two pseudoprogression lesions
spontaneously resolved, the emergence of a progressive lesion led
to the need for a diagnostic biopsy. The pathology report revealed
treatment-related changes with areas of necrosis and no overtevidence
of active disease. The patient did not receive any additional treatment
after the biopsy and is still recurrence-free over 1 year post biopsy. As
with patients 2 and 9, most of the tumor variants in the post-vaccine
biopsy were shared with the pre-vaccine tumor regions, but there were
also several post-vaccination subclonal private variants (Fig. 6a,b).
CIBERSORTx analysis revealed consistent proportions of CD8" T cells
across all pre-vaccination and post-vaccination tumor samples (Fig. 6¢).
Immunohistochemical assessment showed anincreasein CD8" T cells
(256 cells per mm?versus 345 cells per mm?) but did not reach statistical
significance (Fig. 6d). TCR-seq identified four clones exclusive to the
post-vaccination tumor resection, two of which (CASSGFKAGSSYN-
EQFF and CASSVAVSSGTNTGELFF) were also expandedinthe peripheral
blood taken before biopsy (Fig. 6e). Taken together, these data highlight
theimpact of extended vaccination on the maintenance and evolving
diversification ofimmune surveillance.

Discussion
We have shown that personalized neoantigen DNA vaccines,
using the GNOS-PVOL1 platform, are safe and well-tolerated in the
post-radiotherapy adjuvant setting. This platform permits the inclu-
sion of up to 40 neoantigens without additional toxicity in patients with
primary GBM. This result is consistent with findings from a recently
published study (GT-30) in hepatocellular carcinoma, in which a
similar multi-epitope DNA vaccine containing up to 40 neoantigens
(GNOS-PV02) was combined with pembrolizumab, demonstrating
safety as well as encouraging immunogenicity and efficacy data'. At
the time our study was initiated, neoantigen vaccines had not targeted
more than 20 neoantigens, and therefore an escalation to 40 neoan-
tigen targets required a phase 1 study evaluating safety. Since that
time, mRNA vaccine strategies incorporating up to 34 neoantigens
have been evaluated in melanoma®, further supporting the safety of
higher neoantigen numbers and the promise of nucleic-acid-based
platforms. As previously described, GBM displays a high degree of
bothintra-tumoral and inter-tumoral heterogeneity regarding the
spatial distribution of neoantigens''®. In this study, we found that
although most variants are clonal across multiregional samples, there
is animportant population of subclonal neoantigens that can drive
animmunogenic response, suggesting that a multiregional sampling
approach may yield more potent vaccines by more comprehensively
targeting spatially distributed neoantigens. DNA vaccine platforms
are ideal for accommodating these large numbers of neoantigens.
Neoantigen identification and vaccine production are key
rate-limiting steps that could limit the feasibility of a personalized
vaccination approach in aggressive malignancies such as GBM. As
such, we reasoned that a reasonable time to begin administration of
the vaccine would be 4 weeks after completion of radiotherapy, when
maintenance therapy (chemotherapy and tumor-treating fields) would
typically be started. Unfortunately, in this GT-20 trial, the median
time from radiation completion to vaccine initiation was 10 weeks.
However, in the GT-30 study, biopsy-to-treatment turnaround times
of 6-8 weeks were achieved for all 36 treated patients” using stream-
lined next-generation sequencing data, neoantigenidentification and
increased manufacturing slot availability. A similar logistical pipeline
will ensure that all GBM patients start vaccination within 4 weeks after
radiationin future studies.

GNOS-PVO01vaccinationgenerated robust T cell responsesinboth
the peripheral circulation and within the tumor microenvironment.
Of note, we observed maintenance of T cell reactivity and evolution
of T cell clones over time in patients who underwent serial PBMC sam-
pling. This is best exemplified by patient 8, along-term survivor who
developed expansion of a potential tumor-specific T cell clone 2 years
after initial vaccination that led to induction of radiographic pseudo-
progression. This result emphasizes the critical need for both longer
vaccination regimens and early initiation of vaccination by improved
streamlining of vaccine manufacturing to allow sufficient time for
patients to reach peak reactivity before the risk of recurrence, which
isa critical consideration owing to the aggressive nature of GBM.

Prior studies have shown that temozolomide is of little benefit over
standard radiation to patients with unmethylated MGMT promoter
GBM?, and more recent trials found that the addition of nivolumab
(PD-1blockade) to radiation also does not improve overall survival in
this patient population®. With our method of T cell nuclei enrichment
for snRNA-seq, we were able to characterize the tumor microenviron-
ment of patients 2 and 9 post vaccination and identify potential bio-
markers and predictors of response. Patient 2 did not display a robust
intra-tumoral immune response, had no significant changes in T cell
infiltration and showed downregulation of both immune activation
signatures and antigen presentation signatures, probably as a result
of the administration of dexamethasone concurrently with vaccina-
tion. This effect of dexamethasone has been previously reported™ and
underscores the need to use steroid-sparing agents, such as bevaci-
zumab, to control symptomaticedemain future vaccine trials. Patient
2 also did not benefit from pembrolizumab administration, probably
secondarytothelack of anactivated effector T cell population within
the tumor and/or the loss of B2M expression on tumor cells. By con-
trast, patient 9 had a strong vaccine-induced immune response and
developed symptomatic vasogenic edema, or pseudoprogression, after
the initiation of pembrolizumab, suggesting that the vaccine primed
the microenvironment to be responsive to PD-1 blockade. It should
be noted that this patient ultimately did not live significantly longer
than the expected median (14.8 months versus 12 months) owing to
theemergence of distant recurrence in the contralateral hemisphere,
which led to rapid disease progression and death. Importantly, the
primary lesion from which the personalized vaccine was generated
never showed evidence of recurrence after receiving pembrolizumab.

In summary, this study demonstrates that personalized neoanti-
gen DNA-based vaccines can provide a potential adjuvant therapeutic
option for patients with GBM, with encouraging outcomes as dem-
onstrated by one-third of patients surviving 24 months or longer. We
show that vaccinationmay prime aT cell or tumor microenvironmental
state that permitsresponsiveness to PD-1blockade therapy. However,
given the rapid clinical decline that can occur in this patient popula-
tion, early introduction of PD-1 blockade in concert with neoantigen
vaccine therapy may be needed. Indeed, the GT-20 cohort reflects
the known aggressive nature of MGMT unmethylated GBM. Three
patients were ultimately determined to have disease progression on
MRIbefore vaccineinitiation (patients 1,2 and 9). Patient 2 underwent
consolidative laser interstitial thermal therapy before receiving the
vaccine, while patients 1and 9, thought to have radiation-induced
pseudoprogression, proceeded with vaccine treatment before the next
interval MRI confirmed true disease progression. Additionally, two
patients (3 and 4) presented with leptomeningeal disease at the time
of recurrence and rapidly succumbed to disease progression. Regard-
less, the observation that GNOS-PVO1 treatment led to the induction
of tumor neoantigen-specific T cell responses in all the evaluated
patients, and that the elicited T cells are CD8" T cells with an effector
phenotype, removes the uncertainty around reliably inducing T cells
and enables the systematic evaluation and interpretation of clinical
outcomes. The induction of CD8" T cells with an activated, cytolytic
effector phenotype that traffics to the tumor tissue makes the DNA
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vaccine platform well-suited to systematically evaluate the contribu-
tion of combinatorial PD-1blockade in the future, as was done in the
GT-30 study for patients with advanced liver cancer”. As such, these
observations served as the rationale for an ongoing phase 1 clinical
trial (ClinicalTrials.gov: NCT05743595) to assess the safety, feasibility
and effectiveness of a personalized neoantigen-based DNA vaccine
in combination with PD-1 blockade therapy for patients with newly
diagnosed MGMT promoter unmethylated GBM.

Methods

Study design and overview

This study was registered on ClinicalTrials.gov as NCT04015700 and
was conducted in accordance with the Declaration of Helsinki and
good clinical practice guidelines. The study was approved by the Insti-
tutional Review Board at Washington University School of Medicine,
and safety was monitored by the Siteman Cancer Center of Washington
University School of Medicine Quality Assurance and Safety Monitor-
ing Committee. The study protocolisincluded in the Supplementary
Information. The study was preregistered on 11 July 2019. All patients
signed informed consent to an institutional tissue banking protocol
and the study protocol, both of which were approved and monitored
by the Institutional Review Board at Washington University School of
Medicine. There was no selection biasin the study design. No compen-
sation was provided. Sex was self-reported. Sex was not considered
in the study design, given the small sample size. However, there was
no discrimination based on sex, age or race in inclusion. The patient
population reflects the natural prevalence of the disease. The trial
was offered to all patients being evaluated for GBM at Washington
University School of Medicine, and patients were sequentially enrolled
between21July 2020 and 1December 2021. Patients were screened for
inclusion following surgery and after determination of methylation
status, but before next-generation sequencing, radiation and vac-
cinemanufacturing. Key inclusion criteria required participants tobe
aged 18 yearsorolder, have anewly diagnosed central nervous system
World Health Organization grade 4 GBM and demonstrate MGMT
unmethylated status based on a Clinical Laboratory Improvement
Amendment-certified assay. All enrolled patients were IDH wildtype
asdetermined by next-generation sequencing. All patientsin the final
cohort (n=9) received the vaccine. None of the consented patients
dropped out of the trial before the vaccine was administered. Systemic
corticosteroid therapy (dexamethasone) was permitted at adosing of
no greater than4 mg per day on the day of vaccine administration and
was used for patient 2.

At the time of initial surgical resection, tumor tissue was sam-
pled from two to four spatially distinct regions and flash-frozen in
individual vials as previously described>'®. To summarize, once the
tumor was extracted by the surgeon, punch biopsies were taken from
two to four (depending on tumor size) spatially distinct regions.
Punch biopsies were selected based on visual inspection, with the
goal of selecting regions far apart from each other without specific
measurements obtained. Peripheral blood was also collected at the
time of initial tumor resection as previously described" to serve as a
normal DNA comparator. After patients recovered fromsurgery, they
underwent a course of 6 weeks of intensity-modulated radiotherapy
in accordance with standard-of-care guidelines. However, as with
our previous peptide vaccine clinical trial”?, patients did not receive
standard-of-care concurrent or adjuvant temozolomide owing to
a demonstrated lack of efficacy and potential immunosuppressive
side effects that may hinder the effects of the vaccine®. Each patient’s
personalized neoantigen DNA vaccine was manufactured during
their course of radiation. Tumor-treating fields were permitted in
the study asaguideline-directed adjuvant therapy beginning 4 weeks
after radiation®*. Three patients elected to pursue tumor-treating
fields (Table1). About 4 weeks after intensity-modulated radiotherapy
completion, patients were eligible to receive the priming phase of

the vaccine, which entailed a dose given on days 1, 22 and 43 of cycle
1, followed by a dose given on day 1 of each 9-week cycle (boosting
phase). The use of PD-1blockade (pembrolizumab) upon disease pro-
gression was permitted. Each personalized neoantigen DNA vaccine
(GNOS-PVO01), aDNA plasmid expressing up to 40 tumor-specific neo-
antigens, was co-administered with an adjuvant plasmid encoding IL-12
(INO-9012) usinga CELLECTRA 2000 device as previously described**
(all supplied by Geneos Therapeutics). Data collection and analysis
were not performed blind to the conditions of the study.

WES and variant calling

WES was performed by the IGM Genomic Services Lab of the Abigail
Wexner Research Institute at Nationwide Children’s Hospital. Exome
sequencinglibraries were prepared as previously described for blood
and tumor samples™. Inbrief, hybrid capture-based target enrichment
was performed using the xGen Exome Research Panel (10005133) com-
bined with the Cancer-Enriched Panels-Tech Access panel (Integrated
DNA Technologies). Libraries were then generated using the NEBNext
Ultrall FSKit (New England BioLabs), and paired-end 151 bp reads were
sequenced on the NovaSeq6000. We aimed for 100x coverage for
blood (we averaged 277x coverage; range, 214-359x) and 250x% cover-
age for tumor samples (we averaged 257x coverage; range, 204-323x).
Reads were aligned to the human reference genome build GRCh38,
and secondary analyses, including TMB, were performed using our
previously published pipeline®. Somatic variants were called using
MuTect2 (RRID:SCR_000559) and filtered as previously described®?,
including a minimum tumor variant allele frequency of >2% and
gene location within a coding or splice site (<3 bp) region. Integrated
Genomics Viewer was used to manually review all variants that passed
initial filtering. TMB is additionally reported as measured by Foun-
dationOneCD, sequencing of the pre-vaccination tumor specimen
from each patient that was sent to clinical pathology for diagnostic
evaluation (not multi-sector sampled).

Neoantigen prediction, vaccine design and delivery

Clinical HLA class I typing was performed to two-field resolution by
Histogenetics using normal comparator peripheral blood obtained at
the time of initial surgery. Neoantigens were predicted using pVAC-seq
as previously described™. In summary, variant call format files for
the patient’s tumor region were used as input for a containerized
version of pVACtools” to predict candidate neoantigens®®. Peptide
or MHC binding affinity predictions with class I algorithms NetMHC
and NetMHCpan were performed using the ‘pvacseq run’ submodule.
Consistent with our previous trial?, to be considered for inclusion
in the vaccine, candidate neoantigens required WES analysis valida-
tion, abest mutant IC;, <500 nM, an RNA TPM of >1 and (tumor RNA
depth x tumor RNA variant allele frequency) of >3. Up to 40 of the
top-validated neoantigens for each patient wereincluded in their final
vaccine. Each neoantigen contained a CD8 epitope with a somatic
mutation and its flanking sequence so that each is about 33 amino
acidsinlength. Patient-specific neoantigen-encoding expression cas-
settes were designed to consist of a string of neoantigens separated
by synthetic furin cleavage sites for efficient epitope processing and
presentation®>”, The DNA sequences encoding the assembled neoan-
tigens were optimized, synthesized and subcloned into the vaccine
expression vector pGX0001 (GenScript)'***. All vaccine plasmids
were designed and manufactured under GMP (Good Manufacturing
Practices) compliance in collaboration with Geneos Therapeutics
and the Biologic Therapy Core Facility at Siteman Cancer Center of
Washington University School of Medicine.

As previously described'***, the plasmid formulation is devoid
of lipopolysaccharides or any potential adjuvants or innate response
agonists (such astoll-like receptors). The GMP-manufactured plasmid
is formulated in1x SSC buffer (150 mM sodium chloride, 15 mM sodium
citrate, pH 7.0). At each vaccination timepoint, each patient received
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one injection of 1 mg of GNOS-PVO01 and 1 mg of INO-9012 into the
deltoid or lateralis muscle by intramuscular injection, followed by elec-
troporation usingthe CELLECTRA 2000 electroporation device (Inovio
Pharmaceuticals). The CELLECTRA 2000 deviceisasystemindicated
for use toenhance the uptake and expression of plasmid-based biolog-
ics to enhance vaccine efficacy. The plasmid is delivered separately
through intramuscular injection, in the area delineated by the elec-
trodes immediately before the electroporation treatment. The elec-
troporationis accomplished through asterile, disposable 5-electrode
array attached toanapplicator. The CELLECTRA 2000 device delivers
three pulses, and each pulse lasts 52 msin duration.

Bulk RNA-seq analysis and immunocyte deconvolution

Bulk RNA-seq was performed by the IGM Genomic Services Lab of the
Abigail Wexner Research Institute at Nationwide Children’s Hospital.
RNA-seq libraries were prepared as previously described for tumor
samples'. In brief, tumor RNA was DNase-treated and ribodepleted
beforelibrary construction using the NEBNext Ultrall Directional RNA
library kit for Illumina (New England BioLabs). Paired-end 151 bp reads
were sequenced on the NovaSeq6000 at a minimum of 80 million reads
per sample. Reads were aligned to the human reference genome build
GRCh38 usingacustomin-house pipeline and the splice-aware aligner
STAR (RRID:SCR_004463). The Salmon tool (RRID:SCR_017036) was
used to quantify transcript abundance. Neoantigen expression was
plottedinR (v.4.3.3) using the pheatmap package (RRID:SCR_016418).
For HLA allele expression analysis, reads were aligned to the human
HLA nucleotide reference (IPD-IMGT/HLA Database). Imnmunocyte
deconvolution was performed using the publicly available algorithm
CIBERSORTx? and the human LM22 signature matrix reference
(RRID:SCR_016955) as previously described™. Relative immunocyte
proportions for patients 2 and 9 were reported as percentages and
plottedinR (v.4.3.3) using ggplot2 (RRID:SCR_014601).

Volumetric calculations

Anindependent reviewer performed volumetric measurements on
available pre-operative and first available post-operative MRIs visu-
alized using Sectra IDS7. Individual regions of interest were manu-
ally defined using the Sectra Area ROI tool, summed across all slices,
then multiplied by the slice thickness to determine the volume of
non-enhancing (T2 FLAIR) or enhancing (post-contrast T1) volumes.

Immunohistochemistry

Pre-GNOS-PVO1 and post-GNOS-PVO0L1 tissue slides from patients 2,
8 and 9 with the highest density of inflammatory cells were stained
with hematoxylin and eosin for histological assessment as previously
described”. Immunohistochemistry for CD8 (Ventana, SP57 clone, pre-
diluted) and CD3 (Ventana, 2GV6 clone, prediluted) was performed on
pairedtissueslides using the VentanaIHC autostaining platform. Three
CD8 and CD3 hotspot areas (0.22 mm?) were selected and manually
counted. Datawas graphed using GraphPad Prism (v.10). A two-tailed,
unpaired t-test was performed to determine statistically significant
(P<0.05) differences between mean staining density pre GNOS-PVO1
and post GNOS-PVOL.

Peptides

For each patient, peptides specific for all neoantigens encoded in
the patient-specific DNA vaccine were synthesized from GenScript
and used for immune monitoring”. Each neoantigen peptide pool
(1mg mlI™) consists of four peptides containing 15 amino acids overlap-
ping by eight amino acids, representing the entire 33-mer neoepitope
and a 9-mer predicted CD8 epitope. To make two large peptide pools
coveringall vaccine-encoded patient-specific neoepitopes, all peptides
were pooled at a concentration of 1 mg ml™ into two pools, covering
the first half (pool 1) and the second half (pool 2) of vaccine-encoded
neoepitopes, respectively.

IFNy ELISpot assay

The ELISpot assay was performed (FlowMetric) using the stand-
ard ELISpot protocol®® as previously described”. Single neo-
antigen pools were used as the stimulating antigens to detect
individual neoantigen-specific responses. Two large peptide pools
(pool1land pool2;Supplementary Table 6) were used to detect the total
neoantigen-specific responses. A T cell response to a specific neoan-
tigen at atimepoint was considered a positive response if it exceeded
five spot-forming units per 10° PBMCs and was at least twofold and two
standard deviations above the corresponding unstimulated control.
A positive neoantigen was counted if it resulted in a positive ELISpot
response as defined above at any timepoint. Upon determination of
a positive response, the background-subtracted responses for each
positive epitope at pre-treatment and on-treatment timepoints were
summed to determine the cumulative ELISpot response for that time-
point. The ‘best’ cumulative response (highest magnitude) for each
patient across the available on-treatment timepoints was used as the
post-vaccination response for each patient. Data were graphed in
GraphPad Prism (v.10).

In vitro stimulation and intracellular cell staining

Intracellular cell staining was performed as previously described"
using the following markers: CD107A-APC (clone H4A3, Biolegend;
1:200), CD3-BV711 (clone UCHT1, BD Biosciences; 1: 40), CD4-BUV395
(clone RPA-T4, BD Biosciences; 1:100), CD8-BUV805 (clone RPA-T8, BD
Biosciences; 1:20), CD69-BV421 (clone FN50, BD Biosciences; 1:20),
CD137-BV60S5 (clone 4B4-1, Biolegend; 1:20), PD-1-PE (clone EH12.1,
BD Biosciences; 1:5), IFNy-BV786 (clone 4S.B3, BD Biosciences; 1:20),
IL-2-FITC (clone MQ1-17H12, BD Biosciences; 1:20), Ki67-AF700 (clone
B56, BD Biosciences; 1:20), GranzymeA-PerCP/Cy5.5 (clone CB9, Bio-
legend;1:20), Perforin-PE/Dazzle594 (clone dG9, Biolegend; 1:20) and
TNF-a-PE/Cy7 (clone MAb11, BD Biosciences; 1:20). The gating strategy
isshownin Extended DataFig.3a. Prepared samples were acquired on
the LSRFortessa (BD Biosciences) using FACSDiva software (v.8.0.1).
Acquired datawere analyzed using FlowJo (v.10.4). Datawere graphed
in GraphPad Prism (v.10). An unpaired ¢-test with a Gaussian distribu-
tion was performed to determine statistical significance (P < 0.05).

TCRrepertoire sequencing

As previously described”, genomic DNA from peripheral blood and
tumor regions pre GNOS-PVO01 and post GNOS-PVOI for patients 2,
8 and 9 were submitted to Adaptive Biotechnologies for human TCR
beta chain targeted immunosequencing. Analysis was performed using
the immunoSEQ Analyzer 3.0 (Adaptive Biotechnologies). To screen
for potentially expanded known viral-reactive T cell clones, we used
the publicly available TCRMatch database from the Immune Epitope
Database and Analysis Resource to screen for known paired antigen
targets. TCRMatch scores range between 0 and 1, with 1 representing
an exact match with the input CDR3p sequence. A threshold of >0.97
was used as recommended by the program®. T cell clone frequency
was plotted using ggplot2 (RRID:SCR_014601) inR (v.4.3.3).

snRNA-seq

Nuclei were isolated from frozen tumor sections (25-50 mg in size)
from patient 2 (pre-GNOS-PVO1 region three and post-GNOS-PV01
tumor resection) and patient 9 (pre-GNOS-PVO1 region two and
post-GNOS-PVO1tumor resection) following the 10x Chromium Nuclei
Isolation Kit Sample Prep User Guide (CGOOO505Rev A). To enrich for
T cells, nuclei were stained with 5 pl (stock 0.5 mg ml™) of Alexa Fluor
488 anti-NFATc1 antibody (Biolegend 649604, clone 7A6) per 1 ml of
Wash and Resuspension Buffer for 30 minin the dark at 4 °C. To mini-
mize sample loss, we did not perform a wash after the incubation. A
total of 10 pl of 7-AAD (ThermoFisher Scientific A1310), a nucleic acid
dye that intercalates into double-stranded DNA, was added to the
sample before loading onto the BigFoot cell sorter running Sasquatch
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(v.1.19.13) software (ThermoFisher Scientific). Nuclei were gated on
single cellsand then on 7-AAD positivity, and then aliberal Alexa Fluor
488 gate (10%) was set to initially sort about 14,000 nuclei. This initial
liberal gate was applied to ensure that we captured T cellsbut also other
immunocytes, microenvironment and tumor cells. We then moved
the Alexa Fluor 488 gate to 10° to enrich for the T cells and sorted up
to 2,000 additional nuclei with this stringent gate. A maximum total
0f16,000 sorted nuclei was sorted directly into 10x Genomics Master
Mix and loaded onto a Next GEM Chip K. The Chromium Next GEM
Single Cell 5’ v2 (Dual Index) User Guide (Rev E) was then followed
according to the manufacturer’srecommendations. Gene expression
libraries were sequenced on the NovaSeq6000 with a run recipe of
26 x10 x 10 x 90 targeting 500 million reads per sample (50,000 reads
per cell; estimated 10,000 cells per sample). Each tumor region was
prepared inbiological replicate.

BCL files were converted to FASTQ files using the Cell Ranger
(v.7.1.0) mkfastq pipeline. Cell Ranger (v.7.1.0) multi was used with
default settings to align reads to the human genome reference GRCh38
and to perform filtering, barcode counting and unique molecular
identifier counting. Seurat (v.5)* in R (v.4.3.3) was used for analysis
following the standard workflow. Samples were filtered for any nuclei
that had the following: nFeature less than 1,000 or more than 6,000,
nCountgreater than 25,000 and mitochondrial reads greater than 5%.
Allsamples (pre-GNOS-PVO1and post-GNOS-PVO1biological replicates
from patients 2 and 9) were log-normalized and integrated using the
Harmony package*’. Cell types were annotated using the GBmap ref. 28
Seurat object using the FindTransferAnchorsfunction. T cells were sub-
set, and samples were re-integrated using Harmony*’. Subtyping was
performed using key cell type markers?. ggplot2 (RRID:SCR_014601)
was used for plotting. Differential expression was performed using the
FindMarkers functionin Seurat (v.5)* with min.pct set to 0.1and logfc.
threshold set to 0.25. Differentially expressed genes were filtered for
P, < 0.05. GSEA was performed using fgsea* and the Molecular Sig-
natures Database (MSigDB) Gene Ontology Human Biological Process
ref. 42. Pathways were filtered for P, < 0.05. Statistical significance
for gene expression comparisons plotted in boxplots was calculated
across timepoints using an unpaired two-tailed Wilcoxon rank test.

Statistical analysis

No statistical methods were used to pre-determine sample size; sample
size was determined based on clinical feasibility and available fund-
ing. Data distribution was assumed to be normal, but this was not
formally tested.

To measure vaccine-induced T cell response, statistical analy-
ses were performed using a two-tailed unpaired t-test with a Gauss-
ian distribution, two-tailed Pearson’s test and two-tailed Wilcoxon
matched-pairs signed rank test. Given the small sample size and
the potential for non-normal distribution of immune response
data, non-parametric testing was selected. Data are presented as
mean + s.e.m. unless otherwise indicated.

Sample availability

Additional vials of some sample PBMCs are stored in the Johanns
laboratory; they can be made available in the setting of any future
research collaborations.

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

Data availability

De-identified bulk and snRNA-seq and WES for each patient’s
pre-vaccination tumor samples and post-vaccination tumor resec-
tions for patients 2, 8 and 9 are publicly available for download. Bulk
and snRNA-seq gene expression data have been deposited inthe NCBI

Gene Expression Omnibus (GEO) and are accessible through acces-
sion numbers GSE292045 and GSE292046, respectively. WES data
have been depositedinthe NCBISequence Read Archive and are avail-
able through accession number SRP570525 and BioProject accession
number PRJNA1236343. Bulk TCR-seq data have been deposited into
the Adaptive BiotechimmuneACCESS database (https://clients.adap-
tivebiotech.com/pub/Garfinkle-2026-nc) and are accessible through
GEO accession number GSE327062. The study protocol is included
in the Supplementary Information. Additional participant data can
be made available upon request. The remaining data are available
within the article, Supplementary Information or Source Data files
and/or fromthe corresponding author upon request. Source dataare
provided with this paper.

Code availability
Codeused forthe analyses presented in this publicationis available at
https://github.com/miller-genomics-lab/GT20_GBM_DNA Vaccine.
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Extended Data Fig. 1| DNA variant allele frequencies. DNA variant allele frequency (VAF) of variants grouped by regional distribution. Boxes represent the
interquartile range (IQR), center line designates the median, whiskers extend to 1.5xIQR, and each dot represents a variant. Variants are called from all pre-GNOS-PVO1
tumor samples (n = 3 for all patients except for n = 4 for patient 2).
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Extended Data Fig. 2 | Survival outcomes. Kaplan-Meyer curve

displaying probability of survival over time from diagnosis (in months) for
contemporaneous cohorts: MGMT methylated patients (n = 7, black line) and
MGMT unmethylated patients (n =5, grey line) treated with standard of care

chemoradiotherapy (temozolomide) compared with MGMT unmethylated
patients (n =9, red line) treated with GNOS-PVOlvaccination on the GT-20 trial.
Long-rank test was used to calculate statistical significance. Abbreviations: mOS,
median overall survival.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Extended analysis showing GNOS-PVO1drives
polyfunctional T cellimmunity. A) Gating strategy (left to right). Cells were
gated on PBMCs [forward scatter (FSC)-A versus side scatter (SSC)-Al, singlets
(FSC-Aversus FSC-H), live cells (FSC-A versus Live/Dead), lymphocytes (CD3+
versus dump markers), CD8 or CD4 T cells (CD8 versus CD4) and marker- or
cytokine-positive populations were quantified within each subset. Boolean
gating was performed to define combinatorial expression patterns where
indicated. This gating strategy applies to all flow cytometry studies presented in
the manuscript. B) Representative density plots (patient 7) of the T cell markers
CD69, CD107a, CD137, IFNy, and Ki67 upon stimulation with patient-specific

vaccine neoantigen epitope pools. C-D) Individual CD4+or CD8 + T cell markers
from PBMCs were evaluated in seven patients (2-8). 2.5x10° post-GNOS-PV01
PBMCs from C2D8 for patients 2-7 and C2D1 for patient 8 were cultured in
growth media withIL-2, IL-4, and IL-7 and enriched for neoantigen-specific T
cells with 10 pg/ml of personalized neoantigen stimuli (GNOS-PVO1) or controls
(Unstimulated). Cells were then stained intracellularly and with surface marker
antibodies for T cell effector markers. Each filled circle represents a patient.
Datarepresent mean + SEM. p value evaluated by two-sided, unpaired t-test with
Gaussian distribution.
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Extended DataFig. 4 | Peptide deconvolution by IFN-y ELISpot assay.

A-B) 3x10° PBMCs from patients 6 - 8 per well were stimulated with vaccine-
encoded epitopes at the concentration of 10 pg/mL for 18-24 h. Cells were
evaluated for the presence of vaccine-induced neoantigen-specific responses
prior to (Baseline) and post-GNOS-PVO1 vaccination using an interferon IFNy
ELISPOT assay without cytokine stimulation. A) Positive neoantigens pre-GNOS-
PVOI1 (teal), positive neoantigens post-GNOS-PVO01 (pink), positive neoantigens
pre-and post-GNOS-PVO1 (purple), and negative neoantigens pre- and

post-GNOS-PVO1 (grey) are plotted in asummary bar plot for each evaluated
patient. B) Individual neoantigen responses from peptide deconvolution assay
are plotted for each patient. The bar indicates the mean SFU of n =3 individual
technical replicates + SD per group. Each neoantigen is colored response as
described above. Regional distribution (subclonal private, subclonal shared, or
clonal) is notated below each neoantigen. Abbreviations: C#D#, cycle # day #,
SFU, spot-forming units.
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*Minute fragments of high grade glial neoplasm in background of blood clot. Ki67 proliferation rate in the tumor is approximately 10%

**Diffusely infiltrative high-grade glioma with mostly dense cellularity and multifocal palisading necrosis. In addition, prominent bland
“radiation necrosis”, vasculopathic changes, and chronic inflammatory cell infiltrate are present. Ki-67 proliferation index is estimated
to be up to ~25-30% focally. Approximately 50-60% of the current resection is composed of residual/recurrent IDH-wildtype
glioblastoma that is mostly “active.” Remainder shows treatment effect with predominantly radiation necrosis.
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Extended DataFig. 5| Patient 2 clinical outcomes. A) Timeline in days
displaying clinical events while on the trial from time of initial surgery.

B) Magnetic resonance imaging (MRI) scans from two post-GNOS-PVO1
timepoints. White arrows point to areas of disease progression. C) DNA variant
allele frequency (VAF) of variants grouped by regional distribution with the
inclusion of a post-GNOS-PVO1 tumor resection (open triangle symbol).

Boxes represent the interquartile range (IQR), center line designates the median,
whiskers extend to 1.5xIQR, and each dot represents a variant. Variants are

called from all four pre-GNOS-PVO1 and single post-GNOS-PVO1 sample(s).
Abbreviations: IMRT, intensity modulated radiation therapy; C#D#, cycle # day #.
A) Created in BioRender; Garfinkle, E. https://BioRender.com/whqdak9 (2026).
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*Areas of residual/recurrent glioma with moderate cellularity and atypia are present. Also present are treatment related changes
including bland "radiation" necrosis and vasculopathic changes. Edema is regionally conspicuous. Ki-67 proliferation index is variably
increased, estimated up to ~10 to 40% with some contribution by the intermixed immune cells.
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Extended DataFig. 6 | Patient 9 clinical outcomes. A) Timeline in days
displaying clinical events while on the trial from time of initial surgery.

B) Magnetic resonance imaging (MRI) scans from three post-GNOS-PVO1
timepoints. White arrows point to areas of disease progression. C) DNA variant
allele frequency (VAF) of variants grouped by regional distribution with the
inclusion of a post-GNOS-PVO1 tumor resection (open triangle symbol). Boxes
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represent theinterquartile range (IQR), center line designates the median,
whiskers extend to 1.5xIQR, and each dot represents a variant. Variants are

called from all three pre-GNOS-PVO1 and single post-GNOS-PVO1 sample(s).
Abbreviations: IMRT, intensity modulated radiation therapy; C#D#, cycle # day #.
A) Created in BioRender; Garfinkle, E. https://BioRender.com/u6txxin (2026).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Single nuclei RNA-sequencing (snRNA-seq) uncovers
transcriptional changes of GBM infiltrating T and dendritic cellsin the
post-vaccination tumorimmune microenvironment. A) Representative
gating strategy for T cell enrichment by NFATcl nuclear staining. An example
pre-and post-GNOS-PVO1 sample is shown as well as an example positive control
thymus from an unrelated, healthy donor. B) Dotplot showing expression

of key marker genes for each annotated cell type via the GBmap reference.
Datais scaled. C) Dotplot showing expression of key marker genes for each
annotated T cell subtype. Datais scaled. D) GZMK+ activated and exhausted
cells were computationally subset and differential expression analysis using the
FindMarkers function in Seurat v5 was performed comparing patient 2 post- to
pre-GNOS-PVOL. Four significant pathways of interest with negative enrichment
scores are displayed and colored by their normalized enrichment score (NES).
The top ten differentially expressed genes (DEG) shared among the pathways
areshownand colored by log2 fold change. Genes contributing to each pathway

are connected by chords. E) Dendritic cells were computationally subset and
differential expression analysis using the FindMarkers function in Seurat v5 was
performed comparing patient 2 post- to pre-GNOS-PVOL. The top ten significant
pathways after gene set enrichment analysis (Gene Ontology Human Biological
Processes reference) are displayed in abubble plot. The size of the circles
represents the pathway gene set size and the color of the dots shows the adjusted
p-value. Differentially expressed genes were identified using a non-parametric
Wilcoxon rank-sum test with Benjamini-Hochberg false discovery rate (FDR)
correction. Gene set enrichment analysis was performed using a permutation-
based enrichment score statistic with FDR adjustment. Abbreviations: GBM,
glioblastoma; AC-like, astrocyte-like; MES- like, mesenchymal-like; OPC-like,
oligodendrocyte progenitor cell-like; OPC, oligodendrocyte progenitor cell;
DC, dendritic cell; TAM-BDM, tumor associated macrophage that originate
from bone marrow; TAM-MG, tumor associated macrophage that originate from
microglia; NK, natural killer cells; Treg, regulatory T cells.
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Extended Data Fig. 8| Bulk and single nuclei RNA-sequencing (snRNA-seq)
reveals altered transcriptional states in the GBM microenvironment before
and after GNOS-PVOL1. A-B) Bulk RNA-seq data for A) patient 2 and B) patient 9
were aligned to the human HLA nucleotide reference (IPD-IMGT/HLA Database).
Log2 fold change of post- vs pre-GNOS-PVO1 transcripts per million (TPM)
expression values were calculated for each patient’s HLA alleles and plotted
inabar graph. The number of neoantigens included in each patient’s vaccine
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predicted to be presented by each HLA allele (determined from pVAC-seq) are
also plotted in a corresponding bar graph. C-D) Bulk RNA-seq data aligned to the
human reference genome build GRCh38 was used to plot expression of vaccine
neoantigens for C) patient 2 and D) patient 9 before and after GNOS-PVO1. Each
rowis scaled. The HLA allele predicted to present each neoantigen (determined
from pVAC-seq) is annotated on the right of the heatmap.
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*Pathology showed persistent/residual glioma with treatment effect including areas of radiation necrosis in the background. Some
tissue fragments were moderately hypercellular, with immune cells intermixed among an atypical, infiltrative glial population. The
atypical cells have moderate nuclear pleomoprhism with scant eosinophilic c?/toplasm and mitoses difficult to find. Numerous vessels
demonstrate fibrinoid necrosis and there is a rare focus of microvascular proliferation albeit with hyalinization of its walls. Ki-67
proliferation index is variably increased with contribution by the intermixed immune and endothelial cells.
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Extended DataFig. 9 | Patient 8 clinical outcomes. A) Timeline in days resolution. Abbreviations: IMRT, intensity modulated radiation therapy; C#D#,

displaying clinical events while on the trial from time of initial surgery. B) Serial cycle # day #. A) Created in BioRender; Garfinkle, E. https://BioRender.com/
magnetic resonance imaging (MRI) scans showing pseudoprogression and kviuyit (2026).
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IVS and ICS flow cytometry: The patient's PBMCs (2x5x1075 cells) were cultured in growth media (RPMI 10%-FBS), supplemented with a cocktail of IL-2 (20 IU/mL), IL-4 (10 ng/
mL), and IL-7 (10 ng/mL) cytokines, and enriched for neoantigen specific T cells using 10 ug/mL of epitope stimuli. Three days later, cells were washed and supplemented with

M ethod Ology growth media was replaced. On day 4, epitope stimuli (10 ug/mL) or controls were added and incubated for 1 hour. Cells were then fluorescently labeled with surface markers listed
above followed by overnight fixation and permeabilization and then intracellulary stained with the antibodies listed above. snRNA-seq T cell enrichment flow sorting: Nuclei were
isolated from frozen tumor sections (25 - 50 mg in size) from patient 2 (pre-GNOS-PVO01 region 3 and post-GNOS-PV01 tumor resection) and patient 9 (pre-GNOS-PVO01 region 2

Sa m p|e preparation and post-GNOS-PV01 tumor resection) following the 10x Chromium Nuclei Isolation Kit Sample Prep User Guide (CG000505 Rev A). To enrich for T cells, nuclei were stained with

5 ul of anti-NFATc1 antibody (listed above) per 1 ml of Wash and Resuspension Buffer for 30 min in the dark at 4 degrees C. To minimize sample loss, we did not perform a wash
after incubation.
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Instrument IVS and ICS: LSRFortessa (BD Biosciences) with FACSDiva software v 8.0.01. snRNAseq: BigFoot cell sorted (ThermoFisher) with Sasquatch 1.19.13 software.

Software Flowdo v1.0.4.

” I . VS and ICS: Sufficient/pure PBMCs were successfully isolated and confirmed by expected relative cell type abundance. snRNAseq: T cell enrichment was confirmed via positive
Ce popu ation a b un da nce control normal thymus sample.

VS and ICS: Cells were gated on PBMCs (forward scatter FSC-A vs side scatter SSC-A), singlets (FSC-A vs FSC-H), live cells (FSC-A vs Live/Dead), lymphocytes (CD3+ vs dump
Gating Strategy markers), CD8 or CD4 (CD8 vs CD4), and marker- or cytokine-positive populations were quantified within each subset. Boolean gating was performed to define combinatorial
expression patterns where indicated. This gating strategy applies to all flow cytometry analysis studies presented in the manuscript.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type
Design specifications

Behavioral performance measures

Imaging type(s)
Field strength
Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ Used [ ] Not used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

Statistical modeling & inference

£zoz judy

Model type and settings

Effect(s) tested




L A A A A A Sl L RJIFUaotUu L DbUlll
Statistic type for inference

(See Eklund et al. 2016)
Correction

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

>
Q
—
[
D)
o]
o)
=3
o
=
D)
©
o)
=
>
Q@
wv
[
3
3
Q
=
<2

Functional and/or effective connectivity
Graph analysis

Multivariate modeling and predictive analysis

This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
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