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 ABSTRACT 

Purpose: Outcomes for patients with glioblastoma (GBM) re-
main poor despite multimodality treatment with surgery, radiation, 
and chemotherapy. There are few immunotherapy options due to 
the lack of tumor immunogenicity. Several clinical trials have re-
ported promising results with cancer vaccines. To date, studies have 
used data from a single tumor site to identify targetable antigens, 
but this approach limits the antigen pool and is antithetical to the 
heterogeneity of GBM. We have implemented multisector se-
quencing to increase the pool of neoantigens across the GBM ge-
nomic landscape that can be incorporated into personalized peptide 
vaccines called NeoVax. 

Patients and Methods: In this study, we report the findings of 
four patients enrolled onto the NeoVax clinical trial (NCT0342209). 

Results: Immune reactivity to NeoVax neoantigens was 
assessed in peripheral blood mononuclear cells pre- and post- 

NeoVax for patients 1 to 3 using IFNγ-ELISPOT assay. A sta-
tistically significant increase in IFNγ producing T cells at the 
post-NeoVax time point for several neoantigens was observed. 
Furthermore, a post-NeoVax tumor biopsy was obtained from 
patient 3 and, upon evaluation, revealed evidence of infiltrating, 
clonally expanded T cells. 

Conclusions: Collectively, our findings suggest that NeoVax 
stimulated the expansion of neoantigen-specific effector T cells 
and provide encouraging results to aid in the development of 
future neoantigen vaccine–based clinical trials in patients with 
GBM. Herein, we demonstrate the feasibility of incorporating 
multisector sampling in cancer vaccine design and provide in-
formation on the clinical applicability of clonality, distribution, 
and immunogenicity of the neoantigen landscape in patients 
with GBM. 

Introduction 
Glioblastoma (GBM) is the most common malignant central 

nervous system tumor in adults. The current treatment paradigm 
involves maximum safe surgical resection and radiotherapy 

concurrently with temozolomide chemotherapy followed by adju-
vant maintenance temozolomide (1). Despite this aggressive mul-
timodality approach, GBM remains lethal and inevitably recurs, at 
which point there are limited effective options. Although the me-
dian survival for patients diagnosed with GBM remains a dismal 15 
to 20 months, it has become clear that the methylation status of the 
O6-methylguanine methyltransferase (MGMT) gene promoter 
within a patient’s tumor represents an important biomarker of re-
sponse to temozolomide (2). Specifically, the majority of patients 
whose tumors carry an unmethylated MGMT gene promoter do not 
respond to temozolomide (3). This lack of response has led to 
clinical trials exploring novel treatments for patients with newly 
diagnosed unmethylated MGMT GBM to omit temozolomide 
chemotherapy due to its lack of efficacy and to mitigate associated 
toxicities. Thus, there is an urgent need for improved therapeutic 
strategies for GBM, specifically for patients of the MGMT unme-
thylated subgroup, as only surgery and radiation have demonstrated 
any impact on outcomes (4–6). 

Because immune checkpoint inhibitor (ICI) therapy has revolu-
tionized the treatment of a range of malignancies in the last several 
years, there has been tremendous enthusiasm to examine the ef-
fectiveness of ICI treatment in patients with brain tumors as well. 
However, phase 3 studies did not show a clinical benefit of PD1 
blockade ICI monotherapy for patients with GBM (4, 5), and thus 
there remain no FDA-approved immunotherapies for primary 
GBM. Several reasons may underlie this observation, including 
modest mutational burden, a relative paucity of tumor-infiltrating 
lymphocytes, intratumoral neoantigen heterogeneity, and other 
glioma immunoediting networks (7). Nevertheless, several studies 
have suggested that personalized neoantigen vaccines may lead to 
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improved responses when combined with PD1 blockade in several 
solid tumors (8, 9). Therefore, it is possible that strategies to aug-
ment ICI therapy, rather than employing ICI as monotherapy, may 
lead to better outcomes and provides a strong rationale to evaluate 
the use of a personalized neoantigen vaccine with ICI in GBM. 

We and others have shown that a personalized neoantigen vac-
cine approach is feasible in GBM and can effectively elicit patient 
tumor-specific T-cell responses capable of infiltrating the brain 
microenvironment, despite the fact GBM tumors typically carry few 
immunogenic variants and have immunosuppressive tumor mi-
croenvironments (10–12). Specifically, we previously reported 
treatment of a GBM subject with a personalized peptide vaccine 
after autologous tumor lysate dendritic cell vaccination and iden-
tified the presence of lymphocytes from the peripheral blood and 
tumor microenvironment that were reactive to several HLA class I 
and class II candidate neoantigens (11). Keskin and colleagues 
conducted a phase Ib study in which personalized neoantigen vac-
cines were developed for subjects with newly diagnosed MGMT 
methylated GBM and reported an increase in tumor-infiltrating 
T cells that migrated from the peripheral blood after vaccination 
(10). In addition, Hilf and colleagues reported a phase 1 study in 
which patients with GBM were treated first with a vaccine com-
posed of unmutated GBM–associated epitopes from a pre- 
manufactured library, followed by a second vaccine composed of 
personalized neoantigens based on the transcriptomes and immu-
nopeptidomes of each individual tumor. They reported that the 
initial unmutated antigen vaccine stimulated a sustained central 
memory CD8+ T-cell response whereas the subsequent neoantigen 
vaccine preferentially mounted a T helper 1 (Th1)–like CD4+ T-cell 
response (12). Collectively, these studies show that neoantigen 
vaccination is feasible for stimulating effector T cells that can home 
to the GBM microenvironment and provide the foundation for a 
personalized neoantigen vaccine–based approach for GBM. How-
ever, there remain a number of key factors that need to be evaluated 
related to the design of neoantigen vaccines to ensure an optimal 
platform that maximizes potential efficacy including neoantigen 
selection (including HLA class I vs. class II vs. both, HLA allelic 
representation per patient, correct number of clonal vs. subclonal 

targets, and criteria for ideal immunogenic candidate), vaccine 
platform (peptide, nucleic acid, viral, and dendritic cell) along with 
best adjuvant and ideal combination with other immunotherapies 
such as ICI, among others. 

In this report, we directly addressed the issue of how to incor-
porate our understanding of intratumoral variant heterogeneity into 
neoantigen-targeting vaccine design. Specifically, we asked whether 
increasing the number of tumor regions sampled impacts the 
number and selection of neoantigens incorporated into a person-
alized vaccine by (i) providing a larger pool of candidate neo-
antigens and (ii) yielding information on their clonality and regional 
distribution. We have recently characterized the neoantigen land-
scape in GBM using multisector sequencing which revealed a 
striking degree of spatial heterogeneity (13). These findings sug-
gested that designing personalized neoantigen vaccines in the set-
ting of GBM based on single region sampling may not only be 
underrepresenting the broader pool of potentially immunogenic 
antigens but also not reflecting the clonal architecture sufficiently. 
Such considerations may have significant implications when it 
comes to evaluating the efficacy of a personalized vaccine approach 
in GBM because it may be critical to design “spatially encompass-
ing” vaccine targeting approaches. Thus, to determine whether 
spatial heterogeneity can be effectively addressed by a personalized 
neoantigen vaccine, we performed multisector tumor sequencing 
and analysis to identify neoantigens in subjects with newly diag-
nosed, unmethylated MGMT GBM. We compared neoantigens 
across multiple regions to design and assess the safety, feasibility, 
and immunogenicity of a personalized neoantigen-based long 
peptide vaccine (NeoVax). 

In this study, we report the findings of four subjects enrolled on 
the NeoVax clinical trial (NCT03422094). For each subject, multiple 
spatially distinct regions of resected primary GBM were character-
ized by whole-exome sequencing (WES), bulk RNA sequencing 
(RNA-seq), and nCounter® gene expression analysis. Matched pe-
ripheral blood mononuclear cells (PBMC) were collected from each 
subject before and after NeoVax to assess changes in T-cell receptor 
(TCR) clonal diversity and neoantigen reactivity. Our results dem-
onstrate that multisector tumor sequencing can be readily incor-
porated into the workflow of personalized neoantigen vaccine 
design and increases the neoantigen candidate pool, which can be 
particularly important in low mutational burden tumors with high 
spatial heterogeneity like GBM. We also report immune responses 
raised by vaccination in three of the four subjects. Our results also 
demonstrate challenges in the implementation of long peptides in 
neoantigen-based vaccines including scalable production and a limit 
of the number of neoantigen sequences that can be reliably in-
cluded, which may govern the clinical use of this platform. 

Patients and Methods 
Study design and overview 

This study was registered on ClinicalTrials.gov as NCT03422094 
and was conducted in accordance with Declaration of Helsinki and 
good clinical practice guidelines. All patients signed informed 
consent to an institutional tissue banking protocol and the study 
protocol, both of which were approved and monitored by the In-
stitutional Review Board at Washington University School of 
Medicine. Patients were enrolled between May 2019 and May 2020. 
Key inclusion criteria included age 18 years and older, newly di-
agnosed central nervous system World Health Organization (CNS 
WHO) grade 4 GBM, and MGMT unmethylated based on a Clinical 

Translational Relevance 
In this study, we illustrate the use of multi-region se-

quencing and corresponding analytics to generate synthetic 
long peptide vaccines for the treatment of patients with pri-
mary glioblastoma. Our work provides insight into the tumor 
immune microenvironment and demonstrates preliminary 
evidence that personalized peptide neoantigen vaccines can 
stimulate a clonal expansion of tumor-directed effector T cells. 
Our collective findings will guide the development of next- 
generation neoantigen vaccine–based clinical trials for patients 
with glioblastoma, a group for which the current standard of 
care is ineffective and immunotherapy options are limited. Our 
results also lay the groundwork for future combinatorial 
studies that may include personalized neoantigen vaccines with 
standard-of-care radiotherapy and chemotherapy, or with 
checkpoint inhibitors to modulate immunosuppressive tumor 
microenvironments either concurrent with or subsequent to 
cancer vaccine administration. 
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Laboratory Improvement Amendment–certified assay. At the time 
of study conception and accrual, the WHO 2016 classification was 
used to define GBM; therefore, WHO grade 4 IDH–mutated as-
trocytomas were not excluded. However, all patients enrolled were 
IDH wild type as determined by next-generation sequencing. Ad-
ditionally, the use of tumor-treating fields (TTF) was permitted 
while on study and was offered to all participants, but all subjects 
declined TTF therapy. Of note, bevacizumab was permitted as a 
steroid-sparing agent to treat symptomatic vasogenic edema or ra-
diation necrosis while continuing to receive study drug. The use and 
timing of dexamethasone and bevacizumab for each subject are 
outlined in Supplementary Figs. S1 and S2. 

At the time of resection, tumor tissue was sampled from two to 
three spatially distinct regions and flash frozen in individual vials as 
previously described (13). In brief, after surgical resection, punch 
biopsies were performed at two to three (depending on size of the 
tumor) spatially distant regions selected based on visual inspection. 
Distances were not specifically measured but an effort was made to 
select regions far apart from each other. An EDTA tube of pe-
ripheral blood was taken at the same time with PBMCs isolated by 
Ficoll gradient and cryopreserved to serve as a normal DNA com-
parator. Extraction of DNA was performed using the AllPrep DNA 
kit (QIAGEN), and RNA was isolated using the High Pure isolation 
kit (Roche Life Science). Following recovery from surgery, patients 
underwent a 6-week course of intensity-modulated radiotherapy per 
standard-of-care guidelines but without concurrent or adjuvant 
temozolomide. This is a precedent established by previous studies 
and multiple ongoing clinical trials in unmethylated MGMT GBM 
in which chemotherapy can be safely omitted in subjects with 
unmethylated MGMT GBM based on the lack of efficacy and po-
tential negative impact on immune status (4). Approximately 
4 weeks after completion of radiotherapy, the time frame within 
which adjuvant temozolomide and/or TTF would otherwise gen-
erally be started, NeoVax could be initiated once manufacturing was 
completed. NeoVax was given on days 1, 8, 15, and 22 of cycle 1 
(priming phase) then on day 1 of each subsequent 28-day cycle 
(boosting phase). Each NeoVax was designed to contain up to 20 
synthetic long peptides (SLP) divided into a maximum of four pools. 
SLPs were manufactured by Neon Therapeutics in collaboration 
with Creosalus. Each pool of NeoVax was co-administered with 
1.5 mg of poly-ICLC (Hiltonol) and subcutaneously injected into 
one of the four limbs (right axilla, left axilla, right inguinal, and left 
inguinal). Nivolumab was provided by Bristol Myers Squibb. 

WES and variant calling 
Exome sequencing libraries were prepared using the NEBNext 

Ultra II FS DNA library prep kit (New England BioLabs). Target 
enrichment was first performed by hybrid capture using the xGen 
Exome Research Panel (#10005153) combined with the Cancer- 
Enriched Panels–Tech Access panel (Integrated DNA Technolo-
gies). The xGen Exome Research Panel targets 19,433 genes with a 
total probe coverage encompassing 39 Mb of genomic space. The 
Cancer-Enriched Panels–Tech Access panel provides an additional 
1,855 probes that enrich for cancer-associated gene regions. Li-
braries were generated using the NEBNext Ultra II FS Kit, and 
paired end 151 bp reads were sequenced on the NovaSeq6000 to aim 
for 100� coverage in blood and 250� in tumor samples. Alignment 
to the human reference genome build GRCh38 and secondary an-
alyses were performed using our previously published pipeline (14). 
Somatic variants were called using MuTect2 (RRID:SCR_000559). 
Somatic nonsynonymous single-nucleotide variants and small 

insertions or deletions (indels) were filtered for quality (site quality 
> 100), population frequency (gnomAD population reads), mini-
mum tumor variant allele frequency (VAF) >2%, and gene location 
within a coding or splice site (<3 bps) region. Variants passing all 
the aforementioned filters were manually reviewed in Integrated 
Genomics Viewer. 

Neoantigen prediction 
Clinical HLA class I typing was performed on normal comparator 

tissue obtained from blood-derived PBMCs by Histogenetics to two- 
field resolution. A variant call format (VCF) file was generated for 
each tumor region sample that contained all passing somatic variants 
annotated with Ensembl VEP (RRID:SCR_002344) using the pa-
rameters �everything, �flag_pick, and �plugin (Wildtype and 
Downstream). The VCF was further annotated for pVACseq 
according to pVACtools documentation (version 3.1.2). This VCF 
was used as input for a containerized version of pVACtools (15) to 
predict and annotate likely neoantigens (16). Briefly, using the sub-
module, “pvacseq run,” we performed peptide/MHC binding affinity 
predictions with class I algorithms NetMHC and NetMHCpan. For 
this analysis, to be designated as a candidate neoantigen, a variant 
must have been validated in the WES analysis, have a best mutant 
(MT) IC50 <500 nM, an RNA transcript per million (TPM) >1, and 
(tumor RNA depth � RNA VAF) >3. The final neoantigens included 
in the NeoVax for each subject were those that were synthesized and 
soluble during manufacturing. 

RNA-seq analysis and immune microenvironment profiling 
Tumor RNA was subjected to DNase treatment and ribodepletion 

prior to library construction using NEBNext Ultra II Directional 
RNA library prep kit for Illumina (New England BioLabs). Paired 
end 151 bp reads were generated on the NovaSeq6000 to generate 
for a minimum of 80 million reads per sample; reads were aligned to 
the human genome reference sequence build GRCh38. Alignment 
was performed using a custom in-house pipeline and the splice- 
aware aligner STAR (RRID:SCR_004463). The Salmon tool (RRID: 
SCR_017036) was used to quantify transcript abundance from the 
tumor RNA-seq reads generated. To quantify tumor-infiltrating 
immunocyte populations in the GBM regional samples, we used the 
publicly available algorithm CIBERSORTx (RRID:SCR_016955), 
wherein the Salmon counts were referenced against the LM22 data 
set, a signature matrix file of 547 genes that accurately distinguish 22 
mature human hematopoietic populations isolated from peripheral 
blood or in vitro culture conditions. Relative immunocyte propor-
tions reported as percentages were plotted in R version 4.1.1 using 
ggplot2 (RRID:SCR_014601). 

TCR repertoire sequencing 
Genomic DNA from the peripheral blood pre- and post- 

NeoVax for subjects 1 to 3 and post-NeoVax tumor biopsy for 
subject 3 were submitted to Adaptive Biotechnologies for se-
quencing of the complementarity-determining region 3 (CDR3) of 
the TCR-β chain. Analysis was performed using the immmuno-
SEQ Analyzer 3.0. Specifically, the pairwise scatter plot, differen-
tial abundance, and scatterplot with annotation tools were used, 
and the values displayed were productive frequency and amino 
acid sequence. Productive frequency is the frequency of a given 
TCR nucleotide sequence to produce a functional peptide and can 
be used to track clonal expansions. Program default statistical 
methods and cut-offs were used. 
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ELISPOT assay 
To measure T-cell responses against vaccinated neoantigens, two 

approaches were taken—direct ex vivo stimulation and in vitro ex-
pansion. For direct ex vivo stimulation, we adopted a previously 
published method (11). Briefly, CD8+ and CD4+ cells were isolated 
from PBMCs using sequential magnetic bead-based positive selection 
kits (STEMCELL Technologies). Approximately 100,000 double- 
negative autologous PBMCs were incubated on pre-coated human 
IFN-γ ELISPOT plates (Cellular Technology, Ltd.) with 10 µmol/L of 
indicated peptide(s) (GenScript) plus ∼400,000 CD8+ or CD4+ 

PBMCs for 18 to 20 hours at 37°C. Each peptide pool was composed 
of either the full-length peptide encoded in the vaccine or pools of 9- 
to 11-mers corresponding to the predicted high affinity minimal 
epitopes for each patient’s HLA alleles. Plates were analyzed using the 
C.T.L. ImmunoSpot kit (Cellular Technology, Ltd.). This approach 
allows for distinction between CD8 and CD4 neoantigen-specific T- 
cell responses but requires a larger volume of PBMCs to be collected, 
typically an apheresis product, to obtain sufficient T cells to test all 
peptides in biological replicates. As such, this assay could not be 
performed on subject 3 due to a lack of available PBMCs. Therefore, 
we also used an in vitro expansion assay which could be applied to 
samples with the smaller volume of PBMCs available and allowed 
higher sensitivity detection of antigen-specific responses, albeit 
without the ability to accurately distinguish CD8+ and CD4+ T-cell 
reactivity due to a lack of selection (17). In brief, on day 1, 1 � 106 

PBMCs were cultured with 10 µmol/L each of corresponding neo-
antigen peptide pools. Each peptide pool was composed of the full- 
length peptide encoded in the vaccine along with pools of 9- to 11- 
mers comprising predicted high affinity minimal epitopes corre-
sponding to patient-specific HLA alleles. On day 4, media were 
supplemented with recombinant human IL2 (Peprotech) to a final 
concentration of 50 IU/mL. Fresh IL2 containing media were added 
every 3 days thereafter. On day 12, cells were harvested and washed 
twice and allowed to rest overnight without peptide or IL2. On day 
13, cells were restimulated with 1 � 105 autologous T-cell depleted 
PBMCs (STEMCELL Technologies) and respective neoantigen min-
imal epitope peptide pools, the full-length peptide, or DMSO in a 
human IFNγ ELISPOT plate (ImmunoSpot). The ELISPOT plate was 
developed 18 to 24 hours later. Experiments were performed with 
duplicate or triplicate wells, and biological replicates were performed 
at least twice. A positive neoantigen response to vaccination was 
defined as (i) a minimum of 20 IFNγ producing spots per well on 
average; (ii) a statistically significant increase compared with DMSO 
control; and (iii) a statistically significant increase compared with 
prevaccination time point. Student t test was performed to determine 
statistical significance (P < 0.05). 

IHC 
Histologic assessment of slides with the highest density of in-

flammatory cells was performed using hematoxylin and eosin– 
stained sections. IHC for CD8 (Ventana, SP57 clone, prediluted) 
and CD3 (Ventana, 2GV6 clone, prediluted) was performed using a 
Ventana IHC autostaining platform on the selected blocks. Three 
CD8 and CD3 hotspot areas (0.22 mm2) were identified and man-
ually counted for the pre- and postvaccination specimens. Student 
t test was performed to determine statistically significant (P < 0.05) 
differences between mean staining density pre- and postvaccination. 

nCounter® targeted expression 
RNA (150 ng) extracted from a normal human brain reference 

(Thermo Fisher Scientific; AM7962) and from subject 3 pre- and 

post-NeoVax tumor regions were assayed with the nCounter® CAR- 
T Characterization Panel from NanoString. RCC files were uploaded 
to the NanoString ROSALIND analysis platform and counts were 
normalized and differential gene expression was performed using 
the platform software. Log2 normalized and P-values were exported 
and plotted using pheatmap in R version 4.1.1 (RRID:SCR_016418). 
Categorical associations of differentially expressed genes were de-
termined by comparing differentially expressed genes to the CAR-T 
Characterization Panel categorical gene assignments provided in the 
CAR-T annotation files by NanoString (RRID:SCR_023424). Cal-
culated percentages were plotted in R version 4.1.1 using ggplot2 
(RRID:SCR_014601). 

Data availability 
The RNA-seq and NanoString gene expression data presented in 

this publication have been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through Gene Expression Omnibus 
Series accession number GSE238012. The WES presented in this 
publication has been deposited in NCBI’s Sequence Read Archive 
and is accessible through BioProject ID PRJNA999679. 

Results 
Trial overview 

The trial was a pilot study to assess the safety, feasibility, and 
immunogenicity of a personalized neoantigen peptide vaccine 
(NeoVax) in patients with GBM following radiotherapy. A total of 
four subjects were enrolled and reported herein. Subjects were to 
receive nivolumab starting at time of disease progression; however, 
due to the rapid functional decline at time of tumor progression 
observed in subjects 1, 2 and 4, as well as the lack of true tumor 
progression observed in subject 3, we were not able to fully assess 
the immunologic effects or potential clinical benefit of nivolumab 
following NeoVax within the scope of this cohort. A detailed outline 
of each subject’s clinical course is summarized in Fig. 1A and 
Supplementary Figs. S1 and S2. Information on the representatives 
of study participants is reported in Supplementary Table S1. 
Therefore, the data reported here focus on the development and 
immunogenicity of NeoVax only. 

Safety and feasibility 
The primary endpoint of the study was to determine the safety 

and feasibility of generating and administering a personalized 
neoantigen synthetic long peptide (SLP)–based vaccine. Of the four 
subjects enrolled on the study, three received NeoVax and were 
eligible for safety assessment. There were no unexpected toxicities. 
No subject experienced a severe adverse event (AE; CTCAE v4.0 
grade 3 or greater AE). The most common treatment-related AE 
reported was grade 1 or 2 injection site reactions (pain, bruising, 
swelling, and redness) and malaise. Both subjects 1 and 3 developed 
grade 2 symptomatic vasogenic edema (seizure and worsening right 
sided weakness, respectively) while receiving NeoVax, which im-
proved with bevacizumab. All four patients were evaluated for the 
feasibility endpoint. Feasibility was defined as (i) the ability to 
manufacture a corresponding personalized neoantigen-based SLP 
vaccine, (ii) the ability to administer the personalized peptide vac-
cine by 4 weeks of completing radiotherapy, the time when adjuvant 
chemotherapy would generally be started, and (iii) the ability to 
identify candidate HLA class I neoantigens in peripheral blood 
following NeoVax administration. 
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Vaccine design and production 
Candidate neoantigens were identified and prioritized by pVAC- 

seq analysis, an algorithm that incorporates variant calls from tumor 
and normal whole-exome sequencing (WES) variant expression 
inferred from tumor RNA-seq and patient-specific HLA class I 
peptide binding affinity predictions (15). For each subject, candidate 
neoantigens were selected based on an HLA class I affinity binding 
score, IC50, of less than 500 nM; a tumor RNA TPM value of greater 
than 1; and a variant RNA read count of 3 or greater (variant RNA 
read count ¼ tumor RNA depth � RNA VAF). As outlined in 
Fig. 1B, candidate HLA class I neoantigens that met these criteria 
were identified in all patients, ranging from 16 to 27. On average, 
32.9%, or roughly one out of three, neoantigens were considered 
good candidates for NeoVax inclusion due to meeting the afore-
mentioned criteria. This is an encouraging finding when consider-
ing the feasibility of identifying sufficient neoantigens for 
vaccination in similarly low mutation burden tumors. 

SLPs were then designed for each of the candidate neoantigens. 
Although the clinical trial protocol limited the number of neo-
antigen targets within any single polyvalent vaccine to 20, more than 
20 neoantigens were selected for SLP manufacturing for some pa-
tients due to the assumption that up to 50% of peptides either could 
not be synthesized or would not be soluble, and thus, not be in-
cluded in the final NeoVax product (11). Indeed, of the initial 27 
neoantigens selected for subject 1, 14 were manufactured, soluble, 
and included in the final NeoVax product. Similarly, seven neo-
antigens each were ultimately manufactured for subjects 2 to 4 out 
of an initial 17, 22, and 16 selected neoantigen candidates, respec-
tively (Fig. 1B; Supplementary Tables S2-S4). In total, 43% of 

selected candidate neoantigens were successfully manufactured and 
formulated into a clinical-grade SLP vaccine product consistent with 
our initial assumption of a 50% successful production rate. 
Neoantigen-containing peptides included in each NeoVax are listed 
in Supplementary Table S4. Of note, all subjects had a mutation in 
PTEN; however, only subject 2 had a PTEN-derived neoantigen 
included in the final NeoVax product. Subject 2 also had a BRAF 
V600E–derived neoantigen included in the NeoVax formulation. 

We next assessed the parameter of “time to administration of 
NeoVax” for each patient. Total production time took an average of 
164 days from the date of tumor resection to administration of the 
first NeoVax dose. However, the goal was to administer the first 
dose of the vaccine at 4 weeks post-completion of radiotherapy, 
which corresponds to the time when adjuvant chemotherapy would 
generally be initiated. Specifically, for subjects 1 to 3, NeoVax was 
administered 85, 51, and 94 days after the completion of radio-
therapy, respectively. For subject 4, the NeoVax product was de-
livered to our institution 66 days from the completion of 
radiotherapy, although this patient did not receive the vaccine. In 
summary, these times to vaccination did not meet the feasibility 
endpoint of 4 weeks, and thus the SLP neoantigen vaccine platform 
was assessed as harboring feasibility issues from a manufacturing 
turnaround perspective which would need to be abbreviated if this 
approach were to be adopted to GBM moving forward. 

Clinical outcomes 
As summarized in Fig. 1A and Supplementary Figs. S1 and S2, 

subject 1 was a 51-year-old male who completed the priming phase 
of NeoVax along with five cycles of booster vaccinations before 

Figure 1. 
Summary of patients. A, Swimmer plot of clinical courses for subjects 1–4. B, Selection criteria for neoantigens that were included in the personalized 
NeoVax. IGV, Integrative Genomics Viewer; TPM, transcript per million; variant RNA read count ¼ [tumor RNA depth � RNA VAF]. (Adapted from an image 
created with BioRender.com.) 
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disease recurrence and subsequently received two cycles of nivolu-
mab before passing away 497 days from time of diagnosis due to 
progressive disease. Subject 2 was a 62-year-old female who com-
pleted the priming phase of NeoVax followed by three cycles of 
booster vaccinations before disease recurrence and subsequently 
received two cycles of nivolumab followed by dual BRAF/MEK 
inhibitor therapy without response and ultimately passed away 
457 days from the time of diagnosis due to disease progression. 
Subject 3 was a 62-year-old female who completed the priming 
phase of NeoVax and two cycles of booster vaccinations before 
coming off study due to functional decline. A second intracranial 
biopsy was performed to evaluate for possible tumor recurrence, but 
pathology was reported as quiescent residual glioma (no mitoses or 
increased cellular density) with marked treatment effect comprised 
predominantly of radiation necrosis. Of note, subject 3 initially 
presented with significant right sided weakness that persisted after 
surgery. These symptoms initially worsened after initiating NeoVax 
therapy and were thought to be due to increased vasogenic edema 
noted on magnetic resonance imaging, but symptoms continued to 
worsen despite radiographic improvement of edema and necrosis 
following bevacizumab therapy. Therefore, she was enrolled in hos-
pice and passed away 486 days after initial diagnosis. Subject 4 was a 
52-year-old male whose post-op course was complicated by left sided 
hemiparesis and whose functional status declined rapidly following 
radiotherapy precluding vaccine administration or further treatment. 
He ultimately entered hospice and passed away 195 days from the 
time of diagnosis. Progression-free survival for subjects 1 to 3 was 12, 
9, and 15 months, respectively (Fig. 1A; Supplementary Figs. S1 and 
S2). Although subject 1 had 14 neoantigens included in their vaccine 
and subjects 2 and 3 only had 7, we did not see a difference in the 
clinical outcome, likely due to the small size of the cohort, thus we are 
unable to definitively assess a potential correlation. 

Multisector sampling and neoantigen distribution: 
considerations for designing spatially targeted vaccines 

Schaettler and colleagues and others have highlighted the im-
portance of multisector sampling and analysis in vaccine develop-
ment for GBM as it relates to both neoantigen discovery and 
selection (13, 18). Specifically, they noted that the breadth and 
distribution of candidate neoantigens can only be wholly appreci-
ated through sampling of multiple spatially distinct tumor regions 
due to the inherent subclonal architecture of high-grade glioma. 
Therefore, a fundamental aspect of this study was to integrate this 
concept of candidate neoantigen identification and selection by 
incorporating multisector sampling into the design of “spatially 
encompassing” vaccines. 

To characterize the genomic heterogeneity of the four subjects 
reported here, spatially distant regions of the resected tumor tissue 
were sampled: three from subjects 1 to 3 and two from subject 4 
(regions limited by resection specimen size; Fig. 2A). As depicted in 
Fig. 2B, WES was performed on each individual resected tumor 
region at an average coverage depth of 267� (range 237�–306�) 
and on the PBMCs from the paired peripheral blood to serve as a 
normal comparator at an average coverage depth of 223� (range 
183�–258�). After MuTect2 somatic variant calling and manual 
confirmation, we identified a total of 63 unique variants [both 
single-nucleotide variants and insertions/deletions (indels)] for 
subject 1, 58.7% (37/63) of which were shared among all three re-
gions (clonal), 17.5% (11/63) were shared between one or more 
regions (subclonal shared), and 23.8% (15/63) of which were ex-
clusive to a given region (subclonal private). Subject 2 had a total of 

74 unique variants, 71.6% (53/74) of which were clonal, 5.4% (4/74) 
were subclonal shared, and 23% (17/74) were subclonal private. 
Subject 3 had a total of 79 unique variants, 72.2% (57/79) of which 
were clonal, 5.1% (4/79) were subclonal shared, and 22.8% (18/79) 
were subclonal private. Subject 4 had a total of 41 unique variants, 
61% (25/41) of which were clonal and 39% (16/41) were subclonal 
private (Figs. 2C and 3A; Supplementary Table S2). Neoantigens 
included in the NeoVax for each subject are highlighted in the call 
out boxes (Fig. 3A). 

These results are consistent with the previous observations by 
Schaettler and colleagues demonstrating that although the majority 
of variants are shared among all regions sampled, there remains a 
significant number of variants (25%–40%) that are regionally re-
stricted (13). As expected, clonal and subclonal shared variants had 
the highest VAF in all subjects (Fig. 3B; Supplementary Table S2) 
and were used to guide neoantigen selection for each subject’s 
NeoVax design. Subject 1 had 18 clonal, 5 subclonal shared, and 4 
subclonal private neoantigens selected, yet only 9, 2, and 3, re-
spectively, were successfully manufactured. Subject 2 had 16 clonal 
and 1 subclonal shared neoantigen(s) selected with 7 clonal neo-
antigens successfully manufactured. Subject 3 had 19 clonal, 1 
subclonal shared, and 2 subclonal private neoantigens selected, of 
which 6 clonal and 1 subclonal private neoantigen(s) were suc-
cessfully manufactured. Subject 4 had 14 clonal and 2 subclonal 
private neoantigens selected, but only 6 clonal and 1 subclonal 
private neoantigen(s) were successfully manufactured (Figs. 1B and 
3A; Supplementary Table S4). 

TCR clonotypic diversity following NeoVax 
To evaluate changes in T-cell receptor (TCR) repertoire diversity 

of subjects before and after NeoVax (subject 4 was not included in 
the analysis due to lack of vaccination), we performed immunoSEQ 
(Adaptive Biotechnologies) on paired PBMCs from specimens col-
lected prior to the first dose of NeoVax and prior to cycle 4 (the 
third booster vaccine). If the NeoVax induced variant-specific T-cell 
clonal expansion, we would expect to see an emergence of higher 
frequency clones in the circulating peripheral blood after vaccina-
tion. The immunoSEQ method amplifies the V–D–J regions from 
isolated peripheral blood genomic DNA and uses the TCR β-chain 
CDR3 as a unique barcode to track the frequency of individually 
expanded productive TCR clones. We used the immunoSEQ Ana-
lyzer program to calculate Productive Simpson Clonality scores, the 
square root of Simpson’s diversity index (range from 0–1, with 
values approaching 1 representing a monoclonal sample and values 
approaching 0 representing a polyclonal sample), for each sample. 
Subjects 1 and 2 had similar scores before and after vaccination, 
whereas subject 3 had an increase by a fold change of two after 
vaccination, which is indicative of clonal expansion (Supplementary 
Fig. S3). We used the differential abundance tool from immunoSEQ 
Analyzer to identify TCR clones that have a significant increase (P- 
value < 0.05 and fold change >2 and <infinity) in frequency after 
vaccination (19, 20). Subjects 1, 2, and 3, had a total of 12, 24, and 
66 clones, respectively, that met these criteria (Fig. 4A–C; Supple-
mentary Tables S5 and S6). The publicly available TCRMatch da-
tabase from the Immune Epitope Database and Analysis Resource 
was used to screen the expanded clones for known paired antigen 
targets. TCRMatch scores between 0 and 1, with 1 indicating an 
exact match with the input CDR3β sequence. A threshold of >0.97 
was used as recommended by the program (21). This analysis 
revealed 75% (9/12), 83% (20/24), and 83% (55/66) of the CDR3β 
sequences, respectively for subjects 1-3, were not found in the 
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database, suggesting they are not specific to any known viral or 
cancer antigen, further supporting they may be patient variant– 
specific. The remaining clones were identified to respond to known 
antigens from common viruses such as SARS-CoV2, Epstein–Barr 
virus, and human cytomegalovirus (Supplementary Table S6). 

Reactivity to neoantigens included in the personalized NeoVax 
vaccines was assessed in peripheral blood collected pre- and post-
vaccination using IFNγ ELISPOT. Similar to our previous work, 
initial response assessment was performed with direct ex vivo 
stimulation on select CD8+ and CD4+ T cells. Of note, this analysis 
could only be performed on subjects 1 and 2 as there was insuffi-
cient peripheral blood collected from subject 3 following vaccina-
tion. In subject 1, we observed significant CD8+ T-cell reactivity to 
the pool of NDFIP2 peptides (Fig. 4D), and to the full-length 
peptides of PLXNB1, PROSER1, and SPEG by CD4+ T cells at the 
postvaccination time point (Fig. 4E). No significant reactivity to 

these respective neoantigens was seen in the prevaccination sample 
(Fig. 4F and G). Representative images of counted IFNγ spots are 
shown in Supplementary Fig. S4. Conversely, in subject 2, we did 
not observe significant reactivity to any of the corresponding neo-
antigens at the postvaccination time point by either CD8+ or CD4+ 

T cells (data not shown). To determine if additional responses could 
be detected following in vitro expansion, we stimulated PBMCs 
from pre- and postvaccination time points with corresponding 
peptides and IL2 for 12 days (see Materials and Methods) prior to 
restimulation and analysis by IFNγ ELISPOT. We found a statisti-
cally significant increase in IFNγ producing T cells at the postvac-
cination time point to the following neoantigens: ELFN1, PLXNB1, 
and PROSER1 for subject 1 (Fig. 4H and I); BRAF, COL27A1, and 
DPYSL5 for subject 2 (Fig. 4J and K); and C19orf48 and SAMD9L 
for subject 3 (Fig. 4L and M). Reactivity to these neoantigens was 
seen following restimulation with the full-length peptide only with 

Figure 2. 
Multisector tumoral sampling and molecular characterization. A, Schematic of subjects included in cohort and tumor regions sampled for downstream analysis. 
B, Schematic of molecular characterization and analyses performed on the cohort. C, Fish plots representing the percent of all total validated variants per region 
in each subject. (Adapted from an image created with BioRender.com.) 
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Figure 3. 
Spatial distribution of variants. A, UpSet plot of the variant distribution of each subject grouped by shared regions. Box highlights variants included in NeoVax. 
B, DNA VAF of clonal, subclonal shared, and subclonal private variants for each subject. 
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the exception of COL27A1 in which reactivity was seen to both the 
full-length peptide and pooled minimal epitope peptides suggesting 
these responses were biased toward CD4 T-cell reactivity. It should 
be noted that due to limited clinical samples, further deconvolution 
of neoantigen reactivity to more precisely define the immunogenic 
minimal epitopes or CD8/CD4 specificity could not be completed. 
Together, these results suggest that NeoVax did significantly en-
hance reactivity to a subset of patient-specific neoantigens. 

Molecular characterization of a post-NeoVax tumor 
microenvironment 

Due to functional decline and to rule out disease progression, 
subject 3 underwent a biopsy post-NeoVax of a residual area of 
contrast enhancement at the site of prior tumor resection, providing 
us a unique opportunity to characterize the tumor microenvironment 
following vaccination. Histopathologic examination of the biopsy 
specimen demonstrated radiation necrosis with residual quiescent 
glioma cells, suggesting no active disease recurrence to account for the 
radiographic and clinical findings. WES of the specimen revealed 
variants found in the residual tumor cells were shared with the pre- 
NeoVax regions (Fig. 5A; Supplementary Table S2), albeit at a lower 
DNA VAF due to the lower tumor content (estimated by pathology to 
be less than 10%; Fig. 5B; Supplementary Table S2). SciClone analysis, 
a tool to track clonal evolution of tumor cells, revealed four pop-
ulations in the post-NeoVax biopsy that were also shared between all 
pre-NeoVax tumor regions (Fig. 5C; ref. 22). However, consistent 
with Fig. 5B, the DNA VAFs of these populations were lower post- 
NeoVax, suggesting that these persistent tumor cells did not represent 
the emergence of a minor subclone from the initial tumor specimen 
as has been seen previously (11). Given that these post-NeoVax 
subclones were present in the initial tumor sample, they were likely 
targeted by NeoVax. Indeed, a majority of subject 3’s NeoVax neo-
antigens were present in populations 2 to 4 (Fig. 5C). We have 
previously described the downregulation of neoantigens in tumor 
cells that persist following vaccination (11) as a potential mechanism 
of immune escape. To explore if a similar mechanism of resistance is 
observed in this patient, we plotted the expression values (transcript 
per million, TPM) of the genes harboring all 79 validated variants for 
subject 3 and noted a broad downregulation in expression in the 
postvaccine specimen. When sub-setting for only the genes harboring 
the neoantigens targeted in the patient’s NeoVax, there was a uniform 
downregulation in the post-vax biopsy (Supplementary Fig. S5; Sup-
plementary Table S7). Of note, there was a small population of genes 
upregulated after vaccination, but these 20 genes were not signifi-
cantly associated with any specific Gene Ontology pathway. Collec-
tively, these data support our previous finding of downregulated 
antigen expression in persistent tumor cells which may account for 
lack of recognition by antigen-specific T cells. However, the potential 
contribution of lower tumor cellularity accounting for this global lack 
of expression detected cannot be quantified. 

To investigate changes in the immune repertoire after NeoVax, 
the immunoSEQ assay was performed on DNA extracted from the 
post-NeoVax biopsy. The immunoSEQ Analyzer program was used 
to calculate the Productive Simpson Clonality score for this sample. 
The post-NeoVax biopsy had a clonality score of 0.0508, which 
when compared with the clonality scores of 0.0389 and 0.0848 from 
the PBMC pre- and postvaccination, respectively, shows a 1.3�
increase in clonality in the tumor microenvironment after vacci-
nation. We saw an increase of 1.1� when compared with the pre-
vaccination tumor regions (Supplementary Fig. S3). To characterize 
the TCR repertoire in the tumor microenvironment post-NeoVax, 

we used the immunoSEQ Analyzer program to identify clones 
found in the PBMC samples that were also present in the post-
vaccination biopsy. Of note, out of the 66 CDR3β sequences with a 
significant increase in the blood after vaccination, 60 were present in 
the post-NeoVax tumor biopsy sample at a frequency greater than 
zero and not found in the TCRMatch database (Fig. 5D; Supple-
mentary Tables S5 and S6; ref. 21), suggesting an influx of CD8+ 

T cells from the circulating blood to the brain, although we cannot 
exclude a possible contribution of blood contamination in the post- 
NeoVax tumor biopsy. Moreover, using CIBERSORTx to decon-
volute the cell populations within the post-NeoVax tumor biopsy 
RNA-seq, we observed a relative increase in CD8+ T cells. The 
algorithm predicted an infiltration of 11.08% CD8+ T cells com-
pared with the average of 0.65% in the pre-NeoVax tumor regions 
(Fig. 5E; Supplementary Tables S7 and S8). Notably, although 
peptide-based vaccines tend to generate a greater CD4 T-cell re-
sponse over CD8 (10, 12), we did not observe an increase in CD4+ T- 
cell frequency. The CIBERSORTx algorithm predicted an infiltration 
of 12.47% in the post-NeoVax biopsy compared with an average of 
17.58% in the pre-NeoVax tumor regions of specifically CD4 memory 
resting T cells (Supplementary Tables S7 and S8). Immunohistologic 
assessment of pre- and post-NeoVax biopsy tissue was also consistent 
with a modest, but not significant (P-value ¼ 0.2659), increase in 
CD8+ T cells in the postvaccination sample by manual count of three 
averaged hotspot areas (113 vs. 55 cells/mm2; Supplementary Fig. S6; 
Supplementary Table S9). Due to CD4+ IHC staining on other 
immunocytes (histiocytes and other monocytic lineage cells), we 
could not use this assay to directly quantify CD4+ T cells in the tumor 
samples. Instead, we stained for CD3 as a surrogate for the entire 
mature T-cell population and again found a modest, but not signifi-
cant (P-value ¼ 0.7635) increase in CD3+ cells in the postvaccination 
sample by manual count of three hotspot areas averaged (129 vs. 137 
cells/mm2; Supplementary Fig. S6; Supplementary Table S9). 

To further elucidate the expanded CD8+ T-cell clones, we ranked 
the unique 60 CDR3β sequences shared between the post-NeoVax 
PBMC and tumor biopsy sample by abundance in the tumor biopsy. 
Eight of the top 10 tumor biopsy clones were also found in the top 
10 expanded clones in the post-NeoVax PBMC sample (Supple-
mentary Fig. S7). We also calculated the ratio of CDR3β abundance 
in the post-NeoVax tumor biopsy versus the PBMC sample and 
ranked these ratios from smallest to largest, with the lower ratio 
representing clones of similar abundance. Seven of the top 10 post- 
NeoVax tumor biopsy clones were present in the top 20 lowest 
ratios (Supplementary Fig. S8). Collectively, these data suggest an 
expansion of vaccine stimulated, tumor-directed effector T cells; 
however, strong conclusions cannot be made in the absence of more 
definitive analyses such as tetramer staining or isolating TCR pairs 
to perform validation assays of neoantigen reactivity. 

To characterize more specifically the gene expression changes in 
the tumor microenvironment associated with T cells, we used the 
targeted and highly sensitive NanoString nCounter® system to de-
tect and count transcripts in a panel of 722 genes associated with 
CAR-T cells. The CAR-T Characterization Panel includes genes 
associated with T-cell diversity, phenotype, metabolic fitness, ex-
haustion, persistence, and activation and is, therefore, well-suited to 
explore immunotherapeutic effects more broadly. Seventy-six genes 
were differentially expressed by a fold change of at least 1.5, al-
though none reached a level of significance. In total, 43% (33/76) 
were downregulated and 57% (43/76) were upregulated in post- 
NeoVax compared with pre-NeoVax (Fig. 6A; Supplementary Table 
S10). Among the top differentially expressed genes, we identified an 
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upregulation of NFAT5 and MAPK3 and a downregulation of 
BATF3 and TP53 (Fig. 6B; Supplementary Table S10). The differ-
entially expressed genes were mapped to the categorical associations 
of genes included in the CAR-T Characterization Panel provided by 
NanoString. The top downregulated genes were assigned to known 
pathways and identified Myc targets, activation markers (CD40L, 
CD69, and IL2RA), and cell-cycle genes (Fig. 6C; Supplementary 
Table S10). The lack of active proliferation of tumor cells post- 
NeoVax is consistent with observations reported by Cloughesy and 
colleagues following neoadjuvant PD1 blockade in patients with 

recurrent GBM (23). NFAT, glutamine metabolism, and mTOR 
were identified to be the top upregulated pathways in the GBM 
microenvironment post-NeoVax (Fig. 6D; Supplementary Table 
S10). Upregulation of these pathways is associated with T-cell ac-
tivation and fitness. Of note, as the pre-NeoVax samples were taken 
at time of diagnosis, the observed changes in T-cell and tumor 
biology cannot be solely attributed to NeoVax treatment as the 
relative contribution from surgery and/or radiation is not able to be 
determined. However, these analyses prior to adjuvant treatment 
can provide insights into the state of the endogenous immune 

Figure 4. 
T-cell characterization. A–C, immunoSEQ Analyzer differential abundance analysis displayed in pairwise scatter plots are shown for subjects 1, 2, and 3, 
respectively. The frequency of productive TCRβ rearrangements (clones) from the peripheral blood before and after NeoVax is compared. No data are available 
for subject 4 because they did not receive NeoVax. D–M, Bar graphs displaying IFNγ spots from IFNγ ELISPOT assays. Experiments were performed with 
duplicate or triplicate wells, and biological replicates were performed at least twice. *, P < 0.05 (Student t test) between pre- and post-NeoVax responses. There 
were 84, 77, and 35 days between pre- and post-NeoVax peripheral blood collections for subjects 1, 2, and 3, respectively. D, Direct ex vivo stimulation on select 
CD8+ T cells with minimal epitope peptide pools (m) or DMSO control for subject 1 post-NeoVax. E, Direct ex vivo stimulation on select CD4+ T cells with SLPs or 
DMSO control for subject 1 post-NeoVax. F, Direct ex vivo stimulation on select CD8+ T cells with minimal epitope peptide pools (m) or DMSO control for subject 
1 pre-NeoVax. G, Direct ex vivo stimulation on select CD4+ T cells with SLPs or DMSO control for subject 1 pre-NeoVax. H–M, In vitro expanded PBMCs from pre- 
and postvaccination time points stimulated with IL2 and corresponding SLPs (green bars), minimal epitope peptide pools (dark orange bars), or DMSO control 
(purple bars) for 12 days prior to restimulation and analysis for subjects 1, 2, and 3. 
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response. Nevertheless, the collective analyses of the post-NeoVax 
tumor biopsy sample and paired pre- and post-NeoVax peripheral 
blood suggests vaccination stimulated the clonal expansion of 
tumor-directed effector T cells. 

Discussion 
In this study, we demonstrate that incorporating multisector 

sampling in GBM increases the candidate pool of potentially tar-
getable neoantigens while also providing information about the 
clonality and distribution of the neoantigens selected. Although our 
cohort was small and limited to only one post-NeoVax tumor 
sample, we were able to show that administration of up to six doses 

of NeoVax is safe and well tolerated. We provide preliminary data 
that suggest a clonal expansion of effector T cells following NeoVax 
that are responding to the neoantigens included in the vaccine. 
Moreover, these observed effects of NeoVax on the tumor and its 
immune microenvironment are encouraging and support the future 
development of cancer vaccine–based immunotherapies in GBM 
that will guide subsequent studies. 

It is not unreasonable to think that the vaccine alone, without 
combination treatment approaches, may be insufficient to generate the 
antitumor immune response needed to mediate response to an ag-
gressive malignancy like GBM. However, the rationale that vaccination 
can induce a neoantigen-specific T-cell response that may be further 
augmented by subsequent ICI therapy is reasonable and was one of the 

Figure 5. 
Molecular and immunologic characterization of subject 3 post-NeoVax tumor biopsy. A, UpSet plot of the variant distribution grouped by shared regions with the 
inclusion of the post-NeoVax tumor biopsy sample. B, DNA VAF of clonal, subclonal shared, and subclonal private variants. Post-NeoVax tumor biopsy samples 
are highlighted by an open triangle symbol. C, SciClone plot of subclone populations present in pre- and post-NeoVax tumor samples. DNA VAF is displayed. 
Neoantigens included in subject 3’s NeoVax and their cluster location are in the call-out boxes. ADGRL3 and SAMD9L did not map to one of the four clusters. D, 
immunoSEQ Analyzer differential abundance analysis displayed in pairwise scatter plot is shown. The frequency of productive TCRβ rearrangements (clones) 
from the peripheral blood before and after NeoVax is compared. The presence of the clones in the post-vax biopsy is indicated with a black outline. E, Percent of 
regional tumor-infiltrating immune cell types as deconvoluted by CIBERSORTx. Proportion of CD8+ T cells are colored in black. 
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main hypotheses to be tested in this study. Unfortunately, the 
rapid functional decline at time of recurrence of the enrolled 
subjects confounded the interpretation of the impact of sequential 
nivolumab postvaccination. Recent studies have demonstrated the 
possible benefit of anti-PD1 therapy given concurrently with the 
peptide vaccine (8, 9), which is one strategy that could potentially 
bypass the concern for rapid functional decline with progression. 
As such, we are now actively evaluating the concurrent adminis-
tration of a personalized neoantigen vaccine with PD1 blockade 
therapy in a separate study (NCT05743595) in newly diagnosed 
patients with GBM. 

Collectively, the data reported here raise several interesting 
points for consideration that will need to be explored in future 
iterations of these vaccine trials. The incorporation of multi-
sector sampling increased the neoantigen pool by an average of 
40% across all four subjects (range 21.5%–57.5%) when com-
paring the tumor region with the least number of variants to the 
number of variants identified from sampling all regions (Sup-
plementary Fig. S9). Due to the limited number of neoantigens 
that could be successfully included in the peptide vaccine 

approach because of cost and manufacturing constraints, we 
prioritized inclusion of shared neoantigens in order to maximize 
the potential to target the majority of tumor cells (24). However, 
subsequent studies using a vaccine platform that can accom-
modate a higher neoantigen payload to allow the targeting of 
these additional private neoantigens are needed to prospectively 
test their immunogenicity and impact on vaccine efficacy. Sim-
ilarly, although targeting 20 neoantigens for vaccine develop-
ment may be sufficient for most subjects, two of the four subjects 
described in this study had more than 20 neoantigens that met 
the criteria for inclusion in the vaccine. We used stringent cri-
teria to rank order our candidate neoantigens; however, we know 
that RNA expression does not always reflect protein expression, 
and HLA binding prediction algorithms are imperfect especially 
for rarer HLA alleles. Moreover, using an IC50 threshold of less 
than 500 nM is largely arbitrary. Thus, a vaccine platform 
allowing a larger payload to target more neoantigens (on the 
order of 40–50) would also allow for broader inclusion of shared 
and private neoantigens without arbitrary filtering and provide 
an unbiased approach to screen for immunogenicity. 

Figure 6. 
Differentially expressed genes from the CAR-T Characterization Panel (NanoString) pre- and post-NeoVax in subject 3. A, Genes differentially expressed when 
comparing post-vax biopsy sample with the three pre-vax regions. Seventy-six genes are displayed with a fold change of at least 1.5. B, Volcano plot displaying 
the differentially expressed genes with some of the top fold change genes of interest labeled. C, Categorical associations of genes downregulated in the post- 
NeoVax tumor biopsy. Percent of downregulated genes in each category is displayed. D, Categorical associations of genes upregulated in the post-NeoVax 
tumor biopsy. Percent of upregulated genes in each category is displayed. 
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The low production rate of neoantigen-derived SLP is con-
cerning as it may impact the efficacy of the vaccine because a 
highly targetable neoantigen could be excluded simply due to lack 
of successful synthesis. Moreover, any neoantigen SLP that cannot 
be manufactured is not able to be evaluated for immunogenicity 
which is critical for the improvement of in silico prediction al-
gorithms and neoantigen selection criteria. Although many of the 
failed SLPs likely could be resynthesized with modifications to the 
peptide structure (length, hydrophobicity, and amino acids), this is 
not clinically feasible in the setting of an aggressive cancer like 
GBM or economically feasible. Thus, a vaccine approach that can 
successfully deliver all selected candidate neoantigens, like a 
nucleic acid vector, may be more desirable (17, 25). We are cur-
rently evaluating the efficacy of a personalized neoantigen DNA– 
based vaccine in a separate study (NCT04015700) for patients with 
newly diagnosed, unmethylated GBM. 

A rate limiting step in this present trial was the turnaround time 
from vaccine design to administration as it did not meet the pre-
specified time point for feasibility (4 weeks post-radiation). There are 
several points along the manufacturing process that can cause delays 
including sequencing, prediction algorithm computation, manual 
review of candidates, peptide design, peptide manufacturing, and 
product release testing. A vaccine pipeline that will allow for design 
and manufacturing within a time frame suitable to begin immuni-
zations upon completion of radiotherapy is important, especially in a 
disease type like GBM in which recurrence can occur early. Any delay 
in vaccine development, even a month or two, may greatly impact the 
efficacy of the vaccine treatment approach as it can take several 
months for the subject to reach peak response after initial vaccination, 
at which point, they may already have developed recurrent disease 
with an altered neoantigen landscape. Therefore, as with consider-
ations of improved neoantigen payload and deliverability, an expe-
dited vaccine production platform is an imperative factor that needs 
to be addressed moving forward. 

With regard to immunogenicity, each of the three vaccinated 
subjects demonstrated increased reactivity to respective NeoVax 
neoantigens postvaccination (Fig. 4D–M). In total, reactivity was 
noted to a combined 10 of 28 NeoVax containing neoantigens for a 
hit rate of 36%. Although the lack of additional clinical specimens 
precluded further experiments to deconvolute whether these re-
sponses were CD8 and/or CD4 T-cell–specific, these results are 
consistent with previously reported reactivity following SLP neo-
antigen vaccine in melanoma and GBM (8, 10–12, 26). Induction of 
antigen-specific T-cell responses postvaccine was further supported 
by immunoSEQ analysis demonstrating the emergence of new CDR3 

TCRβ sequences in the postvaccination PBMCs. These emergent 
clones may be associated with the generation of neoantigen-specific 
T-cell responses as they did not match to any known viral or cancer- 
associated TCR (Fig. 4A–C). Of course, more definitive studies are 
needed to further support this assertion but, unfortunately, additional 
resources are not available to conduct the necessary validation studies. 

In conclusion, the collective findings from these analyses 
suggest NeoVax stimulated the expansion of neoantigen-specific 
effector T cells. The observed effects of NeoVax on the tumor 
and its immune microenvironment are encouraging and these 
results will guide the development of next generation neoantigen 
vaccine–based clinical trials in patients with GBM. 
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