
1Leko V, et al. J Immunother Cancer 2021;9:e002882. doi:10.1136/jitc-2021-002882

Open access 

Identification of neoantigen- reactive T 
lymphocytes in the peripheral blood of 
a patient with glioblastoma

Vid Leko    ,1 Gal Cafri,2 Rami Yossef,1 Biman Paria,3 Victoria Hill,1 
Devikala Gurusamy,1 Zhili Zheng,1 Jared J Gartner,1 Todd D Prickett,1 
Stephanie L Goff    ,1 Paul Robbins    ,1 Yong- Chen Lu,1 Steven A Rosenberg1

To cite: Leko V, Cafri G, 
Yossef R, et al.  Identification 
of neoantigen- reactive T 
lymphocytes in the peripheral 
blood of a patient with 
glioblastoma. Journal for 
ImmunoTherapy of Cancer 
2021;9:e002882. doi:10.1136/
jitc-2021-002882

 ► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http:// dx. doi. org/ 10. 
1136/ jitc- 2021- 002882).

Accepted 04 June 2021

1Surgery Branch, National 
Cancer Institute, Bethesda, 
Maryland, USA
2Sheba Medical Center, Ramat 
Gan, Israel
3Program Coordination and 
Referral Branch, National Cancer 
Institute, Bethesda, Maryland, 
USA

Correspondence to
Dr Vid Leko;  vid. leko@ nih. gov

Short report

© Author(s) (or their 
employer(s)) 2021. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
The adoptive transfer of naturally occurring T cells that 
recognize cancer neoantigens has led to durable tumor 
regressions in select patients with cancer. However, it 
remains unknown whether such T cells can be isolated 
from and used to treat patients with glioblastoma, a 
cancer that is refractory to currently available therapies. To 
answer this question, we stimulated patient blood- derived 
memory T cells in vitro using peptides and minigenes that 
represented point mutations unique to patients’ tumors 
(ie, candidate neoantigens) and then tested their ability 
to specifically recognize these mutations. In a cohort of 
five patients with glioblastoma, we found that circulating 
CD4+ memory T cells from one patient recognized a 
cancer neoantigen harboring a mutation in the EED gene 
(EEDH189N) that was unique to that patient’s tumor. This 
finding suggests that neoantigen- reactive T cells could 
indeed be isolated from patients with glioblastoma, 
thereby providing a rationale for further efforts to develop 
neoantigen- directed adoptive T cell therapy for this 
disease.

INTRODUCTION
Glioblastoma, the most common primary 
brain malignancy in adults, remains essen-
tially incurable with the standard therapy, 
which includes surgery, radiotherapy and 
chemotherapy. Given that only 7.2% of 
patients survive 5 years postdiagnosis, new 
therapeutic approaches are urgently needed.1

In recent clinical studies, immuno-
therapy with checkpoint inhibitors,2 cancer 
vaccines3–7 and CAR T cells8 has largely failed 
to induce tumor regressions in patients with 
glioblastoma. A single case of a transient 
complete response following the intracranial 
administration of anti- IL13Rα2 CAR T cells 
was a notable exception.9 Such a low response 
rate to immunotherapy has been attributed 
to the paucity of targetable tumor antigens, as 
well as to the presence of a strongly immuno-
suppressive tumor microenvironment, neuro-
anatomical constraints (ie, the blood- brain 
barrier) and marked tumor heterogeneity.10

Despite these discouraging results, several 
reports have indicated that glioblastoma 
may still be susceptible to an immune attack 
by endogenous T cells. For instance, in two 
patients whose tumors exhibited excessively 
high mutational burden due to a mismatch 
repair deficiency, immune checkpoint inhibi-
tion resulted in durable tumor regressions.11 
In other studies, checkpoint inhibitors admin-
istered before brain surgery were found to 
promote tumor infiltration by T cells.12 13

Endogenous T cells can mediate an anti-
tumor immune attack by recognizing cancer 
neoantigens, the proteins that are predom-
inantly encoded by genes harboring point 
mutations unique to patients’ tumors. 
Neoantigen- reactive T cells can be isolated 
from patients with various cancer types 
and, when expanded and used for adop-
tive cell therapy, can lead to durable tumor 
regressions.14 However, it remains unknown 
whether this form of immunotherapy can be 
used to treat glioblastoma, because naturally 
occurring neoantigen- reactive T cells have 
not yet been isolated from patients with this 
disease.

In this study, we tested whether T cells 
from patients with glioblastoma could recog-
nize neoantigens unique to patients’ autolo-
gous tumors. To this end, five patients with 
refractory or relapsed glioblastoma, who had 
been enrolled on an anti- EGFRvIII CAR T 
protocol,15 were selected based on the avail-
ability of blood and archived tumor spec-
imens. Next, their tumors were subjected 
to whole exome sequencing (WES), and 
the resulting data were used to construct 
screening libraries that represented tumor- 
specific point mutations (ie, candidate 
neoantigens). Finally, memory T cells were 
isolated from patients’ blood and, following a 
stimulation in vitro, tested for recognition of 
these candidates.
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MATERIALS AND METHODS
WES and RNA-seq
Genomic DNA was extracted from formalin- fixed, 
paraffin- embedded (FFPE) tumors using a column- based 
truXTRAC FFPE total NA kit (Covaris, Woburn, Massachu-
setts, USA). DNA and RNA from matched normal blood, 
as well as from the homogenized fresh tumor (Patient 
1), were extracted using the Allprep DNA/RNA Mini-
prep extraction kit (QIAGEN, Germantown, Maryland, 
USA). Following WES and RNA- seq library preparation 
and sequencing, tumor- specific single nucleotide variants 
(SNVs) and short insertions and deletions (INDELs) were 
identified as described previously.16 Where applicable, 
mutation clonality analysis was performed on WES data 
using PyClone,17 based on tumor purity and copy number 
estimates generated using Sequenza.18

Screening libraries
Mutation data were used to generate tandem minigene 
(TMG) and peptide pool (PP) screening libraries. TMGs 
were designed by linking up to 12 minigenes, each 
encoding either a non- synonymous point mutation (with 
each mutated amino acid flanked bilaterally by 12 wild 
type (WT) amino acids) or a frameshift INDEL (with 12 
WT amino acids preceding the new reading frame, which 
terminated at the next stop codon). Their sequences 
were cloned into pcRNA2SL plasmids and transcribed 
into RNA, as described previously.16

PPs were composed of up to 12 individual crude- grade 
25- mer peptides, the sequence of which corresponded to 
the minigenes. Peptides purified with high- performance 
liquid chromatography (HPLC) were used in validation 
experiments. All peptides were obtained from GenScript 
(Piscataway, New Jersey, USA).

Antigen presenting cells (APCs)
Autologous dendritic cells (DCs) and B cells were used 
as APCs. They were generated by purifying CD14+ and 
CD19+ peripheral blood mononuclear cells (PBMCs) 
using magnetic microbeads (BD Biosciences, San Jose, 
California, USA) and culturing them as described in Refs. 
14 and 19, respectively.

In vitro stimulation (IVS) of memory T cells
IVS was performed following a previously described 
approach.16 Briefly, 0.5–1×106 memory T cells, isolated 
based on CD62L and CD45RO expression (figure 1A), 
were cocultured (ie, stimulated) in 4:1 ratio with DCs. 
TMG- electroporated DCs were used to stimulate memory 
CD8+ cells, while PP- pulsed DCs were used to stimulate 
memory CD4+ and—if sample size permitted— memory 
CD8+ cells. This approach was supported by a recent 
publication that demonstrated the superior ability of 
TMGs and PPs to elicit detectable antigen recognition 
from CD8+ and CD4+ cells, respectively.20

Initial cocultures were performed in 48- well plates, 
using media supplemented with IL-21 (30 ng/mL). 
On days 3, 6 and 9, cells were serially expanded into 

larger- format wells, based on their growth rate. During 
each expansion, fresh media containing IL-21 (60 ng/
mL) and IL-2 (6000 IU/mL) was added in 1:1 V/V ratio.

On day 12, expanded T cells were cocultured with DCs 
or B cells loaded with the TMGs or PPs used for initial 
stimulation. The next day, T cells with the highest expres-
sion of 4- 1BB and OX-40 were sorted and subjected to 
a rapid expansion protocol using irradiated allogeneic 
feeders and anti- CD3 antibody (clone OKT3; Affyme-
trix, San Diego, California, USA). Expanded cells were 
then tested for the recognition of patient’s TMGs or PPs 
(see below). Concurrently, IVS with CEFX (JPT Peptide 
Technologies, Berlin, Germany), a mix of virally derived 
peptides, was performed as a control.

Assessment of neoantigen recognition
Neoantigen recognition was evaluated by preforming 
overnight T cell cocultures with APCs, as described previ-
ously.16 Prior to coculturing, the APCs were either pulsed 
for 2 hours with individual peptides or PPs (final concen-
tration of 10 µM) or were electroporated with TMG or 
full- gene RNA (0.5–1 µg RNA/1×105 cells) using a Neon 
Transfection System (Life Technologies, Carlsbad, Cali-
fornia, USA). T cell activation was assessed by measuring 
the production of IFN-γ or of multiple cytokines, or by 
measuring upregulation of 4- 1BB and OX40 on T cells 
using flow cytometry.

IFN-γ production was measured by either ELISA, which 
was performed using a designated kit (ThermoFisher 
Scientific, Waltham, Massachusetts, USA), or by ELISPOT, 
which was performed using appropriate capture and 
detection antibodies (both from Mabtech, Cincinnati, 
Ohio, USA). Multicytokine analysis was performed using 
a customized U- PLEX kit (Meso Scale Diagnostics, Rock-
ville, Maryland, USA).

Flow cytometry
For all experiments, cells were stained with antibodies 
diluted in PBS/0.5% FBS in 1:50 V/V ratio at 4°C for 
30 min. The antibodies were obtained from BD Biosci-
ences: CD3 (clone SK7), CD8 (SK1), CD4 (SK3), CD62L 
(DREG-56), CD45RO (UCHL1), 4- 1BB (4B4-1) and 
OX40 (ACT35). Flow cytometry was performed on FACS 
Canto I cell analyzer (BD Biosciences). Cell sorting was 
performed on the SH800 sorter (Sony Biotechnology, 
San Jose, California, USA). Data were analyzed using 
FlowJo 10.2 software (TreeStar, Ashland, Oregon, USA).

Identification, synthesis and transduction of T cell receptors 
(TCRs)
PP2- reactive T cells from Patient 1 were cocultured 
for 4 hours with B cells pulsed with dimethyl sulfoxide 
(DMSO) or PP2 and then subjected to an IFN-γ capture 
assay (Miltenyi, Auburn, California, USA). Next, single 
IFN-γ+ T cells were sorted into a 96- well microplate, which 
was subjected to a previously outlined TCR sequencing 
protocol.21 TCR synthesis and transduction into alloge-
neic PBMCs was performed as described previously.16
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TCR deep sequencing
TCR- Vß deep sequencing was performed on genomic 
DNA extracted from the sorted memory T cells by immu-
noSEQ (Adaptive Technologies, Seattle, Washington, 
USA). The data were analyzed using the immunoSEQ 
Analyzer 3.0.

Determination of MHC restriction element and assessment of 
EEDH189N gene recognition
The major histocompatibility complex (MHC)- II alleles 
expressed by Patient 1 were synthesized and cloned into 
pcDNA3.1 plasmids (GeneOracle, Santa Clara, California, 
USA). Next, COS7 cells were cotransfected with combina-
tions of individual plasmids and then pulsed with WT or 
mutant 25- mer EEDH189N peptide for 2 hours. Following 
an overnight coculture with TCR- transduced T cells, IFN-γ 

ELISA was performed. To assess EED gene recognition, 
cotransfection with plasmids encoding the WT or mutant 
EED genes was performed instead of peptide pulsing.

Statistical analyses
Statistical analyses were performed on GraphPad Prism 
7.0 software (GraphPad Software, La Jolla, California, 
USA). When applicable, data were expressed as mean±SD.

RESULTS
Study patients
The five patients in this study were referred to the NIH for 
management of EGFRvIII- positive glioblastoma (online 
supplemental table 1). The PBMCs used for neoantigen 
screening were obtained via leukapheresis, which was 

Figure 1 In vitro stimulated memory CD4+ T cells from Patient 1 screened positive for recognition of mutant 25- mer peptide 
pools. (A) An example of memory T cell sorting from patients’ PBMCs. Each sorted CD8+ and CD4+ group (unshaded areas) 
comprised of central memory (TCM; CD62L+CD45RO+), effector memory (TEM; CD62L-CD45RO+) and effector memory re- 
expressing CD45RA (TEMRA; CD62L-CD45RO-) subpopulations. Contour plots were gated on live CD3+ cells. (B) Experimental 
outline describing IVS of memory T cells with TMGs and PPs that represented cancer- specific mutations. Memory CD8+ T 
cells were stimulated with TMGs and—cell numbers permitting—PPs; memory CD4+ cells were stimulated with PPs. A pool 
of viral peptides (CEFX) was used alongside PPs as a control. (C) Memory CD8+ and CD4+ cells, stimulated with individual 
TMGs or PPs (indicated on the x axis), were screened for recognition of a panel of TMGs or PPs (boxed legend). Results of 
IFN-γ ELISPOT are depicted. Sterile water alone (Mock) and DMSO were used as negative controls for TMG and PP testing, 
respectively. PMA/ionomycin (PMA) was used as a positive control. (D) Supernatants of PP2- stimulated CD4+ T cell cocultures 
with DMSO and PP2 were harvested from the IFN-γ ELISPOT plate in (C) and were subjected to a multiplex assay for GM- CSF, 
TNF-α, granzyme B, IL-2, IL-4, IL-5, IL-10 and IL-13. Data represent average reads from duplicate coculture wells; error bars 
represent SD. IFN-γ concentration could not be accurately assessed in the multiplex assay due to sequestration of this cytokine 
on the IFN-γ ELISPOT plate. IVS, in vitro stimulation; PBMC, peripheral blood mononuclear cell; PP, peptide pool; TMG, tandem 
minigene.

https://dx.doi.org/10.1136/jitc-2021-002882
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performed before the administration of anti- EGFRvIII 
CAR T cells.

Concurrently, FFPE tumor biopsies were obtained from 
the referring institutions and were subjected to WES. For 
Patient 1, a freshly resected tumor sample, obtained after 
CAR T cell administration, was added to the analysis. In the 
entire cohort, WES revealed between 71 and 115 nonsyn-
onymous mutations per tumor (online supplemental 
table 1), in accordance with a previous report.22 These 
mutations, which consisted predominantly of SNVs, with 
a minor fraction of INDELs, were incorporated into TMG 
and PP screening libraries (online supplemental table 2).

Memory T cells from Patient 1 screened positive for 
recognition of peptide pools representing candidate 
neoantigens
To explore whether neoantigen- reactive T cells can be 
isolated from patients with glioblastoma, we used an IVS- 
based method that previously resulted in enrichment 
of such cells from the blood of patients with gastroin-
testinal malignancies.16 To this end, memory CD8+ and 
CD4+ T cells were first sorted from patients' PBMCs based 
on CD62L and CD45RO expression (figure 1A, online 
supplemental table 3). The naïve T cells were excluded 
from this procedure in an attempt to assess only the phys-
iologically relevant anticancer T cell responses. Next, 
sorted memory T cells were stimulated with TMGs or PPs 
(figure 1B), with the goal to expand the reactive cells and 
thereby facilitate their detection. Finally, the stimulated T 
cells were screened for recognition of the cognate TMGs 
and PPs.

As indicated in figure 1C, stimulated memory CD4+ 
(mCD4+) T cells from Patient 1 exhibited increased IFN-γ 
production in response to PP1 and PP2. However, only the 
PP2 response could be reproduced with HPLC- purified 
peptides (not shown). This response was also associated 
with increased production of granulocyte- macrophage 
colony- stimulating factor (GM- CSF) and granzyme B 
(figure 1D). Concurrently, no significant 4- 1BB upreg-
ulation was detected (not shown), suggesting that the 
frequency of PP2- reactive cells in the tested population 
was very low.

Following the IVS, memory T cells from Patients 2, 3 
and 4 did not recognize any of the tumor- specific muta-
tions (online supplemental figure 1). Cells from Patient 5 
demonstrated poor expansion after the initial stimulation 
and thus could not be tested.

A TCR expressed by memory CD4+ T cells from Patient 1 
specifically recognized a neoantigen derived from mutated 
EED gene
After the initial screen, PP2- reactive mCD4+ cells from 
Patient 1 were cocultured with autologous B cells pulsed 
with either DMSO or PP2 and then subjected to an IFN-γ 
capture assay. As indicated in figure 2A, 0.44% of CD4+ 
cells produced IFN-γ in response to PP2, while 0.03% did 
so in response to DMSO.

Next, captured IFN-γ+CD4+ cells were sorted and 
subjected to single- cell TCR sequencing. The analysis of 
productive TCR sequences revealed two predominant T 
cell clones, bearing either TCR1 or TCR2 (figure 2B). 
Only the TCR2 was detected exclusively within the PP2- 
stimulated IFN-γ+CD4+ population, although at a low 
frequency (3/32 cells).

In order to determine the function of these TCRs, 
allogeneic PBMCs were transduced with either TCR1 
or TCR2 and then tested for recognition of individual 
peptides from PP2. As indicated in figure 2C, TCR1 did 
not recognize any of the candidate peptides, suggesting 
that the cells harboring this receptor were activated in a 
non- specific fashion. However, TCR2 recognized a 25- mer 
peptide ( PITMQCIKHYVG N GNAINELKFHPR) derived 
from Embryonic Ectoderm Development gene that 
contained a histidine- to- asparagine mutation (EEDH189N). 
TCR- Vß deep sequencing of unstimulated PBMCs from 
Patient 1 confirmed that cells harboring this receptor 
were indeed derived from memory but not the naïve T 
cell subsets in the peripheral blood (online supplemental 
figure 2A).

Next, several analyses were performed to verify that 
EEDH189N truly exhibited properties of a cancer neoan-
tigen. First, EED gene expression was confirmed in 
Patient 1’s freshly resected tumor sample by RNA- seq 
(online supplemental figure 2B). Its expression pattern 
could not be assessed due to the lack of simultaneous 
multiregion tumor sampling. However, in a WES- based 
clonality analysis of a single tumor biopsy, the fraction of 
cancer cells predicted to harbor the EEDH189N mutation 
was 0.99, indicating that this mutation was clonal in at 
least one tumor region.

Second, specificity of EEDH189N recognition was veri-
fied after coculturing TCR2- transduced T cells from two 
unrelated donors with Patient 1’s B cells that were pulsed 
with either EEDH189N peptide or its WT counterpart ( 
PITMQCIKHYVG H GNAINELKFHPR). As indicated in 
figure 2D, TCR2- transduced cells from both donors recog-
nized only the EEDH189N in a dose- dependent manner.

Third, MHC- restricted recognition of EEDH189N was 
confirmed by coculturing TCR2- transduced T cells with 
COS7 cells that were first transfected with pairs of plas-
mids encompassing all MHC- II molecules identified in 
Patient 1 and were then pulsed with WT or EEDH189N 
25- mer peptides. As indicated in figure 2E, IFN-γ produc-
tion was detected only when the COS7 cells were pulsed 
with EEDH189N in presence of both HLA- DRA1*01:01 and 
HLA- DRB3*02:02:01.

Finally, the ability of EEDH189N to be processed and 
presented on the cell surface MHC- II molecules was 
confirmed by coculturing TCR2- transduced T cells with 
COS7 transfected with plasmids encoding the HLA- 
DRA1*01:01 and HLA- DRB3*02:02:01, as well as the full- 
length WT or MUT EED genes. As indicated in figure 2F, 
IFN-γ production was detected only in presence of both 
HLA and EEDH189N genes.

https://dx.doi.org/10.1136/jitc-2021-002882
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DISCUSSION
In this study, we isolated memory T cells from the 
blood of five patients with refractory glioblastoma and, 
following an IVS, tested them for recognition of tumor- 
specific mutations (SNVs and short INDELs). This led to 
the discovery of a rare mCD4+ T cell clone from Patient 
1 that expressed an HLA- DRB3*02:02- restricted TCR, 
which specifically recognized a neoantigen derived from 
mutated EED gene (EEDH189N).

EED is a ubiquitously expressed protein that serves as 
an essential component of polycomb repressive complex 
2 (PRC2), which mediates gene silencing through 
histone methylation. EED deletions and inactivating EED 
mutations, which may hinder the PRC2 function, have 
been previously reported in several cancers, including 

glioblastoma.23 However, the oncogenic repercussions of 
the EEDH189N mutation remain unknown.

Among 393 patients in the TCGA glioblastoma 
dataset (TCGA- GBM), EED mutations were reported in 
only two cases (https://www. cancer. gov/ tcga). Neither 
of them had the EEDH189N mutation, which thus appears 
unique to Patient 1 in our study. This is consistent with 
our previous findings in other cancer types, where the 
vast majority of immunogenic mutations were found to 
be unique and not shared among the patients.20 24 25 T 
cell- mediated targeting of such mutations, which can 
be discovered only by performing personalized neoan-
tigen screens, has been shown to provide durable clin-
ical benefits in patients with select metastatic solid 
tumors.26 27

Figure 2 A TCR expressed by memory CD4+ T cells from Patient 1 demonstrated specific recognition of tumor- specific 
EEDH189N mutation. (A) PP2- stimulated CD4+ T cells were cocultured with B cells pulsed with DMSO or EEDH189N 25- mer 
peptide and then subjected to an IFN-γ capture assay. Dot plots, gated on live CD4+ lymphocytes, indicate the percentage of 
IFN-γ+ CD4+ lymphocytes in the respective cocultures. (B) The results of single- cell sorting and TCR sequencing performed on 
the populations indicated in (A). The number of cells in each population is listed. CDR3 sequences used to identify TCR1 and 
TCR2 are indicated in parentheses. (C) Allogeneic donor T cells transduced with TCR1 or TCR2 were cocultured with B cells 
pulsed with individual 25- mer peptides from PP2. Results of IFN-γ ELISPOT are depicted. (D) TCR2- transduced T cells from 
two different donors were cocultured with autologous B cells pulsed with serial dilutions of either WT or mutated (MUT) HPLC- 
purified EED peptide. IFN-γ concentration was measured in coculture supernatants by ELISA. (E) COS7 cells were transfected 
with all possible combinations of plasmids encoding MHC class II molecules specific to Patient 1. Next, they were pulsed for 
2 hours with WT or MUT EED peptide, followed by a coculture with TCR2- transduced T cells. Results of IFN-γ ELISA are shown. 
Data represent average reads from duplicate coculture wells; error bars represent SD. (F) COS7 cells were transfected with 
plasmids encoding full- length WT and MUT EED protein, with or without plasmids encoding MHC- II restriction elements for 
TCR2 (HLA- DRA1*01:01 and HLA- DRB3*02:02:01) identified in (E). This was followed by a coculture with TCR2- transduced T 
cells. Results of IFN-γ ELISA are shown. Data represent average reads from duplicate coculture wells; error bars represent SD. 
For (D)–(F), a representative of at least two independently performed experiments is shown. HPLC, high- performance liquid 
chromatography; TCR, T- cell receptor; WT, wild type.

https://www.cancer.gov/tcga
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The discovery of EEDH189N- reactive memory T cells 
provides evidence that the immune system can mount 
a natural T cell response against a glioblastoma- specific 
neoantigen. Due to the limited scope of our study, the 
role of this response in cancer immunosurveillance 
remains unclear, as does the mechanism that led to its 
induction. It may have occurred following the in situ 
phagocytosis of tumor cells by the specialized APCs (eg, 
microglia), or following the phagocytosis of tumor cells 
that have emigrated from the tumor site by the APCs in 
the deep cervical lymph nodes.

In contrast to this endogenous T cell response, previous 
studies have successfully elicited in vivo T cell responses 
by vaccinating glioblastoma patients with peptides repre-
senting selected mutations unique to their tumors.4–6 
However, such responses may not represent naturally 
occurring immune reactions against the tumor, and it 
remains uncertain whether the T cells that mediate them 
can be successfully used for therapy.

Due to its small size, this study cannot be used to accu-
rately determine the proportion of all patients with glio-
blastoma who harbor neoantigen- reactive T cells in their 
blood. The low prevalence reported here (1/5 patients) 
appears lower than the prevalence (5/8 patients) 
reported in a study that explored the same IVS method 
in patients with gastrointestinal malignancies.15 This 
discrepancy could be due to strong T cell suppression that 
characterizes glioblastoma,28 but other factors could also 
possibly have affected the results. For instance, the use of 
limited tumor biopsies for WES may have prevented the 
capture of all potentially immunogenic mutations due to 
the marked intratumoral heterogeneity that hallmarks 
glioblastoma. Furthermore, PBMCs from Patients 3 and 
4 were obtained while the patients were receiving dexa-
methasone, an agent known to adversely affect the T cell 
function in this disease.29

In addition to the established therapeutic benefits 
of adoptively transferred CD8+ T cells directed against 
MHC- I neoantigens,30 targeting MHC- II neoantigens with 
CD4+ cells can also be efficacious. For instance, adminis-
tration of neoantigen- reactive CD4+ T cells to a patient 
with metastatic cholangiocarcinoma, a malignancy char-
acterized by largely negative or heterogeneous MHC- II 
expression,31 has led to a durable, near complete tumor 
destruction.26 However, the mechanisms that would allow 
such responses in cancer types without strong MHC- II 
expression, including the glioblastoma, remain unclear. 
They may involve therapy- induced APC trafficking into 
the tumor with subsequent antigen cross- presentation 
onto MHC- I molecules, or recognition of new antigens, 
presented by either MHC class I or II molecules (so called 
“antigen spreading”), or MHC- II upregulation on the 
tumor cells induced by in vivo secreted IFN-γ. In support 
of the latter, IFN-γ was shown to upregulate MHC- II 
expression and presentation of an unmutated antigen in 
glioblastoma cell lines.32

To establish the true prevalence and characteristics 
(eg, CD8+ vs CD4+) of neoantigen T cell responses in 

glioblastoma, peripheral blood of a larger number of 
patients could be tested using the IVS, preferably in the 
absence of steroid treatment. Furthermore, tumor infil-
trating lymphocytes, which can be successfully grown 
from glioblastoma specimens obtained by surgery,33 could 
also be tested for neoantigen recognition.

In summary, we report a successful isolation of cancer 
neoantigen- reactive memory T cells from the blood of 
a patient with glioblastoma, a cancer hallmarked by its 
immunosuppressive properties. This finding provides 
a rationale for further efforts to investigate neoantigen 
responses in these patients and to potentially develop 
neoantigen- directed T cell therapies for their treatment.
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