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ABSTRACT
◥

Purpose: Cytomegalovirus (CMV) antigens occur in glioblas-
toma but not in normal brains, making them desirable immu-
nologic targets.

Patients and Methods: Highly functional autologous poly-
clonal CMV pp65-specific T cells from patients with glioblastoma
were numerically expanded under good manufacturing practice
compliant conditions and administered after 3 weeks of lympho-
depleting dose-dense temozolomide (100 mg/m2) treatment. The
phase I component used a 3þ3 design, ascending through four
dose levels (5 � 106–1 � 108 cells). Treatment occurred every
6 weeks for four cycles. In vivo persistence and effector function of
CMV-specific T cells was determined by dextramer staining and
multiparameter flow cytometry in serially sampled peripheral
blood and in the tumor microenvironment.

Results: We screened 65 patients; 41 were seropositive for
CMV; 25 underwent leukapheresis; and 20 completed ≥1 cycle.
No dose-limiting toxicities were observed. Radiographic response

was complete in 1 patient, partial in 2. Median progression-free
survival (PFS) time was 1.3 months [95% confidence interval
(CI), 0–8.3 months]; 6-month PFS was 19% (95% CI, 7%–52%);
and median overall survival time was 12 months (95% CI,
6 months to not reached). Repeated infusions of CMV-T cells
paralleled significant increases in circulating CMVþ CD8þ T
cells, but cytokine production showing effector activity was
suppressed, especially from T cells obtained directly from glio-
blastomas.

Conclusions: Adoptive infusion of CMV-specific T cells after
lymphodepletion with dose-dense temozolomide was well toler-
ated. But apparently CMV seropositivity does not guarantee
tumor susceptibility to CMV-specific T cells, suggesting hetero-
geneity in CMV antigen expression. Moreover, effector function
of these T cells was attenuated, indicating a requirement for
further T-cell modulation to prevent their dysfunction before
conducting large-scale clinical studies.

Introduction
Cytomegalovirus (CMV) is a B-herpes virus that is very common in

humans and leads to asymptomatic infection followed by viral per-
sistence and latency. Seroprevalence is over 60% (1) in adults and is

associated with a strikingly high fraction (10% or more) of circulating
T lymphocytes targeting CMV (2). Use of tetramers has shown that
pp65 is recognized by a high fraction of T cells (3). CMV antigens have
shown very frequent expression in glioblastoma (>90%) but not
normal brain (4, 5). Previously, patients with glioblastoma treated
with an autologous tumor lysate-pulsed dendritic cell (DC) immu-
notherapy were shown to have robust CMV-specific CD8þ T-cell
responses to the pp65 CMV immune-dominant epitope (6), indicating
that this epitope was capable of generating immune reactivity in
patients with glioblastoma.

The safety and potential clinical efficacy of an autologous CMV-
specific T-cell therapy as consolidative treatment for recurrent glio-
blastoma was previously found to be safe and produced a median
overall survival (OS) time of 403 days (7). Whereas some patients
showed a small increase in virus-specific T cells in the peripheral blood
after the first few infusions, this effect was transient. Although this
study provided a proof-of-principle assessment of adoptive T-cell
immunotherapy in glioblastoma, a number of limitations in the study
designmay have contributed to the transient responses: (i) only CMV-
specific CD8þ T cells were infused, without the concurrent transfer of
CD4þ Th cells, with the latter population being crucial for the
maintenance of tumor antigen–specific CD8þ T-cell populations; (ii)
T cells were numerically expanded in the presence of IL2, which is also
likely to support the expansion of Foxp3-positive regulatory T cells,
leading to further inhibition of the expansion, cytotoxicity, and
persistence of adoptively infused CMV-specific CD8þ T cells
in vivo; (iii) the patients included in this study did not receive uniform
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chemotherapy prior to T-cell therapy to provide the benefit of in vivo
clonotypic expansion; and (iv) no tissue correlates were included to
evaluate the direct immunologic effects after intravenous administra-
tion of CMV-stimulated T cells.

Further support for considering a CMV immunotherapy strategy
comes from a phase II clinical trial of patients newly diagnosed with
glioblastomawhowere treated with autologous DCs pulsed with CMV
mRNA pp65. This demonstrated an unprecedented progression-free
survival (PFS) time andOS time inwhich themedian survival exceeded
40 months in a small cohort of subjects (8). However, dendritic cell
approaches entail complex and expensive processing.

Use of donor-derived antigen-specific T cells is routinely used for
immune reconstitution in transplant patients (9, 10) and has been
studied in phase I and II trials. To be suitable for clinical applications,
the cells used for adoptive T-cell transfer must be virus-specific T cells
generated by in vitro induction and which were numerically expanded
from a small number of precursor cells, over a short time in culture,
under highly reproducible conditions, and in accordance with good
manufacturing practices (GMP). Most protocols for the generation of
virus-specific T cells use peptide-loaded monocyte-derived DCs,
artificial antigen-presenting cells (APC), or CMV-infected immature
DCs as stimulator cells. However, these protocols are difficult to
standardize and often laborious to adapt toGMP conditions. Tetramer
expansion approaches are limited by the availability of tetramers for
uncommon HLA types and a lack of class II tetramers. Capture of T
cells that secrete cytokines in response to stimulation with viral
antigens allows for rapid T-cell selection without HLA restriction,
but the process is inefficient and produces small numbers of selected
cells, impeding the product characterization essential to a later phase
clinical study (11).

We developed a GMP-compliant strategy to rapidly generate a
single preparation of polyclonal (CD4þ and CD8þ) T cells against
CMV from the peripheral blood of patients with glioblastoma. CMV-
specific T cells can be rapidly produced (10 days) by a single stim-
ulation of donor peripheral blood mononuclear cells (PBMC) with a
peptidemixture spanning the CMVpp65 antigen in the presence of the
potent prosurvival cytokines IL2, IL4, and IL7. These numerically
expanded CMV-specific T cells are highly functional, produce effector
cytokines in response to stimulation with CMV antigen, express
normal levels of eomes and T-bet, and upregulate expression of
CXCR3, a chemokine receptor important for T-cell homing to the
central nervous system (CNS). To achieve lymphodepletion in these
patients, which would allow for in vivo clonotypic expansion, we
pretreated the patients with dose-dense temozolomide. In addition to
instituting a uniform lymphodepleting preparative chemotherapy
regimen prior to T-cell therapy, the infused CMV-specific T cells

were evaluated for in vivo persistence and effector function in both the
peripheral blood and in the glioblastoma microenvironment.

Patients and Methods
Human subjects research

All studies were conducted in accordance with the Declaration of
Helsinki. The studies were performed after approval by TheUniversity
of Texas MD Anderson Cancer Center (MD Anderson) Institutional
Review Board (Houston, TX). All subjects gave fully informed and
written consent for participation.

Autologous anti-CMV glioma-targeting assessments prior to
clinical trial initiation

To clarify the cytotoxicity of the CMV-targeting T cells in patients
receiving standard-of-care therapy, 20 patients with glioblastomawere
recruited fromMD Anderson. PBMCs were purified with Histopaque
(Sigma-Aldrich) for density gradient separation. Freshly resected
glioblastoma tissue was minced into small pieces using a scalpel,
dissociated using a Pasteur pipette, and enzymatic digestion with a
mixture of collagenase I and collagenase II (Liberase TM, Roche) for 45
minutes at 37�C. The tumor-infiltrating lymphocytes (TIL) were then
isolated by density gradient centrifugation using Percoll (GE Health-
care). After centrifugation, the cells were collected, filtered through a
70-mmNylon Strainer (BD Biosciences), washed, and counted using a
Cellometer (NexelomBioscience). Patients were screened for HLA-A2
positivity by flow cytometry using an anti-HLA-A2 FITC Antibody
(Thermo Fisher Scientific). HLA-A2–positive patients (13/20) were
stained for CMV-specific CD8 T cells using a Dextramer CMV-
monitoring PE Antibody (Immudex) that recognizes CMV peptides
presented in the context of HLA-A�0201. Autologous CMV-specific T
cells were numerically expanded from the peripheral blood of 12
patients (Table 2), whereas the matching glioblastoma stem cells
(GSC) were generated from tumor tissue as described previously (12).
For in vitro functional studies against autologous tumor cells, the IFNg
Secretion Assay-Cell Enrichment and Detection Kit (Miltenyi Biotec)
was used according to the manufacturer's instructions to enrich the
CMV-specific T-cell population.

Chromium release assay
Gamma catch-enriched CMV-specific T-cell cytotoxicity was

assessed using the chromium (51Cr) release assay. Briefly, autologous
GSC target cells were labeled with 51Cr (PerkinElmer Life Sciences) at
50 mCi/5 � 105 cells for 2 hours. 51Cr-labeled GSC targets (5 � 105)
were incubated for 4 hours with serially diluted CMV-specific T cells in
triplicate. After centrifugation, the supernatants were harvested and
analyzed for 51Cr content.

T-cell cytokine release assay
CMV-specific T cells were cocultured for 5 hours with either

20 mL/mL of CMV pp65 Peptide Mix (Miltenyi Biotec) or autologous
GSC target cells at an optimized effector:target ratio of 5:1, together
with CD107a PE-CF594 (BD Biosciences), Monensin (BD
GolgiStopTM), and BFA (Brefeldin A, Sigma Aldrich). Cells were
also incubated without targets as the negative control and stimulated
with phytohemagglutinin (PHA; 50 ng/mL, Sigma Aldrich) as the
positive control. Cells were collected, washed, and stained with surface
antibodies (CD3-BV650, CD4-APC-Cy7, andCD8-FITC; all fromBD
Biosciences), fixed/permeabilized (BD Biosciences), and stained with
the IFNg v450 antibody.

Translational Relevance

Immune effector function of cytomegalovirus (CMV)-specific
T cells within patients with glioblastoma, including the tumor
microenvironment, was analyzed and showed that their immune
activity was significantly blunted, indicating that additional mod-
ulation will be required to obtain antitumor effector responses.
Only some patients show an antitumor function of autologous
CMV-specific T cells despite an adequate CMV-specific response,
highlighting the need for prognostic indicators to assist in future
patient selection.
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Study design and participants
NCT02661282 was an open-label, single-arm 3þ3 phase I dose

escalation trial conducted at MD Anderson in patients with recurrent
glioblastoma followed by a phase II dose expansion trial in patients
with recurrent glioblastoma (with a planned resection) and in patients
with newly diagnosed glioblastoma. The patients had to be at least
18 years old, have histologically confirmed glioblastoma, a Karnofsky
performance scale (KPS) score ≥60, prior radiation therapy and
chemotherapy, and be CMV seropositive. For the phase I dose
escalation component, patients could have had any number of prior
relapses. No study patient was allowed to be receiving steroids for at
least 5 days prior to the CMV-specific T-cell infusion. For the
expansion cohort with a planned resection, MRI evidence of recur-
rence was defined as progressive or new contrast enhancement after
initial radiotherapy plus concurrent and adjuvant temozolomide
treatment, with a minimal volume of 1 cm3 of contrast enhancement.
A minimum period of 12 weeks after concurrent temozolomide
treatment and radiotherapy and 2 weeks beyond any prior treatment
was required prior to the initiation of study treatment. Participants
previously treated with bevacizumab, implanted chemotherapy, or
who were receiving other investigational agents or concurrently using
optune, were excluded. Patients were required to have adequate renal,
hepatic, and bone marrow function, including an absolute neutrophil
count (ANC) >1,500 cells per mL, a hemoglobin concentration of
≥90 g/L, and a platelet count >100,000 per mL. Patients with immu-
nodeficiency or with a known history of human immunodeficiency
virus or hepatitis were excluded. Pregnant women were not eligible.
Approval for the study was granted through the Institutional Review
Board at MD Anderson, and all patients had provided written
informed consent before study entry.

Procedures
To determine the maximum feasible dose (MFD) or maximum

tolerated dose (MTD) of CMV-specific T cells in combination with
dose-dense temozolomide, a 3þ3 design was used to explore four dose
levels of CMV-specific T cells: 5 � 106, 1 � 107, 5 � 107, and 1 � 108

cells. A minimum of 6 patients had to be treated at the MTD or MFD.
Each patient in the dose escalation cohort could receive up to four
doses of CMV-specific T cells and dose-dense temozolomide, but no
intrapatient dose escalation was permitted. A temozolomide lympho-
depleting regimen was selected over the more standard lymphodeplet-
ing regimen using fludarabine and cyclophosphamide due to concerns
regarding the potential CNS toxicity associated with fludarabine.
Dose-dense temozolomide was chosen over standard dose temozolo-
mide due to the higher likelihood of inducing grade 3 or 4 lymphopenia
with a dose-dense over standard dose regimen, which was compared
directly in a randomized phase III clinical trial of patients with
glioblastoma (13) and which was shown to enhance antigen-specific
immune responses in vivo (14, 15). For this trial, no specific threshold
value for lymphodepletion was set. For the patients with recurrent
glioblastoma in the dose escalation cohort, the median absolute
lymphocyte count (ALC) was 1.19 (0.59–2.77) at baseline. Themedian
ALC values on day 22 decreased with cumulative cycles of dose-dense
temozolomide exposure. Lymphopenia did not correlate with PFS.
Cycles of dose-dense temozolomide could be continued beyond the
fourth dose if the patient was receiving benefit from therapy, for up to
12 cycles. Patients who fulfilled eligibility criteria underwent PBMC
collection on day 0 via leukapheresis. After leukapheresis, patients
began treatment for 21 dayswith dose-dense temozolomide at a dose of
100mg/m2/day. On day 22 (�2 working days), the patients underwent
adoptive CMV-specific T-cell transfer (at a dose level assigned by

cohort; Fig. 2A). The CMV-specific T cells were administered intra-
venously over approximately 1 minute, followed by a 250 mL saline
flush. None of the subjects had concurrently administered temozolo-
mide and adoptive CMV-specific T cells. Patients were pretreated with
diphenhydramine and acetaminophen by mouth prior to T-cell
infusion. Premedication with steroids was not allowed. Patients then
received an additional three cycles of dose-dense temozolomide
followed by CMV-specific T-cell infusions at a fixed dose of CMV-
specific T cells. Cycles were defined as every 42 days (first four cycles).
After they received a total of four cycles of dose-dense temozolomide
followed by CMV-specific T-cell infusion, participants could continue
on 42-day cycles of dose-dense temozolomide alone until tumor
progression was observed, as long as there were no unacceptable
toxicities. Responses were assessed by clinical examination and MRI
scans every 6 weeks (i.e., after each cycle).

During the phase II component, for patients with recurrent glio-
blastoma who were undergoing resection, surgery was scheduled on
day 30 (�2 working days), which was 7 days after the CMV-specific
T-cell infusion. In the postsurgery phase, subsequent cycles of dose-
dense temozolomide and CMV-specific T cells were administered on
day 22 (�2 working days) for a total of three cycles at the MFD
(Fig. 2B). Patients started these subsequent cycles 2weeks after surgery
provided that: they had fully recovered from any perioperative com-
plications, KPS score was ≥60, and hematologic and organ function
values were adequate to undergo chemotherapy. A patient could
remain on dose-dense temozolomide administration until tumor
progression occurred, as long as there were no unacceptable toxicities,
or until the completion of 12 cycles. The brain MRI obtained within
48 hours after surgical resection was considered the baseline MRI for
evaluation of treatment response.

For the phase II expansion cohort in newly diagnosed glioblastoma,
patients had to have completed external beam radiotherapy in com-
bination with temozolomide administration within 5 weeks prior to
accrual to this study. After a total of four cycles of dose-dense
temozolomide followed by CMV-specific T-cell infusion, participants
could continue to receive standard dose temozolomide (200 mg/m2

days 1–5 every 28 days; i.e., 28-day cycles starting in cycle 5) until
tumor progression occurred, as long as there were no unacceptable
toxicities, or until completion of a total of 12 cycles of treatment
(whichever occurred first). Responses were assessed by clinical exam-
ination and MRI scans every 6 weeks during the four cycles of dose-
dense temozolomide administration combined with CMV-specific
T-cell infusions, and every 8 weeks during treatment with standard
dose temozolomide (at the beginning of each odd cycle, i.e., cycles 7, 9,
and 11). The brain MRI following completion of standard concurrent
chemoradiation was considered the baseline MRI for evaluation of
treatment response.

Toxic effects were assessed at baseline and before each cycle.
Adverse events (AE) were measured according to the NCI's Common
Terminology Criteria for Adverse Events, version 4.03. If any treat-
ment-related nonhematologic AE observed was grade >2 (except
alopecia, nausea, or vomiting) and/or if platelet counts were <50 �
109/L and/or ANC was <1 � 109/L, then the temozolomide dose was
reduced by one level. Patients who required more than two dose
reductions had their treatment stopped. If any treatment-related
nonhematologic AE observed was grade 4 (except alopecia, nausea,
or vomiting), dose-dense temozolomide treatment was stopped. Treat-
ment was continued for up to 12 cycles of temozolomide or until
objective disease progression occurred, intercurrent illness prevented
further drug administration, unacceptable AEs occurred, dose delays
of more than 6 weeks (or more than two dose delays for the same AE)
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occurred, or consent was withdrawn. Patients were replaced who did
not receive the CMVproduct secondary tomanufacturing failure, who
were unable to complete the first cycle of treatment for reasons other
than toxicity or progression, or who, if enrolled in the dose expansion
groups, were unable to proceed to surgery.

Generation of CMV-specific T cells
PBMCs from the leukapheresis product were pulsed for 2 hours

with peptides whose amino acid sequence overlapped that of the
CMV pp65 antigen (JPT) at a concentration of 1.78 mg/mL in
cytokine-free medium. Peptide-pulsed cells were cultured for
14 days in equal volumes of RPMI1640 and CLICKS-EHAA media,
supplemented with 10% Human AB Serum, 2 mmol/L of GlutaMax,
IL4 (10 ng/mL), and IL7 (10 ng/mL) every 3 days. After 14 days
of expansion, the frequencies of CMV-specific T cells were deter-
mined by intracellular cytokine assay, and the cells were harvested
and cryopreserved until used. Clonotypic ex vivo expansion of
CMV-specific T cells obtained by leukapheresis from patients
with glioblastoma could comprise up to 45% of all T cells, but for
most subjects, the CMV-specific frequency was less than 5% of the
total T-cell composition. Nonetheless, the absolute number of
CMV-specific T cells generated during expansion was sufficient to
reach the MTD/MFD of 1 � 108 cells.

Immune system monitoring
Immune system monitoring was performed on peripheral blood

samples collected from patients before and (at multiple time points)
after CMV-specific T-cell infusions. In brief, 2 � 105 patient-derived
PBMCs were stimulated in a round-bottomed 96-well tissue culture
plate with 1 mg/mL of CMVpp65 pepmix for 6 hours at 37�C in
cytokine-free medium supplemented with 10% human serum albu-
min, and 1% L-glutamine. BFA (Sigma, 25 mg/mL) was added for the
last 5 hours of culture. The CD107a-PECF-594 antibody (cloneH4A3,
BD Biosciences) was added for the entire period of stimulation.
Unstimulated or PHA (Sigma, 20 mg/mL) stimulated cells were used
as negative and positive controls, respectively. Cells were then har-
vested, washed, and incubated with BV510-tagged viability dye
(Invitrogen) in PBS for 20 minutes at room temperature. Next, cells
were washed in flow cytometry buffer containing PBS with 1% heat-
inactivated FBS (Gibco BRL) and stained with the following anti-
bodies: CD3-BUV 395 (clone SK7, BD Biosciences), CD8-APC-H7
(clone SK1, BD Biosciences), and CD4-BV785 (clone RPA T4, Bio-
Legend) for 20 minutes in the dark. Cells were then washed, fixed, and
permeabilized in Cytofix/Cytoperm Buffer (BD Bioscience), followed
by intracellular cytokine staining using the following antibodies:
IFN-g-BV605 (clone B27, BioLegend), TNF-a AF488 (clone Mab
11, BioLegend), and IL2-APC-R700 (clone MQ1-17H12, BD Bios-
ciences). In addition, CMV-specific CD8þ T cells were identified and
enumerated using the Dextramer CMV Monitoring Kit (Immudex),
which has received a FDA 510(k) clearance for in vitro diagnostic use,
and which recognizes CMV peptides presented in the context of the
following HLA-gene products: A�0101, A�0201, A�0301, A�2402,
B�0702, B�0801, and B�3501. Upon dextramer staining, cells were
also stained with anti-PD1-BV421 (clone EH12, BD Biosciences) and
anti-TIGIT–APC (clone MBSA43, Invitrogen) antibodies for check-
point markers and CD45RA-BV711 (clone HI100, BioLegend) and
CCR7-BV605 (clone G043H7, BioLegend) to define the maturation
state of the CMV-specific T cells. Samples were analyzed using an X-20
Fortessa Flow Cytometer (BD Biosciences), and all data were analyzed
by FlowJo (TreeStar) software.

Characterization of TILs in glioblastoma
TILs from the brain tissues were prepared by enzymatic digestion

using amixture of collagenase I and collagenase II (Liberase, Sigma) for
45 minutes at 37�C, with repeated dissociation of the tissue by
pipetting. The TILs were then isolated by density gradient centrifu-
gation using percoll. Cells were washed in PBS and the frequencies of
CMV-specific T cells determined by dextramer staining. The expres-
sion of checkpoint markers on TILs was determined by staining for
PD1 and TIGIT, and the intracellular cytokine staining was performed
using the same antibodies and as described in the immune system
monitoring section.

IHC for CMV pp65 antigen
Glioblastomas were formalin fixed and paraffin embedded. Sections

were cut at 5 mm, and the IHC analysis was carried out with the Vector
Laboratories ABC Kit. The primary antibody for pp65 was purchased
from Abcam (ab6503), was diluted at 1:3,200, and incubated on slides
overnight at 4�C.

Outcomes
ToxicitywasmonitoredusingBayesian continuousmonitoring (16),

where the toxicity evaluation endpoint was defined as treatment-
related unmanageable toxicity, including grade 3 or 4 AEs that require
termination of the treatment during cycle one (6weeks). A toxicity rate
of 30% or higher was considered unacceptable. The prior probability of
toxicity was assumed to follow a beta (0.3–0.7) distribution, with 1
patient's worth of information. The toxicity wasmonitored by a cohort
size of four, starting after at least 8 patients had completed toxicity
evaluation (within cycle one). The trial would have been stopped if the
following statementwere true: Pr[toxicity rate> 30% | data]> 0.90. The
early stopping boundaries for toxicity, shown in the format of (the
number of patients with toxicities)/(the number of patients treated)
were≥5/8, 6/12, or 8/16. For the dose expansion cohort of patients with
recurrent glioblastoma, a sample size of 10 would give us 80% power to
detect a difference of any immunologic effects with the effective size of
0.853, using a one-sided paired t test at the significance level of 0.05. For
the dose expansion cohort of patients with newly diagnosed glioblas-
toma, a sample size of 20 ensures that if the trial is not terminated early,
a 90% confidence interval (CI) for a 24-month OS rate would have a
maximum width of 0.184. Patients who were alive without disease
progression or relapse were censored at the time of last contact.

Imaging protocol and imaging response assessment criteria
MRI scanswere acquired on a 1.5 or 3.0 TeslaMRI scanner using the

standard protocol: axial T1-weighted sequence [T1WI; repetition time
(TR), 700 milliseconds; echo time (TE), 12 milliseconds; slice thick-
ness, 5 mm; acquisition matrix 352 � 224]; axial fluid attenuation
inversion recovery (FLAIR) sequence (TR, 10,000 milliseconds; TE,
140 milliseconds; slice thickness, 5 mm; acquisition matrix, 256 �
256); and axial post-contrast T1WI, acquired 5 minutes after the
contrast injection (TR, 750 milliseconds; TE, 13 milliseconds; slice
thickness, 5 mm; acquisition matrix, 384 � 256). The conventional
T1WI and FLAIR sequences were used to assess response to therapy
via the RANO criteria (17). Contrast-enhancing lesions with bidimen-
sionalmeasurements of >1 cmwere considered asmeasureable (index)
lesions, whereas smaller lesions and those with nonenhancing T2/
FLAIR hyperintensity were considered to be nonmeasureable (non-
index) lesions. Patients were categorized on the basis of best response
as having: (i) progressive disease; (ii) stable disease; (iii) partial
response; or (iv) complete response.
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Statistical analysis
Median PFS and OS times from trial registration were estimated by

Kaplan–Meier analyses in the recurrent glioblastoma cohort (n ¼ 16)
that did not undergo surgical resection. AEs were recorded and
tabulated according to type and grade. Mean biomarker expression
values were compared using the Mann–Whitney test. Data were
analyzed using R for Windows, version 3.4.3. with package survival
version 2.41-3 and GraphPad Prism for Windows, version 6.00.

Data sharing
We will make the data collected as part of this study available to

outside investigators, but within the limitations of the Health Insur-
ance Portability and Accountability Act (HIPAA). To maintain com-
pliance with HIPAA regulations, we will execute a data-sharing
agreement with the requestor for a limited use dataset as defined by
the U.S. Department of Health and Human Services. No biological
samples will be released under these proposed mechanisms, due partly
due to confidentiality issues and partly due to the limited nature of
these samples, which are typically depleted upon analysis. Study
protocol and informed consent forms will be made available online
upon publication.

Results
CMV-specific T cells are able to target autologous tumor cells in
a subset of patients with glioblastoma

Prior to clinical trial implementation, we analyzed the ability of
autologous CMV-specific T cells to exert cytotoxic effects on autol-
ogous GSC. Of 22 patients with glioblastoma undergoing surgical
resection between July 2014 and April 2017, 13 were HLA-A2 positive
as determined by flow cytometry. Five of 13 of these patients exhibited
a high intratumoral frequency of CMV-specific T cells (intratumoral
CMV-specific T cells frequency > peripheral blood CMV-specific T
cell frequency) detected using CMV-specific dextramer staining
(Fig. 1A). Despite the high prevalence of CMV-specific T cells in
these patients, when functionality was analyzed, the intratumoral T
cells were unable to respond to stimulation with CMV peptides. IFNg
production was partially recovered with nonspecific T-cell stimulation
using PHA (Fig. 1B). To evaluate the cytotoxic potential of CMV-
specific T cells against glioblastoma, we attempted to numerically
expand CMV-specific T cells from the peripheral blood samples
collected from 12 of 22 patients, and expansion was successful in
11 patients (16.6%–48.5% of IFNg production in response to CMV
peptide stimulation). Autologous GSCs were generated from the
glioblastoma to serve as targets. After 14 days of cell expansion,
gamma catch was performed to isolate the CMV-specific T cells from
the CMV-negative cells. Although the CMV-negative T cells were
unable to kill the autologous glioblastoma cells, 5 of 11 patients
exhibited a significant CMV-specific cytotoxic response against autol-
ogous tumor (CMVþ>CMV�; Fig. 1C). The CMV-specific T cells
showed IFNg production and degranulation (CD107a) in response
to the autologous GSCs (Fig. 1D and E; Pearson correlation: r ¼ 0.9;
P¼ 0.005). After gamma catch, theCMVþT cells exhibited an increase
in cytokine release and degranulation in response to autologous tumor,
while the CMV� T cells did not (Fig. 1E and F). Interestingly, all 11
patients responded to stimulation with CMV peptides regardless of
their ability to kill autologous tumor (Fig. 1G), suggesting variable
presentation of CMV antigens by glioblastoma and the potential
employment of additional immune-evading strategies by GSCs. These
results supported the clinical utilization of CMV-specific T cells for

treatment of glioblastoma, predicting a positive response in about half
of the patients.

Clinical trial
We screened and obtained consent from 65 patients with

glioblastoma between July 2016 and December 2019. Forty patients
were deemed ineligible during screening, 25 underwent leukapher-
esis, and 20 patients were treated. Of the remaining 5 patients, 1 had
progressive disease before the cell infusion could be administered,
and 4 had failure of cell number expansion. For the whole trial
(Fig. 2A and B), CMV-specific T cells could be manufactured for 22
patients with a rate of 26% failed cell number expansions. We were
able to produce four doses for only 30% of patients; thus, the
remainder received 1–3 doses. The MTD was identified as the MFD
of 1 � 108 cells [i.e., no dose limiting toxicities (DLT) occurred
at any of the dose levels]. The cut-off date for data analysis was
January 2, 2020. Table 1 shows the baseline demographic and
outcome data. The median follow-up time for all patients was
12 months (95% CI, 6–14 months). The longest ongoing duration
of response was 39 months. There were no treatment-related deaths;
13 of 16 patients (81%) treated in the dose escalation cohort died
from disease progression. The median PFS time was 1.3 months
(95% CI, 0–8.3 months), and the 6-month PFS was 19% (95% CI,
7%–52%; Fig. 2A and C). The median OS time was 12 months (95%
CI, 6 months to not reached; Fig. 2D), with an estimated 1-year OS
rate of 50% (95% CI, 31%–82%) for these patients.

Of the patients treated with the combination of dose-dense
temozolomide and CMV-specific T cells, the most common AEs
possibly related to dose-dense temozolomide were nausea, con-
stipation, fatigue, and headaches (most grade 2 or lower, except
lymphopenia as expected; Table 2). There were two incidences of
grade 4 thrombocytopenia and neutropenia. There was an inci-
dence of grade 3 seizure and confusion, possibly related to the
T-cell infusion. Patient 23 started a new therapy before the
completion of cycle 1, was thus not evaluable for DLT, and was
replaced in this cohort. There were no treatment-related deaths,
and no patients discontinued the study because of drug-related
toxic effects.

Imaging response
All patients had baselineMRI prior to treatment with CMV-specific

T cells and underwent follow-up MRI for response assessments.
Within the dose escalation cohort, 2 patients at dose level one had
stable disease that exceeded 147 weeks (37 months). Partial radio-
graphic responses were detected in a patient enrolled in cohorts 2
and 4. One patient had a complete response when treated at dose
level 3. This patient's recurrent tumor was resected prior to trial
enrollment, and it showed rapid postoperative contrast enhance-
ment that did not correlate with diffusion-weighted imaging ische-
mia in the immediate postoperative MRI. After the first cycle of
CMV-specific T cells, the patient had complete resolution of the
gadolinium enhancement (Fig. 3). Notably, the long-term respon-
ders (>147 weeks) with stable disease and the patients who had
either partial or complete radiographic responses were all either
positive or indeterminate for O6-methylguanine-DNA methyl-
transferase (MGMT) methylation. The radiographic and outcome
data suggest that a signal of response was present, especially in
patients with glioblastomas that were MGMT methylated. As such,
these responses could not be fully attributed to the adoptive T-cell
immunotherapy.
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Figure 1.

Patientswith glioblastoma receiving standard-of-care therapy had their peripheral blood and their respective glioblastomas analyzed for CMV-specific immunologic
responses.A, Two representative patient samples depicting the frequency of CMV-specific T cells based on dextramer staining inwhich a large population of CD3þ T
CMV-specificT cells is present or absent in thebrain comparedwith the peripheral blood.B,CD3þTcells isolated ex vivo from theglioblastomamicroenvironment of a
patient with 77.6% of CMV-specific T cells in the brain as shown by dextramer staining, but who did not demonstrate expression of markers associated with immune
effector responses such as production of IFNg in response to CMV peptide stimulation. These T cells were less responsive to PHA stimulation than the CD3þ T cells in
thematchedperipheral blood.C,Peripheral bloodCMV-specific T cellswere numerically expanded usingCMVpeptides and the cytokine cocktail for 2weeks. Gamma
catchwas performed after 2weeks to separate the CMV-specific T cells fromother T cells. Autologous GSCswere used as targets in a chromium-release killing assay.
Of 11 patients, 5 showed increased killing of the autologous GSCs by CMV-specific T cells relative to the rest of the T cells (n¼ 11;P¼0.045).D,Cytokine release assay
depicting production of IFNg and T-cell degranulation (CD107a) as markers of immune response in the expanded CMV T cells prior to the gamma catch assay. All
patient samples responded to CMVpeptides; however, similar to the autologous killing assay, only 3 of 8 patients responded to the autologous tumor (n¼ 7).E and F,
Representative (FACS) plots from a patient who had a positive response toward autologous GSCs after CMV-specific T-cell expansion pre- and post-gamma catch
assay. The CMV-specific T-cell pellet post-gamma catch is highly responsive to autologous tumor comparedwith the CMV-negative T-cell pellet and the pre-gamma
catch T cells. G, Representative FACS plots from a patient who did not show a cytotoxic response toward autologous GSCs after CMV-specific T-cell expansion pre-
gamma catch assay.
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Figure 2.

Design and outcomes of phase I/II clinical trial of autologous CMV-specific T cells in patients with glioblastoma.A, Trial schema for the first cycle of treatment for the
dose escalation in the cohort of patients with recurrent glioblastoma (n¼ 16). B, Trial schema for the first cycle of treatment for the patient with surgically resected
recurrent glioblastoma (n ¼ 1). C, PFS time based on radiographic evidence of tumor recurrence in terms of gadolinium-contrast enhancement seen on magnetic
resonance images for patients with recurrent glioblastoma treated with CMV-specific T cells (n¼ 16). D, The OS time of patients with recurrent glioblastoma treated
with CMV-specific T cells (n ¼ 16).

Table 1. Demographic and outcome data of patients with recurrent glioblastoma treated with CMV-specific T cells.

Enrollment
number

Age
at
DX KPS Histology

IDH1
mutant MGMT status

Dose of
CMV
T cells

Cycles
of TMZ

Prior
relapses

PFS
(weeks)

MRI
response

Reason
off
study

Survival
weeks

F/U
date

Phase I dose escalation in patients with recurrent glioblastoma with dose expansion
1 64 70 rGBM Neg Pos 5 � 106 4 1 167 SD CO 182 1/2020
2 59 90 rGBM Neg Pos 5 � 106 4 1 169 SD CO 174 1/2020
3 53 100 rGBM Neg Unknown 5 � 106 1 2 0 PD PD 11 Died
7 61 100 rGBM Unknown Undetermined 1 � 107 4 1 36 PR CO 61 Died
13 27 100 rGBM Neg Neg 1 � 107 1 1 0 PD PD 70þ Lost to f/u
14 28 90 rGBM Neg Pos 1 � 107 1 2 0 PD PD 10 Died
16 44 100 rGBM Pos Pos 5 � 107 4 1 20 CR CO 42 Died
19 52 100 rGBM Unknown Pos 5 � 107 2 1 5 SD PD 22 Died
20 36 90 rGBM Neg Undetermined 5 � 107 1 2 0 PD PD 45 Died
23 50 90 rGBM Neg Neg 1 � 108 1 2 0 PD PD 24 Died
24 28 90 rGBM Pos Undetermined 1 � 108 1 1 9 PR PD 61 Died
25 49 100 rGBM Neg Neg 1 � 108 2 1 6 SD PD 36 Died
27 57 90 rGBM Neg Neg 1 � 108 3 1 17 SD PD 55 Died
29 68 70 rGBM Neg Neg 1 � 108 1 1 0 PD PD 56 Died
30 59 90 rGBM Neg Unknown 1 � 108 1 3 0 PD PD 17 Died
31 40 100 rGBM Neg Pos 1 � 108 4 1 18 SD CO 64 Died

Newly diagnosed glioblastoma cohort treated at the MTD/MFD
40 53 90 GBM Neg Pos 1 � 108 4 0 20 SD CO 24 11/2019
42 63 80 GBM Neg Neg 1 � 108 2 0 19 SD Note 1 24 1/2020
49 55 90 GBM Neg Pos 1 � 108 2 0 9 SD Note 2 13 12/2019

Patient with recurrent glioblastoma treated at the MTD/MFD undergoing resection
41 56 90 rGBM Neg Indeterminate 1 � 108 1 1 0 PD PD 22 12/2019

Abbreviations: CO, completion of treatment; CR, complete response; Dx, diagnosis; F/U¼ follow up; GBM, glioblastoma; N/A, not applicable; Neg; negative; Note 1,
physician decision; Note 2: only 2 infusions were available; PD, progressive disease; Pos, positive; PR, partial response; r, recurrent; SD, stable disease; TMZ,
temozolomide; unknown, that the testing was not performed; undetermined, testing was done but result could not be determined.
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The number of treatment cycles increases the frequency of
CMV-specific T cells, but they lack immune function

Because patients with glioblastoma are profoundly immune sup-
pressed, we evaluatedwhether theCMV-specificT cells were persisting
in vivo and whether they maintained their immune effector function.
CMV-specific dextramer staining was used to detect the percentage of
pp65-specfic T cells in the peripheral blood during ex vivo expansion,
at baseline in subjects (designated preinfusion), and longitudinally
during each cycle. Typically, less than 5% of circulating T cells in
patients with glioblastoma preinfusion are CMV-specific. To ascertain
whether there is an accumulation of CMV-specific T cells in the
peripheral blood of patients with glioblastoma after adoptive transfer,
CMV-specific dextramer staining was used to detect the percentage of
CMV-specific T cells longitudinally (i.e., day 0, 7, 14, and 21) during
each cycle (1–4). Only after the fourth cycle on day 21 was there a
significant increase in the number of CMV-specific T cells in patients
(P ¼ 0.019; Fig. 4A), but this was not dose specific (Supplementary
Fig. S1).

CD107a expression is a marker of cytotoxic T-cell degranulation
that becomes upregulated after antigen stimulation, with a concordant
loss of perforin (18). As such, the CMV-specific T-cell population
identified by dextramer staining was analyzed for CD107 expression.
Although this marker was present during ex vivo expansion, there was
no significant increase in thismarker of effector function in vivo during
adoptive CMV-specific T-cell transfer (Fig. 4B). Intracellular cytokine
profiling of the CMV-specific T cells showed that there was no
significant increase in effector functions of TNFa (Fig. 4C), IFNg

(Fig. 4D), or IL2 (Fig. 4E) in vivo. During ex vivo expansion of the
CMV-specific T cells, they demonstrated markers of effector memory
(CD3þ/CD8þ/CCR7�/CD45RA�), but there was no increase in this
phenotype in vivo during subsequent cycles, with most of the T cells
demonstrating terminal memory (CD3þ/CD8þ/CCR7�/CD45RAþ)
and little central memory (CD3þ/CD8þ/CCR7þ/CD45RA�; Supple-
mentary Fig. S2).

To clarify whether there was an opportunity to modulate the CMV-
specific T cells in the setting of glioblastoma-induced immune sup-
pression in the periphery, the adoptively transferred T cells were
profiled for expression of PD-1 and TIGIT. Although the expanded
CMV-specific T cells and the preinfusion in vivo pool expressed both
PD-1 andTIGIT, during subsequent infused cycles, expression of these
markers was not present (Supplementary Fig. S3), but these cells may
have been trafficking to the tumor microenvironment.

CMV-specific T cells are present in glioblastoma tumors but lack
effector activity

To determine whether CMV-specific T cells with immune effector
function had trafficked to the glioblastoma microenvironment, a
patient with recurrent glioblastoma who was scheduled for surgical
resection was pretreated with dose-dense temozolomide followed by
CMV-specific T cells (Fig. 2B). The resected glioblastoma was pro-
cessed to a single-cell suspension, and the immune cells and PBMCs
were analyzed for intracellular immune effector cytokines and surface
expression of CD107a.Ex vivoCD8Tcells (i.e., unstimulated) from the
peripheral blood did not express TNFa, IFNg , or CD107a, but
expression of these markers could be induced by nonspecific immune
activation and to a lesser degree, the CMV peptides (Fig. 5A). The
CD8þ T cells isolated directly from the glioblastoma tumor micro-
environment were more refractory to immune simulation and were
unreactive to CMV-peptide stimulation (Fig. 5B; n ¼ 1). The overall
frequency of CMV-specific T cells based on dextramer staining within
the CD8þ T-cell fraction from either the peripheral blood or the brain
in this patient with glioblastoma was relatively minor (Fig. 5C). Upon
trafficking into the tumormicroenvironment, theCMV-specificCD8þ

T cells were positive for PD-1 (Fig. 5D). In this recurrent glioblastoma
specimen, CMV-specific T cells occurred mostly in the tumor vascu-
lature, and these cells were scarce in the tumor microenvironment
(Fig. 5E). Cumulatively, these data indicate that the CMV-specific T
cells within the tumor microenvironment are immunologically dys-
functional. CMV antigen expression was heterogeneous in archival
glioblastoma specimens from nontrial participants and typically, in a
minority of tumor cells (Supplementary Fig. S4; n ¼ 34).

Adoptive CMV-specific T-cell treatment in patients with newly
diagnosed glioblastoma

Because we observed a low frequency of CMV-specific T cells in the
tumor microenvironment and their immune phenotype was dysfunc-
tional, we analyzed a group of patients newly diagnosed with glio-
blastoma who had undergone surgical debulking followed by concur-
rent chemoradiation with temozolomide (n ¼ 3) to minimize the
immune-suppressive tumor burden. One of these patients was
removed from the protocol due to their inability to continue treatment
safely without receiving steroids. This patient had significant MRI
changes after concurrent chemoradiation, which were consistent with
radiation necrosis, and was thus switched to standard temozolomide
administration (now on cycle 6) with an ongoing need for steroids. As
in the patients with recurrent glioblastoma, PFS and OS were not
significantly extended in these patients with newly diagnosed glio-
blastoma, with only 1 patient demonstrating a durable response, but

Table 2. Temozolomide and possible T-cell infusion toxicity data
in the enrolled glioblastoma patient population (n ¼ 20).

AEs possibly related to temozolomide toxicity
Grade 1 Grade 2 Grade 3 Grade 4

Nausea 6 2
Vomiting 1
Constipation 5 5
Dizziness 1
Fatigue 4 11
Headache 5 1
Arthralgia 3
Anorexia 1 4
Weight loss 2
Seizure 2
Urinary tract infection 1
Concentration impairment 1 2
Dry skin 1
Memory impairment 2 1
Cognitive disturbance 2
Insomnia 1
Anxiety 1
Depression 1
Lethargy 1
Abdominal pain 1
Decreased platelet count 1 1
Decreased lymphocyte count 2 7 6
Decreased neutrophil count 1
Maculopapular rash 1
Mucositis 1
AEs possibly related to T-cell infusion
Malaise 1
Seizure 1
Confusion 1
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Figure 3.

A, Representative gadolinium-enhanced T1-weighted magnetic resonance images of patients with glioblastoma who had stable disease exceeding 37 months, or
partial or complete radiographic responses. B,Waterfall plot of radiographic responses of all patients with recurrent glioblastoma treated with CMV-specific T cells
and analyzed on the basis of MGMTmethylation (top). Volumetric analysis of index gadolinium contrast-enhancing lesion in recurrent glioblastoma patients during
treatment with CMV-specific T cells. Each symbol represents a patient cross referenced to Table 1.
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with the confounder that the tumor showed MGMT methylation
(Table 1). There was no clinical indication for re-resection in these
three subjects, and thus CMV-specific T cell infiltration was not
available for analysis.

Discussion
Prior clinical trials targeting CMV in patients with glioblastoma

have suggested clinical responses (7, 8, 19). Notably, these studies were
conductedwith small numbers of subjects forwhomunintended biases
may have not been sufficiently accounted, including prognostic mar-
kers such as IDH1 mutation and MGMT methylation. Our in vitro
data from patients with glioblastoma undergoing resection show that
CMV-specificT cells can effectively kill autologous tumor in a subset of
CMV-seropositive patients, but not all. Although aDC vaccinemay be
able to activate hypofunctional T-cell responses, the impact of the
immune suppressive tumor microenvironment would remain as a
confounder for effective cytotoxicity. These results also indicate that
CMV seropositivity does not guarantee a response to CMV-specific
T-cell therapy, and they suggest heterogeneity in CMV antigen
expression among patients with glioblastoma. In this clinical study,
because temozolomide was used as the lymphodepleting agent to allow
for clonotypic in vivoT-cell expansion,MGMTmethylation status was
identified as a confounder for radiographic responses and outcome.
The two subjects that responded the best in the clinical trial were both
MGMTpromotermethylated. This was not entirely surprising because
dose-dense temozolomide can induce radiographic responses in
patients with recurrent glioblastoma that was previously treated with
temozolomide (20, 21). To rechallenge with temozolomide at first

tumor recurrence in MGMT promoter–methylated patients is a
reasonable treatment option with proven clinical benefit (21). In
addition, both of these patients were at the stage of first tumor
recurrence and may have experienced less bone marrow suppression
from other treatment modalities.

The prior use of temozolomide and other cytotoxic chemotherapies
before trial participation was probably a key contributor to the cell
number expansion failure. We used a rapid expansion protocol in
which PBMCs are loaded with CMV pepmix, thereby relying on the
monocytes and B cells in the leukapheresis product to act as the APCs.
This protocol is very robust in numerically expanding CMV-specific T
cells from healthy donors regardless ofMHC class. However, we found
that the procedure failed for up to a quarter of the patients with
glioblastoma treated with temozolomide or other cytotoxic che-
motherapies. We believe that this may be related to the cytotoxic
effect of temozolomide on T cells, B cells, and monocytes in these
patients, which can then negatively affect the quality of the starting
product and thus the ex vivo expansion of the CMV-specific T cells. An
alternative strategy would be to use DCs, but this would increase the
time and expense, with the former being a problem for patients with
rapidly progressing glioblastoma.

A number of key findings from this study indicate the limitations of
adoptive T-cell immunotherapy targeting CMV in patients with
glioblastoma. Despite an overall increase in the number of CMV-
specific T cells in the peripheral circulation with each administered
cycle, with only the last cycle being statistically significant, these CMV-
specific T cells lacked expression of CD107a (LAMP-1, a marker for
CD8T-cell degranulation) after stimulation and ofmarkers that would
reflect immune-effector responses such as TNFa, IFNg , and IL2.

Figure 4.

Peripheral bloodmonitoringof patientswith glioblastomaenrolledduring thedose escalation phase of the clinical trial. Each symbol represents a patient datapoint at
a designated timepoint ofmonitoring.A, The frequency of CMV-specific T cells based on dextramer stainingwas increased after four cycles onday 21 relative to day0
of thefirst cycle (� ,P¼0.019). The in vivoCMV-specificT cells did not show increases inCD107a surface expression (B), intracellular TNFa (C), intracellular IFNg (D), or
intracellular IL2 (E), with subsequent administration of CMV-specific T cells.
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Markers of effector and central immunologic memory were also not
enhanced over time. One could postulate that the effector CMV-
specific T cells were trafficking to the tumor microenvironment or
were sequestered in the bone marrow (22) and were thus absent from
the peripheral circulation. However, the overall frequency of CMV-
specific CD8 T cells in the glioma microenvironment was low, and
immune profiling revealed that these T cells also lacked effector
function. Because the T cells were administered 7 days before surgery,
we could not exclude the possibility that the T cells trafficked to the
tumor microenvironment at an earlier time and mediated an effector
response. Yet, their expression of markers of immune exhaustion such
as PD-1 further supports the contention that these T cells are dys-
functional, with an exhausted phenotype that may be refractory to
reinvigoration with immune checkpoint inhibitors (23). In addition,
the CMV-specific T cells were only found in the perivascular regions of
the tumors andwere not dispersed throughout the tumor parenchyma.
Cumulatively, these data indicate that the CMV-specific T cells
generated in this study lack sufficient immunologic function to exert
anti-glioblastoma activity. It is possible that other types of immuno-
therapy strategies may generate sufficient CMV-specific responses
because DC vaccinationmay increase the polyfunctional phenotype of
the T cells (24). Nevertheless, the heterogeneity of CMV pp65 antigen
expression may be a significant limitation, even if sufficient anti-CMV

T-cell responses are generated, as was demonstrated by tumor recur-
rence upon targeting of the EGFR variant III (15).

To determine whether there might be a response signal of CMV-
specific T cells in patients newly diagnosed as having minimal residual
disease andwhowere not receiving steroids, we enrolled a small cohort
of these patients (n ¼ 3) in the study, but there was no signal of
significant response. Thus, this does not appear to be a strategy that can
supplant therapeutic control of immune exhaustion. A key logistic
issue with this study was that patients were required to be CMV
seropositive to permit our numerical expansion of their CMV-specific
T cells. Typically, at least 60% of the human population has been
exposed to CMV (25). In our study, 63% of the patients screened were
seropositive for CMV. Further confounding efficient enrollment was
the issue of generating sufficient product to administer to the patients.
With a rate of 26% of failed T-cell expansions, only approximately 74%
of screened patients could ultimately receive the planned total of four
therapeutic cycles, despite extensive clinical efforts to limit the use of
steroids, which could impact T-cell expansion and effector functions.
CMV-specific T-cell expansion failure was not an issue for normal
donors using this strategy. Patients with glioblastoma are lymphope-
nic (26, 27). Thus, we concluded that numerical cell expansion failures
were intrinsic to the patients' T cells, which were hypofunctional,
partly owing to prior chemotherapy and the immune-suppressive

Figure 5.

Patient with recurrent glioblastoma (GBM) treated preoperatively with dose-dense temozolomide and CMV-specific T cells. Both the peripheral blood and the tumor
were analyzed for immunologic responses.A,CD8þT cells from theperipheral bloodof patientswith glioblastomawere analyzed for intracellular production of TNFa
and IFNg as markers of effector responses and CD107a surface expression, for cytotoxic T-cell degranulation. In ex vivo unstimulated CD8 T cells, immune effector
activity was low (top). Upon stimulationwith PHA and ionomycin, these immune responses could be reconstituted (middle) but theywere refractory to CMV-specific
peptides (bottom). B, CD8þ T cells isolated ex vivo from the glioblastoma microenvironment did not demonstrate expression of markers associated with immune
effector responses (top), were less able to respond to PHA stimulation than thematched peripheral blood CD8þ T cells (middle), andwere refractory to CMVpeptide
stimulation (bottom).C, The number of CMVþ-specific T cells based on dextramer stainingwere aminor population of the total CD8þ T-cell population present in the
peripheral blood andbrain.D,PD-1 expressionwas upregulated in theCMV-specific CD8 T cells in the peripheral blood of patientswith glioblastoma relative to that of
normal donors andwasmaximally expressedwithin the glioblastoma tumormicroenvironment. E, IHC staining for pp65 (top) and the isotype control demonstrating
CMV-specific immune cells in the perivascular region but not infiltrating other regions of the tumor. Scale bar, 20 mm; magnification, 400�.
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environment generated by the cancer. Currently, there are no good
assays to predict the cell number expansion capabilities of patient
products, and thus the investigators need to emphasize this possibility
during the consent process of every patient. Our study also clarifies the
need for an optimized cell number expansion strategy that potentially
involves genetic modifications able to render these T cells resistant to
immune exhaustion, before one proceeds with the next generation of
clinical trials.
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