
ORIGINAL RESEARCH

Temozolomide lymphodepletion enhances CAR abundance and correlates
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ABSTRACT
Adoptive transfer of T cells expressing chimeric antigen receptors (CARs) is an effective immunotherapy for
B-cell malignancies but has failed in some solid tumors clinically. Intracerebral tumors may pose challenges
that are even more significant. In order to devise a treatment strategy for patients with glioblastoma
(GBM), we evaluated CARs as a monotherapy in a murine model of GBM. CARs exhibited poor expansion
and survival in circulation and failed to treat syngeneic and orthotopic gliomas. We hypothesized that CAR
engraftment would benefit from host lymphodepletion prior to immunotherapy and that this might be
achievable by using temozolomide (TMZ), which is standard treatment for these patients and has
lymphopenia as its major side effect. We modelled standard of care temozolomide (TMZSD) and dose-
intensified TMZ (TMZDI) in our murine model. Both regimens are clinically approved and provide similar
efficacy. Only TMZDI pretreatment prompted dramatic CAR proliferation and enhanced persistence in
circulation compared to treatment with CARs alone or TMZSD C CARs. Bioluminescent imaging revealed
that TMZDI C CARs induced complete regression of 21-day established brain tumors, which correlated
with CAR abundance in circulation. Accordingly, TMZDI C CARs significantly prolonged survival and led to
long-term survivors. These findings are highly consequential, as it suggests that GBM patients may require
TMZDI as first line chemotherapy prior to systemic CAR infusion to promote CAR engraftment and
antitumor efficacy. On this basis, we have initiated a phase I trial in patients with newly diagnosed GBM
incorporating TMZDI as a preconditioning regimen prior to CAR immunotherapy (NCT02664363).
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Introduction

Chimeric antigen receptors (CARs) are recombinant transmem-
brane proteins comprised of an antibody-derived single-chain
variable fragment coupled to the intracellular signaling compo-
nents of naturally occurring T cell receptors (TCRs).1 CARs can
be retrovirally expressed on the cell surface of polyclonal T cells
to redirect them against target antigens independent of native
TCR specificity or major histocompatibility complex (MHC)
expression by target tumor cells.2 The adoptive cell transfer of
CARs has elicited complete remission rates of up to 90% in
patients with refractory hematological cancers where CARs have
targeted CD19,3-5 raising interest in adapting this technology for
use against solid tumors including glioblastoma (GBM).6-12

GBM is the most common and deadly primary malignant
brain tumor. Despite an aggressive multimodal standard of
care, prognosis and quality of life remain exceptionally poor
and patients experience a 5-year survival rate of just 5.1%.13

Recent preclinical studies have shown that CARs targeting the
tumor-specific driver mutation EGFRvIII are curative in mice
bearing established syngeneic GBM tumors after total body
irradiation (TBI) pre-treatment.9 Preparative host lymphode-
pletion is believed to enhance adoptive T-cell immunotherapy
through the upregulation and improved bioavailability of
homeostatic gamma chain cytokines (e.g. IL-7 and IL-15),
which become available for CAR consumption in the absence
of competition from endogenous lymphocytes.14,15 This, in
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turn, promotes CAR survival and homeostatic proliferation
during the recovery phase from lymphopenia. TBI, however,
risks significant collateral toxicity without necessarily providing
a direct antitumor benefit. Nonetheless, host preconditioning
remains a critical component to this strategy as intravenously
delivered CARs fail to treat established tumors in the absence
of lymphodepletion.9

Patients with GBM are currently treated with temozolo-
mide (TMZ) chemotherapy under the clinical standard of
care,16,17 which is accompanied by lymphodepletion as its
major side effect.18 In the present study, we evaluated TMZ
regimens that mimic the standard (TMZSD) and dose-inten-
sified (TMZDI) regimens administered in the clinic based
on the lymphocytic nadir and kinetics of endogenous
immune cell rebound observed in patients with GBM. We
show that greater lymphodepletion induced by TMZDI is
necessary to stimulate the proliferation and persistence of
CARs in circulation, as CAR abundance in blood correlated
with tumor regression.

Results

Systemic CARs fail as a monotherapy and require
preparative host lymphodepletion for efficacy against
established syngeneic and orthotopic glioblastoma

We established a protocol for efficient retroviral transduction of
the EGFRvIII-CAR transgene and confirmed CAR expression
on the cell-surface of CD3C T cells as previously described
(Fig. 1A).19 Next, we sought to establish a relevant treatment
strategy against a tumor model that adequately recapitulates

the highly invasive features of GBM within the context of a
widely available syngeneic mouse model. KR158B is a murine
cell line derived from a spontaneous glioma in Trp53/Nf1
double-mutant mice.20 This cell line was previously engineered
to express firefly luciferase (KLuc), permitting a non-invasive
approach to monitor tumor progression and responsiveness to
therapy using bioluminescent imaging. We genetically
engineered the KLuc cell line to express a murine homologue
of the tumor-specific driver mutation, EGFRvIII, which is
expressed exclusively by GBM and other cancers but not nor-
mal tissue.21-23 We evaluated the expression of EGFRvIII in
KLuc-EGFRvIII tumor cells by flow cytometry (Fig. 1B) and by
immunohistochemistry after tumor establishment in vivo
(Fig. 1C). We also confirmed that this GBM model exhibits the
classical and hallmark histopathological features of infiltrative
GBM by H/E analysis (Fig. 1D).

Next, we evaluated the capacity of CARs to elicit anti-
gen-specific cytotoxicity in vitro in a standard Cr51 release
assay (Fig. 1E). CARs induced robust cell death and specific
lysis against tumor cells expressing EGFRvIII at an effector:
target ratio of 3:1 (t-test, P D 0.0002). Based on these data,
we performed a dose-escalation study to evaluate the antitu-
mor efficacy of CARs as a monotherapy against established
brain tumors. We adoptively transferred 1 £ 106, 1 £ 107

or 1 £ 108 CARs intravenously into mice bearing 7-day
established KLuc-EGFRvIII tumors (Fig. 1F). CARs failed to
induce a survival advantage in treated mice compared to
controls at even the highest dose, which approaches the
limit of what is logistically feasible (Log-Rank, 1e6 CARs
vs. tumor alone, P D 0.1955; 1e7 CARs vs. tumor alone,
P D 0.5269; 1e8 CARs vs. tumor alone, P D 0.8155). This
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Figure 1. Systemic CARs fail as a monotherapy against orthotopic and syngeneic murine GBM. Flow cytometry analyses display (A) CAR expression on the cell surface of
CD3C T cells two days after retroviral transduction and (B) EGFRvIII expression by KLuc-EGFRvIII tumor cells compared to control. (C) 5 £ 104 KLuc or KLuc-EGFRvIII tumor
cells were implanted in C57 BL/6 mice and harvested to evaluate EGFRvIII expression by immunohistochemistry and (D) tumor characteristics by standard hematoxylin
and eosin stain. (E) CARs were incubated with target tumor cells radiolabeled with Cr51 and display antigen-specific cytotoxicity in vitro (n D 3) (% specific lysis against
KLuc-vIII vs. KLuc, t-test P D 0.0002). (F) CARs were infused intravenously into mice bearing 7-day established KLuc-EGFRvIII tumors as monotherapy (n D 5–7). Survival
was monitored overtime as approved under Duke IACUC guidelines. Survival comparisons between CAR treated mice and control tumor alone did not reach statistical sig-
nificance by Log-Rank statistical analysis, (Log-Rank, 1e6 CARs vs. tumor alone, P D 0.1955; 1e7 CARs vs. tumor alone, P D 0.5269; 1e8 CARs vs. tumor alone, P D 0.8155).
Data are representative of at least 2 independent experiments.
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finding, however, was unsurprising as we have previously
reported the failure of systemic CARs as a monotherapy in
the SMA560 GBM cell line that is syngeneic to the VMD/k
murine model.9

We and others have previously shown that adoptive T-cell
transfer strategies require preparative host lymphodepletion to
achieve antitumor responses in both mice and humans.9,24-26 In
order to corroborate these findings here, we pursued proof-of-
principle studies using two separate experimental models. We
evaluated the antitumor efficacy of CARs in RAG1¡/¡ hosts
(Fig. 2A), which are incapable of producing mature T and B
cells and are therefore in a persistent state of lymphopenia, as
well as in C57 BL/6 mice who were subjected to lymphodeplet-
ing 5 Gy total body irradiation (TBI) immediately prior to CAR
infusion. In both models, CARs were infused intravenously
into mice bearing these 7-day established radio-insensitive
tumors. Strikingly, we found that CARs were capable of induc-
ing long-term cures in a high proportion of RAG1¡/¡ hosts
(Log-Rank, P D 0.0361) and in C57 BL/6 mice who were pre-
treated with lymphodepleting radiation (Log-Rank, P D
0.0004) (Fig. 2B). These findings collectively show that host
lymphocyte reduction achieved through genetic or exogenous
means enhances CAR efficacy against established brain tumors.

Lymphodepletive temozolomide can be leveraged to
enhance CAR persistence in peripheral blood circulation

Given the added risk of toxicity with TBI and its infrequent use
in the clinic, we explored alternative preconditioning strategies
with the goal of implementing CAR therapy for patients with
newly diagnosed GBM. These patients routinely receive temo-
zolomide (TMZ) chemotherapy concurrent with radiation and
as maintenance therapy thereafter, which can induce varying
grades of lymphopenia depending on the dose and schedule
prescribed.27 TMZ is most commonly administered in either a
standard (TMZSD; 200 mg/m2/day x 5 days per 28-day cycle)
or dose-intensified (TMZDI; 100 mg/m2/day x 21 days per 28-
day cycle) regimen that are equally efficacious but have differ-
ent effects on the depletion and subsequent rebound of
immune cells.28

We recently completed a phase I clinical trial in which
newly diagnosed GBM patients were treated with TMZSD or
TMZDI prior to and concurrent with immunotherapy

(NCT00639639).29 We monitored patients with the goal of
understanding which TMZ regimen, if any, would suffi-
ciently precondition hosts prior to adoptive cell transfer
with CARs. We studied the impact of TMZ on absolute
counts of total lymphocytes and CD3C T cells in patient
blood over time in order to make a determination on the
relative lymphotoxicity of either TMZ regimen. Patients
who received TMZSD exhibited a significant decline from
baseline in total lymphocyte counts that approached grade
3 lymphopenia (<500 cells/mL) after a single TMZ cycle,
but this effect was found to be short lived (Fig. 3A). In con-
trast, TMZDI depressed total lymphocyte counts from base-
line more severely when compared to TMZSD and induced
a grade 3 lymphopenia through TMZ cycles 3 and 4. Simi-
larly, we found that TMZDI had a more profound and sus-
tained effect on CD3C T cell depletion when compared to
TMZSD (Fig. 3B). Importantly, the severity of total lympho-
cyte and CD3C T cell depletion was exacerbated with suc-
cessive cycles of TMZDI, whereas cell counts rebounded
after completion of TMZSD cycle 2.

Next, we performed experiments in our mouse model to
determine whether the lymphotoxic effects of TMZ could
be leveraged to favorably attenuate CAR persistence during
recovery from lymphodepletion. We established TMZ doses
to mimic relative differences in the lymphocytic/CD3C T
cell nadir and rebound kinetics characteristic of TMZSD and
TMZDI in the clinic. Non-tumor bearing mice were admin-
istered TMZ, and lymphocyte/CD3C T cell counts were
measured in peripheral blood circulation over time. By
48 hours after treatment, mice exhibited an average lym-
phocyte count of 1,036 cells/mL following TMZSD and 302
cells/mL following TMZDI, the latter of which was compara-
ble to the nadir induced by TBI (394 cells/mL) (Exact Wil-
coxon of TMZSD vs. TMZDI, P D 0.0317; Exact Wilcoxon of
TBI vs. TMZDI, P D 0.1270) (Fig. 3C). Lymphocyte rebound
kinetics were also assessed in blood circulation over time at
2, 14, and 28 days after TMZ or TBI. Lymphocyte counts
in TMZSD-treated mice partially rebounded within a 14-day
timeframe, whereas depletion was stained in TMZDI¡treated
mice in a manner virtually identical to mice who received
TBI (Fig. 3D). These relative relationships also held true for
CD3C T cell nadirs (TMZSD 591 cells/mL; TMZDI, 146 cells/
mL; and TBI, 24 cells/mL) (Exact Wilcoxon of TMZSD vs.
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Figure 2. Host lymphopenia potentiates intravenous CAR immunotherapy against brain tumors. (A) CARs were infused intravenously into RAG1¡/¡ mice bearing 7-day
established KLuc-EGFRvIII tumors as monotherapy (n D 5–7) (Log Rank, P D 0.0361). (B) C57 BL/6 mice bearing 7-day established tumors were subjected to 5 Gy TBI and
were either left untreated or received 1 £ 107 CARs intravenously (n D 5–7) (Log Rank, P D 0.0004). Data are representative of at least 2 independent experiments.
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TMZDI, P D 0.0079; Exact Wilcoxon of TBI vs. TMZDI, P D
0.0079) (Fig. 3E). CD3C counts remained relatively
unchanged in all cohorts for up to 14 days (Fig. 3F). Nota-
bly, CD3C counts rebounded by day 28 in TBI-treated mice
whereas counts remained depressed in TMZDI-treated mice.

Next, we explored how these two different lymphodeple-
tive profiles would impact CAR numbers in blood com-
pared to CARs administered alone or after TBI, which
served as negative and positive controls, respectively. Non-
tumor bearing mice were pre-treated with vehicle, TMZSD,
TMZDI, or TBI followed by adoptive intravenous transfer of
1 £ 107 CARs. As expected, CARs administered into mice
pre-treated with vehicle declined within 7 days. Pre-treat-
ment with TMZSD did not prompt an improvement in CAR
numbers over time. In contrast, however, CAR numbers in
mice pre-treated with TMZDI did not decline, persisted in

blood circulation for up to 28 days, and exhibited similar
counts over time in mice pre-treated with TBI (Fig. 3G).

Dose-intensified temozolomide plus CAR therapy
significantly prolongs survival against a highly stringent
21-day established model of glioblastoma

In order to determine whether TMZ preconditioning would
augment CAR efficacy against advanced disease, we performed
experiments in mice bearing 21-day established KLuc-EGFR-
vIII brain tumors, which are chemotherapy-insensitive. A total
of 5 £ 104 tumor cells were implanted on day 0, and mice
received a treatment schedule according to the schema shown
(Fig. 4A).

First, we studied whether TMZ enhanced CAR numbers in
the brain and whether it altered regulatory T cell (Treg)

Figure 3. Temozolomide chemotherapy sufficiently preconditions hosts to enhance CAR expansion and persistence in peripheral blood. (A) Peripheral blood sampling in
two patient cohorts with newly diagnosed GBM receiving either TMZSD (200 mg/m2/day x 5 days) or TMZDI (100 mg/m2/day x 21 days) prior to and concurrent with immu-
notherapy (NCT00639639). Patient blood was monitored for absolute counts of lymphocytes and (B) CD3C T cells over time, showing that for both absolute lymphocyte
(Mixed model, P D 0.0029) and CD3C counts (Mixed model, P D 0.0012), TMZDI induced a more profound and sustained depletion with continuous cycles compared to
TMZSD. (C) Non-tumor bearing C57 BL/6 mice (n D 5) were either left untreated, subjected to 5 Gy TBI, or received an intraperitoneal injection of TMZSD (60 mg/kg/day x
5 days) or TMZDI (400 mg/kg/day x 1 day) where indicated. Lymphocyte counts were monitored by CBC 48 hours after treatment (Exact Wilcoxon of TBI vs. TMZDI, P D
0.1270; Exact Wilcoxon of TMZSD vs. TMZDI, P D 0.0317) and (D) over time (P < 0.0001). (E) Similarly, the effect of treatment on CD3C T cell counts was determined by
flow cytometry 24 hours after treatment (Exact Wilcoxon of TBI vs. TMZDI, P D 0.0079); Exact Wilcoxon of TMZSD vs. TMZDI, P D 0.0079) and (F) over time (P D 0.0161). (G)
1 £ 107 CARs were administered intravenously 24 h after treatment, and CARs were monitored serially in peripheral blood circulation over time (n D 5). Data are repre-
sentative of at least 2 independent experiments. Dotted lines represent grade 2 (<800 cells/mL) and grade 3 (<500 cells/mL) lymphopenia.
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numbers, which are otherwise elevated in GBM and have been
previously shown to functionally inhibit CARs through both
direct and indirect mechanisms. To do this, we sacrificed mice
7 days after intravenous CAR infusion (i.e. 28 days after tumor
implantation and 8 days after TMZ administration) and enu-
merated CARs and Tregs in brain tumor specimens. CARs
were significantly elevated in brain tumors in mice pretreated
with TMZDI (Exact Wilcoxon of Control vs. TMZDI, P D
0.0119; TMZSD vs. TMZDI, P D 0.0119;), whereas CAR num-
bers were unaffected by TMZSD in comparison to control mice
(Exact Wilcoxon of Control vs. TMZSD, P D 0.7496) (Fig. 4B).
In contrast, TMZ pretreatment had no statistically significant
impact on brain infiltrating Tregs when compared to controls
(Exact Wilcoxon of Control vs. TMZSD, P D 0.0556; Control vs.

TMZDI, P D 0.2222; TMZSD vs. TMZDI, P D 0.2948). Next, we
sought to determine the relative ratios of CAR: Treg in tumor
specimens based on previous evidence showing that higher
ratios of effector T cells: Treg associate with favorable outcomes
in cancer.31-33 Our analyses revealed that mice treated with
TMZDI C CARs exhibited significantly higher ratios in the
brain when compared to mice receiving treatment with CARs
alone or TMZSD C CARs (Exact Wilcoxon of Control vs.
TMZSD, P D 0.2222; Control vs. TMZDI, P D 0.0079; TMZSD

vs. TMZDI, P D 0.0465).
We next tested the hypothesis that TMZDI would sufficiently

potentiate CAR immunotherapy to provide a survival advan-
tage within the context of these advanced tumors. KLuc-EGFR-
vIII tumor cells are genetically modified to express firefly
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Figure 4. Dose-intensified temozolomide plus CAR immunotherapy significantly enhances survival against 21-day established glioblastoma. (A) C57 BL/6 mice were
implanted with 5 £ 104 KLuc-EGFRvIII tumor cells intracranially and allowed to engraft for 21 days prior to the adoptive intravenous transfer of 1 £ 107 EGFRvIII-specific
CARs. Where indicated, mice received TMZ intraperitoneally according to the treatment schema shown. (B) Mice were sacrificed 7 days after treatment in order to enu-
merate CARs and Treg in brain tumor specimens (n D 5) (Exact Wilcoxon; CARs: TMZSD vs. TMZDI, P D 0.0119; Tregs: TMZSD vs. TMZDI, P D 0.2948; CARs: Treg ratio: TMZSD

vs. TMZDI, P D 0.0465) (C) Mice were screened for a minimum tumor burden of 1 £ 106 p/s/cm2/sr on day 21 prior to the start of immunotherapy to ensure advanced dis-
ease. Mice were followed for survival (nD 6–7) (Log Rank, P D 0.0208). Data are representative of at least 2 independent experiments.
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luciferase, which permits sensitive in vivo bioluminescent track-
ing of disease burden upon the in vivo catalysis of the substrate
luciferin.30 Mice were imaged to confirm tumor burden prior
to the initiation of TMZ and again on day 21 to screen for a
minimum threshold of disease. All mice in the study recorded
tumor burden signals of �1 £ 106 p/s/cm2/sr on day 21 prior
to the start of immunotherapy in order to ensure the evaluation
of CARs against advanced disease. Immunotherapy with CARs
alone or after preconditioning with TMZSD failed to elicit a sur-
vival advantage when compared to untreated mice or mice
treated with TMZ alone, although both groups contained a sin-
gle long-term survivor. In marked contrast, treatment with
TMZDI C CARs led to a median survival of 174.5 days com-
pared to 47.5-69.5 days in the other cohorts shown (Log-Rank,
P D 0.0208) (Fig. 4C). Mice were followed for a total of
189 days after initial tumor implantation, and we observed a

50% (3/6) long-term survival rate in the TMZDI C CARs treat-
ment cohort.

Tumor regression correlates with CAR abundance in blood
circulation

Next, we attempted to understand the kinetics of tumor regres-
sion by visualizing and non-invasively monitoring tumor
responsiveness to therapy over time. B6(Cg)-Tyrc-2J/J (B6
albino) mice received 5 £ 104 intracranial implants of KLuc-
EGFRvIII tumor cells, and disease burden was evaluated prior
to TMZ initiation and on day 21 prior to CAR immunotherapy
to screen for threshold tumor burden, as described above. Mice
were then imaged serially every 7 days (Fig. 5A). Importantly,
the vast majority of tumors in control mice and mice treated
with CARs alone or TMZSD C CARs grew over time unabated.

Figure 5. CAR abundance in peripheral blood is enhanced by TMZ and associated with reduced tumor burden. (A) B6(Cg)-Tyrc-2J/J (B6 albino) mice (nD 7–8) received 5£
104 intracranial implants of KLuc-EGFRvIII tumor cells and were non-invasively monitored via bioluminescent imaging to track tumor burden and responsiveness to ther-
apy over time. Mice were imaged and randomized on day 21 prior to CAR immunotherapy for a baseline measurement of tumor burden. 1£ 107 CARs were infused intra-
venously on day 21, and mice were serially imaged every 7 days afterward. (B, C) Mice were bled retro-orbitally to enumerate CARs in peripheral blood circulation by
absolute count (day 28; Exact Wilcoxon TMZSD vs TMZDI, P D 0.0006, Exact Wilcoxon CARs alone vs TMZDI, P D 0.0002). (D) Signal measurements of tumor burden in indi-
vidual mice on the log10 scale were compared to the corresponding values of CAR counts on the log10 scale obtained from blood circulation day 28 (Pearson coefficient
D ¡0.8261, P < 0.0001). Data are representative of at least 2 independent experiments.
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However, we observed complete tumor regression in 5/8 mice
(62.5%) who received TMZDI C CARs, with dramatic signal
reductions occurring within 7–14 days after treatment.

We enumerated CAR abundance in blood circulation over
time and found that TMZDI prompted a dramatic expansion
of CARs that persisted for several weeks (Peak analysis;
Exact Wilcoxon of CARs alone vs. TMZDI at peak, P D
0.0002; Exact Wilcoxon of TMZSD vs. TMZDI at peak, P D
0.0011) (Fig. 5B). CAR counts on day 28 were significantly
higher in TMZDI C CAR treated mice compared to all other
groups (TMZDI C CARs, mean of 102 cells/mL blood;
tumor C CARs, mean of 12.9 cells/mL blood; tumor C
TMZSD C CARs, mean of 23.1 cells/mL blood) (Exact Wil-
coxon of CARs alone vs. TMZDI on day 28, P D 0.0002;
Exact Wilcoxon of TMZSD vs. TMZDI on day 28, P D
0.0006) (Fig. 5C). We compared absolute CAR counts in
individual mice on the log10 scale with their corresponding
bioluminescent signals on the log10 scale at day 28, and
importantly, found that higher CAR numbers corresponded
with lower tumor burden (Pearson coefficient D ¡0.8261, P
< 0.0001) (Fig. 5D).

Discussion

TMZ became a routine component of clinical management for
GBM in 2005 after it was shown to extend survival in patients
with newly diagnosed disease.16,17 Lymphotoxicity is commonly
observed as a byproduct of TMZ use, and the recovery phase
from lymphopenia has been previously exploited to potentiate
vaccine responses against GBM in mice and humans.27,33,34 This
phenomenon, however, has never been studied in the context of
CAR therapy, which offers an advantage over active immuno-
therapy as it incorporates the ex vivo activation and expansion of
tumor-specific T cells without necessarily relying on this activity
to occur in vivo. The promise of CAR therapy is underscored by
the outstanding clinical success of anti-CD19 CARs targeting B-
cell malignancies in recent years.3-5 As such, there has been a
push to translate this strategy into the clinic for GBM on the
heels of highly encouraging preclinical data,7-10 and several trials
are currently ongoing (NCT02442297, NCT02209376,10

NCT02844062, NCT01109095, NCT01454596,6 NCT022
0836211). The purpose of this study was to identify a strategy for
the optimal and rational integration of CARs into current clinical
treatment for GBM.

Our work shows that preparative host lymphodepletion may
be required for effective CAR immunotherapy targeting GBM,
and importantly, that TMZ can be strategically leveraged for
this purpose. Lymphodepletion improves the in vivo engraft-
ment and functionality of transferred T cells through reduced
competition for gamma chain cytokines14,15 and the depletion
of inhibitory immune cells (e.g. Treg) that otherwise counteract
productive anti-cancer immune responses.24,26 Although sev-
eral agents have been previously studied for the purpose of host
conditioning, none of them are routinely administered to GBM
patients as standard of care. Our goal was to determine whether
existing clinical treatment for GBM could establish a favorable
in vivo environment to maximize CAR efficacy in order to
avoid introducing an additional preparatory regimen for this
purpose. We show that TMZ-induced lymphopenia induces

both a dramatic proliferation of CARs in vivo and enhances
CAR persistence in blood circulation, which was associated
with reduced tumor burden.

It is important to note that although these data are promis-
ing, it remains unclear if this strategy is equally beneficial
against tumors in settings where the target antigen, EGFRvIII,
is heterogeneously expressed. Previous studies combining lym-
phodepletive total body irradiation (TBI) with CAR therapy
have demonstrated evidence of epitope spreading and long-
term immunological protection against antigen-negative
tumors, suggesting that an acute depletion of host lymphocytes
does not necessarily preempt the generation of de novo immune
responses. We are currently evaluating the short- and long-
term immunological effects of a TMZDI C CAR treatment
strategy against heterogeneous GBM using our model systems.

In the present study, CARs were evaluated using a fully syn-
geneic, orthotopic and TMZ-resistant mouse model of GBM
after allowing brain tumors to engraft for a total of 21 days. We
chose this model in order to mimic the extent of disease
encountered at clinical presentation as closely as possible, as
mice bearing these 21-day established tumors are on the cusp
of becoming neurologically symptomatic. CARs infused as a
monotherapy or in combination with TMZSD failed to elicit a
therapeutic impact on tumor burden or survival, whereas
TMZDI C CARs induced dramatic tumor regression within
7 days of treatment, significantly enhanced survival, and led to
long-term survivors. Despite these promising data, however,
we observed instances in which tumors either did not respond
to treatment or recurred after an initial response. We believe
these outliers can be explained by either an insufficient penet-
ration of CARs into tumor microenvironments, an abnormally
short lifespan, or by reduced functionality owing to immuno-
suppression. These studies are ongoing.

On the basis of the data presented here, we have rationally
designed and initiated a phase I clinical trial incorporating
TMZDI as pre-treatment prior to the intravenous infusion of
EGFRvIII-specific CARs in patients with newly diagnosed
EGFRvIII-positive GBM (NCT02664363). To our knowledge,
this is the first report demonstrating the critical need to substi-
tute TMZSD with TMZDI in order to sufficiently precondition
hosts prior to CAR immunotherapy. The work reported here is
encouraging as it reveals an opportunity to incorporate CARs
into current clinical treatment, mitigates the need for an addi-
tional cyto-reductive preconditioning measure, and provides a
logical path forward to fully leveraging the therapeutic effects
of CARs in brain tumor patients.

Materials and methods

CAR generation

The EGFRvIII-specific CAR is a third generation vector defined
by inclusion of the CD28, 4-1BB, and CD3z intracellular signal-
ing moieties on the CAR transgene. The single-chain variable
fragment is derived from human monoclonal antibody (mAb)
139 and has been previously described.9 To produce CARs, ret-
roviral supernatant was produced by co-transfection of HEK
293 T cells using Lipofectamine 2000 Transfection Reagent
(Invitrogen), the CAR retrovirus, and pCL-Eco helper plasmid

ONCOIMMUNOLOGY e1434464-7



(Imgenex). On the same day as transfection, fresh spleens were
isolated from donor C57 BL/6NCr mice (Charles River Labora-
tories) and manually disrupted on a 10 cm dish using a plunger.
Red blood cells (RBCs) were lysed, and splenocytes were cul-
tured in mouse T-cell media supplemented with 50 U/mL IL-2
and 2.5 mg/mL Concanavalin A. After 48 hours, splenic T cells
were transduced with retroviral supernatant (CAR alone or 1:1
with CAR and firefly luciferase) on non-tissue-culture 24-well
plates previously coated with 0.5 mL of RetroNectin (Clontech)
at a concentration of 25 mg/mL in PBS. Cells were plated at a
density of 1 £ 106/mL in viral supernatant supplemented with
50 U/mL IL-2. Cells were split every 24 hours for two days.

Generation of the KLuc-EGFRvIII murine glioma cell line

KR158B-Luciferase (KLuc) is a C57 BL/6 murine malignant gli-
oma cell line that was kindly provided by Tyler Jacks from the
Massachusetts Institute of Technology.20 This cell line was ret-
rovirally engineered to stably express murine EGFRvIII using a
2nd generation lentivirus with no antibiotic resistance. Briefly,
parental KLuc glioma cells were transduced with lentivirus gen-
erated with the following plasmids: pMD2G, psPax2 and
pak19-FUGW containing murine EGFRvIII (Addgene 12259,
12260 and 14883, respectively). After lentiviral transduction,
cells were single-cell sorted into 96-well plates based on EGFR-
vIII surface expression detected with the ch-LA84 anti-EGFR-
vIII antibody and a secondary fluorescent anti-human IgG
antibody. Single cell clones were allowed to grow and then re-
screened for EGFRvIII expression. The highest EGFRvIII-
expressing clones underwent a second round of single-cell
cloning using limiting dilution. The final stable EGFRvIII-
expressing cell clone (KLuc-EGFRvIII) was then selected based
on EGFRvIII surface expression levels, in vivo tumorigenicity
experiments, and cell line authentication which verified the cell
lines species and tissue origin and lack of cross-contamination
and also compared molecular satellite markers with those in
the parental KLuc cell line.

Chromium release assay

To evaluate CAR reactivity and antigen-specific cytotoxicity,
CARs were co-incubated with 1 £ 105 KLuc-EGFRvIII or KLuc
tumor cells previously radiolabeled with chromium51 (Cr51).
Briefly, tumor cells were harvested, washed twice in culture
medium, counted, and resuspended at a concentration of 1 £
107/mL. Tumor cells were labeled with 100 mCi of radioactive
Cr51 for 90 minutes, washed twice in R10 mouse T-cell media,
and plated on a 96-well round bottom plate. CARs were plated
in a serial dilution to generate various effector:target ratios and
were incubated for a total of 4 hours.

TMZ administration and radiation

TMZ was dissolved in a solution of 85% saline and 15%
dimethyl sulfoxide (DMSO). Briefly, saline and TMZ C DMSO
were warmed separately in a water bath until TMZ was
completely dissolved in DMSO. Saline was added to the dis-
solved solution and vortexed thoroughly. C57 BL/6 mice
(Charles River Laboratories) were weighed and injected

intraperitoneally at the calculated doses, as indicated. TMZDI

was defined as a single dose of 400 mg/kg/day x 1 day; TMZSD

was defined as 60 mg/kg/day x 5 days. TMZ administration
concluded 24 hours prior to CAR therapy. For experiments
requiring radiation, mice were subjected to 5 Gy TBI 24 hours
before CAR therapy.

GBM patient selection and immune monitoring

Absolute lymphocyte and CD3C cell counts were sampled at
various time points under an IRB-approved protocol for
patients with glioblastoma receiving dendritic cell vaccination
therapy with either cycles of TMZSD or TMZDI. The clinical
protocol and informed consent were approved by the U.S.
Food and Drug Administration and Institutional Review Board
(IRB) at Duke University for this study (FDA-IND-BB-12839,
Duke IRB Pro00003877, NCT00639639). Prior to the study
drug regimen, patients under this protocol with histologically
confirmed, newly diagnosed GBM were treated with standard
of care therapy including gross total resection followed by a six
week course of standard external beam radiation therapy
(XRT) at 60 Gy with concurrent TMZ at a targeted daily dose
of 75 mg/m2/d. Prior to XRT/TMZ, all patients underwent ini-
tial leukapheresis with peripheral blood sampling for baseline
lymphocyte/CD3C T cell counts. At four weeks following stan-
dard XRT/TMZ, patients in separate cohorts either underwent
the first cycle of TMZSD at (200 mg/m2/day for five days) or
TMZDI (100 mg/m2/day for 21 days) as conditioning regimens
for antigen-specific dendritic cell (DC) vaccination given on
Day 21 § 2 of a 28-day cycle or Day 23 § 1 of a 28-day cycle,
respectively. Peripheral blood samples were obtained on the
days of DC vaccination prior to vaccination to evaluate lym-
phopenic effects from either TMZ regimen. From TMZ cycle 2,
patients received monthly DC vaccines in conjunction with
subsequent TMZ cycles every 5 § 1 weeks for a total of 6 to 12
cycles if patients had not progressed, but all patients received a
minimum of four monthly TMZ cycles. Peripheral blood sam-
ples were collected in ACD tubes, and cell counts were deter-
mined by CBC with differential for lymphocyte percent and
counts (1 £ 106/mL) and flow cytometry of sampled blood for
CD3C cell percent and counts (cells/mL) from the Duke Uni-
versity Clinical Laboratory. For absolute lymphocyte counts,
the standard grading scheme was utilized to classify grade 2
lymphopenia (< 800 cells/mL) and grade 3 lymphopenia (<
500 cells/mL) according to the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events v4.0. Sampling
at each time point (baseline and TMZ cycles 1–4) was com-
prised of available patient samples reaching no less than 90% of
each cohort.

CAR enumeration in murine peripheral blood

CARs were monitored in blood circulation by retro-orbitally
bleeding mice at indicated time points. Whole blood was col-
lected into heparinized tubes, and 50 ml was stained using stan-
dard flow cytometry staining procedures.9 Briefly, whole blood
was stained using anti-CD4 FITC, anti-CD3 PE, anti-CD8
PerCPCy5.5, and a custom EGFRvIII-specific CAR-AlexaFluor
647 multimer developed in our laboratory. Whole blood was
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stained in the antibody cocktail for 20 minutes in 150 ml FACS
buffer (2% BSA in PBS) hidden from light. RBCs were lysed
using 1 mL 1x BD FACS Lysing Solution (BD Bioscience, Cat#
349202). All samples were analyzed on a FACSCalibur flow
cytometer (BD Biosciences). Absolute cell counts were enumer-
ated using Flow-Count Fluorospheres from Beckman Coulter
(Cat# 7547053) according to manufacturer instructions.

CAR enumeration in murine brain tumors

Tumors were minced, incubated in 100 units/mL collagenase IV
(Thermo Fisher Scientific, Waltham, MA) and RPMI supple-
mented with 10% FBS for 30 minutes at 37�C in a Stomacher
machine set at normal speed, washed through 40-micron nylon
cell strainers (Falcon; BD Biosciences) in PBS with 2% FBS.
After washing, cells were lysed using 1X BD Pharm Lyse Buffer
(BD Biosciences). Cells were immediately stained and subse-
quently analyzed by flow cytometry (Live/Dead-PacOrange,
Invitrogen; CD4-PE, H129.19, BD Biosciences; CD3-AF488,
145-2C11, BD Biosciences; CD8-PerCP-Cy5.5, 53–6.7, BD Bio-
sciences; FOXP3-APC, FJK-16 s, eBioscience; EGFRvIII-specific
CAR-AlexaFluor 647 multimer). Intracellular staining was per-
formed for FOXP3 using FOXP3 Transcription Factor Staining
Buffer Kit (ThermoFisher Scientific; Invitrogen).

Bioluminescent imaging

Bioluminescence was detected using a Xenogen IVIS Lumina XR
Imaging System (Perkin Elmer), as previously described.7,35 Sin-
gle mice were imaged 5–6 min after an intraperitoneal injection
of D-luciferin (150 mg/kg). Images were acquired for 15 seconds.
Data were analyzed using Living Image software (Perkin Elmer)
by measuring signal intensity through region of interest analysis.

Statistical analyses

Statistical differences in cell counts among groups were evaluated
using the exact Wilcoxon rank sum test. The Kaplan-Meier esti-
mator was used to generate survival curves, and differences in
survival distributions were assessed using a Log-Rank test. Dif-
ferences in patterns of change in cell counts over time were
assessed using a mixed model following a 1st degree autoregres-
sive model for the covariance that included a time interaction
with treatment. The correlation between the log-transformed
CAR cell count and log-transformed bioluminescence was
assessed using the Pearson coefficient. P-values have not been
adjusted for multiple testing.
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