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T cell immunotherapy is emerging as a powerful strategy to
treat cancer and may improve outcomes for patients with
glioblastoma (GBM). We have developed a chimeric antigen
receptor (CAR) T cell immunotherapy targeting IL-13 receptor
a2 (IL13Ra2) for the treatment of GBM. Here, we describe the
optimization of IL13Ra2-targeted CAR T cells, including the
design of a 4-1BB (CD137) co-stimulatory CAR (IL13BBz)
and a manufacturing platform using enriched central memory
T cells. Utilizing orthotopic human GBMmodels with patient-
derived tumor sphere lines in NSG mice, we found that
IL13BBz-CAR T cells improved anti-tumor activity and
T cell persistence as compared to first-generation IL13z-CAR
CD8+ T cells that had shown evidence for bioactivity in
patients. Investigating the impact of corticosteroids, given
their frequent use in the clinical management of GBM, we
demonstrate that low-dose dexamethasone does not diminish
CAR T cell anti-tumor activity in vivo. Furthermore, we found
that local intracranial delivery of CAR T cells elicits superior
anti-tumor efficacy as compared to intravenous administra-
tion, with intraventricular infusions exhibiting possible benefit
over intracranial tumor infusions in a multifocal disease
model. Overall, these findings help define parameters for the
clinical translation of CAR T cell therapy for the treatment of
brain tumors.
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INTRODUCTION
Glioblastoma (GBM) is both the most common and most aggressive
type of primary malignant brain tumor. While standard-of-care
treatment, including surgical resection followed by radiation and
adjuvant chemotherapy, may provide short-term benefits,1 GBM
remains nearly uniformly lethal. Treatment failure is commonly
due to therapy-resistant invasive malignant cells that are the root of
tumor recurrence, and the refractory nature of GBM provides a ratio-
nale and motivation for developing novel treatment interventions for
this intractable disease.
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Adoptive cell therapy using T cells that are genetically modified to
express chimeric antigen receptors (CARs) is a promising therapeutic
approach that enables large numbers of patient-specific T cells to be
rapidly generated, which then direct potent, antigen-specific tumor
eradication. The remarkable clinical success observed with CD19-
CAR T cells for the treatment of CD19+ B cell malignancies,2–4

most strikingly in patients with refractory acute lymphoblastic
leukemia (ALL),5 provides optimism that this therapy can improve
therapeutic outcomes for patients with other cancers, including brain
tumors. Indeed, CD19-CART cells have been shown to accumulate in
the cerebrospinal fluid (CSF) and reduce the incidence of metastatic
leukemic disease in the brain.6–9 Furthermore, administration of
melanoma-specific tumor infiltrating lymphocytes (TIL) has been
shown to eliminate a metastatic lesion in the brain.10 However, the
application of CAR T cell therapy for the treatment of brain tumors
is still in the early stages of development, with many of the unique
parameters specific to the location and biology of this disease still
under active investigation.

One challenge for the development of CAR T cell immunotherapy for
GBM is the identification of tumor antigens that are broadly expressed
on the cell surface and, importantly for safety considerations, are not
highly expressed on normal brain or other life-sustaining tissues. An
attractive immunotherapeutic target meeting these criteria is IL-13
receptor a2 (IL13Ra2), a monomeric high-affinity interleukin-13
(IL-13) receptor, which is overexpressed by the majority of GBM
tumors (>60%) and not expressed at significant levels on normal brain
tissue.11–15 IL13Ra2 expression is closely associated with that of the
mesenchymal GBM subtype and is a prognostic indicator of poor
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Figure 1. Engineering and Characterization of IL13BBz T Cells

(A) Diagram of cDNA open reading frame of the 2,670-nucleotide IL13(EQ)BBz-T2A-CD19t construct, where the EF1 promoter (EF1p) drives transcription of the IL13BBz

CAR (containing the IL13Ra2-selective ligand IL13(E13Y), IgG4Fc(EQ) linker, CD4 transmembrane domain [CD4tm], 4-1BB [CD137] cytoplasmic signaling domain, and

CD3z cytoplasmic signaling domain sequences), as well as the T2A ribosomal skip and truncated CD19 (CD19t) sequences. (B) IL13BBz T cells derived from healthy

donors HD006.5 and HD187.1 were co-stained with anti-IL13-PE and anti-CD8-FITC (top) or anti-CD19-PE and anti-CD4-FITC (bottom) to detect the proportion of CD8+

and CD4+ cells that express the CAR and CD19t transgenes. Histogram quadrants were drawn based on isotype control staining, and percentages of immunoreactive

cells are indicated in each quadrant. (C) HD006.5 and HD187.1 IL13BBz T cells were stained with fluorochrome-conjugated anti-CD3, TCR, CD4, CD8, CD28, and

CD62L (gray histograms). Percentages of immunoreactive cells above isotype controls (black histograms) are indicated in each histogram. (D) HD006.5 and HD187.1

IL13BBz T cells were used as effectors in a 6 hr 51Cr release assay using a 10:1 effector-to-target (E:T) ratio based on CD19t expression. The IL13Ra2-positive tumor

targets were K562 cells engineered to express IL13Ra2 (K562-IL13Ra2) and the primary glioma line PBT030-2; the negative tumor target control was the parental K562

line. Means + SD of triplicate wells are depicted. (E) HD006.5 and HD187.1 IL13(EQ)BBz T cells were evaluated for antigen-dependent Th1 (e.g., IFN-g, TNF-a) and Th2

(e.g., IL-4, IL-5) cytokine production following overnight co-culture at a 10:1 E:T ratio (based on CD19t expression) with the same IL13Ra2-positive and negative

(legend continued on next page)
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patient survival.11 This favorable expression profile provides the ratio-
nale for continued development of CART cells targeting IL13Ra2.16–20

Our clinical experience with first-generation IL13Ra2-targeted CAR
T cells in patients with GBM demonstrated the overall safety and
tolerability of this therapeutic approach, with evidence for anti-tumor
activity.21 Here, we describe studies aimed at refining both the CAR
T cell product and the clinical parameters for optimally translating
this therapy to GBM patients. These studies provided foundation for
and helped drive the protocol design of our recently opened phase I
clinical trial for GBM (NCT02208362), in which complete remission
of recurrent multifocal GBM was observed in a single patient.22

RESULTS
Development of Second-Generation IL13Ra2-Targeting CAR

T Cells

We have designed a second-generation IL13Ra2-targeted CAR,
termed IL13BBz (Figure 1A), which, similar to our previously
described first-generation IL13z CAR,18,19,21 recognizes IL13Ra2
through a membrane-tethered IL-13 ligand, modified at a single site
(E13Y).23 IL13BBz then also incorporates an optimized IgG4-Fc
linker mutated at two sites within the CH2 region (L235E; N297Q)
to reduce Fc receptor binding,24 and the intracellular signaling
domain of CD137 (4-1BB) in series with CD3z, as the 4-1BB costimu-
latory sequence has been suggested to prevent anergy and promote
persistence of CAR T cells.25 In addition, our CAR expression cassette
includes the T2A ribosome skip sequence26 followed by a truncated
CD19 (CD19t) (Figure 1A), a non-signaling cell surface marker appli-
cable for cell tracking and enrichment. This expression cassette design
allows the IL13BBz CAR and CD19t to be expressed from a single
mRNA transcript but translated as two separate proteins that inde-
pendently traffic to the cell membrane.

For this study, enriched primary human central memory T cells
(Tcm) (CD45RA�, CD62L+) were lentivirally transduced to express
IL13BBz and CD19t. We focused on Tcm, as this memory population
has been shown to have favorable properties for therapeutic
application, including long-term persistence upon adoptive transfer
in vivo,27–29 and our group has developed processes to isolate, genet-
ically modify, and culture CAR+ Tcm products for clinical investiga-
tion.30 As exemplified by two engineered human T cell lines derived
from healthy donors (HD006.5 and HD187.1), lentiviral transduction
yields cell surface expression of both the IL13BBz-CAR and CD19t,
confirmed by flow cytometry with anti-IL13 and anti-CD19 anti-
bodies, respectively (Figure 1B). After ex vivo expansion of these
CAR T cells for up to 28 days, the products retained expression of
central memory markers CD62L and CD28 (Figure 1C).

These Tcm-derived IL13BBz T cells efficiently recognize and
kill IL13Ra2+ target cells. By chromium release assay, both the
targets as described in (D). (F) Kaplan-Meier survival analysis demonstrating signifi

mock-transduced T cells. Primary brain-tumor-derived PBT030-2 cells (1 � 105) w

(dotted line), mice (n = 6 per group) received intracranial tumor (ICT) injections of eit

(IL13BBz). p = 0.0005 when comparing the IL13BBz and Mock groups using the log
IL13Ra2-engineered K562 line (K562-IL13Ra2; Figure S1), and the
IL13Ra2-expressing PBT030-2 primary glioma line were lysed more
than 3-fold over the IL13Ra2-negative parental K562 line (Figure 1D).
Overnight co-culture with IL13Ra2+ cells also stimulated the IL13BBz
T cells to secrete cytokines (Figure 1E), whereas minimal secretion was
observed upon co-culture with IL13Ra2-negative K562 cells. These
engineered IL13BBz T cells also exhibited strong anti-tumor efficacy
in our previously established in vivo xenograft brain tumor model
with IL13Ra2+ PBT030-2 cells that had been engineered to express
the firefly luciferase (ffLuc) reporter gene.19 With this ffLuc+

PBT030-2 tumor xenograft model (1 � 105 cells intracranially;
5 days engraftment), NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ (NSG)
mice treated with a single intracranial tumor (ICT) injection of
mock-transduced T cells (no CAR expression) exhibited tumor
growth and survival similar to that of non-treated controls, while
mice treated with the IL13BBz T cells exhibited significantly improved
survival (Figure 1F). The anti-tumor activity of ICT administered
IL13BBz T cells can also be observed in the more aggressive glioma
tumor models U251T and PBT103-2-Ra2 (Figure S2).

IL13BBz T Cells Display IL13Ra2-Selective Effector Activity

There are two receptors that bind the IL-13 cytokine, IL13Ra1 and
IL13Ra2. IL13Ra1 is a widely expressed low-affinity receptor that
heterodimerizes with IL-4Ra following IL-13 binding to initiate
IL-13 immune functions.31 IL13Ra2 is a high-affinity monomeric
receptor, with restricted expression on normal tissue and
frequent overexpression in a number of human cancers, including
GBM.13,31 Thus, to evaluate the relative targeting of these two recep-
tors by our IL-13(E13Y)-ligand based CAR, we first tested the ability
of plate-bound recombinant human IL13Ra1-Fc and IL13Ra2-Fc to
stimulate the IL13BBz T cells to produce interferon-g (IFN-g).
When challenged with equivalent recombinant receptor concentra-
tions, IL13BBz T cells produced much stronger IFN-g responses to
human IL13Ra2-Fc as compared to human IL13Ra1-Fc (3.2-fold
higher at receptor concentration 250 ng/mL, p = 0.000002 using
an unpaired Student’s t test; Figure 2A). However, the CAR T cell
IFN-g response to plate bound human IL13Ra1-Fc, though mini-
mal, was still higher than that observed with mock-transduced
T cells (p = 0.0001 at receptor concentration 250 ng/mL using an
unpaired Student’s t test; Figure 2A). We went on to examine
IL13BBz T cell responses to human tumor cell targets expressing
IL13Ra1 and IL13Ra2. Each of the tumor cell lines expressed similar
levels of endogenous IL13Ra1, as exemplified by the fibrosarcoma
line HT1080, with relatively lower expression levels detected on
the lymphoblastoid cells (both lymphoblastoid cell lines [LCLs]
and positive control LCL-OKT3, which expresses the membrane-
bound single chain variable fragment [scFv] derived from the
CD3 agonist antibody OKT3) (Figure 2B). By contrast, IL13Ra2
was more highly expressed by the GBM tumor line PBT030-2, as
cantly improved survival for mice treated with IL13BBz T cells as compared to

ere stereotactically implanted into the right forebrain of NSG mice. On day 5

her PBS, 2 � 106 mock-transduced T cells (Mock), or 2 � 106 IL13BBz T cells

rank (Mantel-Cox) test.
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Figure 2. IL13BBz T Cells Mediate IL13Ra2-Selective In Vitro Function

(A) Mock-transduced T cells (Mock, open symbols) or IL13BBz T cells (black symbols) were cultured overnight on 96-well plates that had been coated with titrated

concentrations of recombinant human IL13Ra1-Fc (squares) or IL13Ra2-Fc (circles). Supernatants were then evaluated for IFN-g levels by ELISA. Means ± SD of triplicate

wells are depicted. Data are representative of experiments done with Tcm derived from three different healthy donors. (B) Flow cytometric analysis of IL13Ra1 and IL13Ra2 on

target/stimulator lines. Percentages of viable immunoreactive cells (%) and fold differences in mean fluorescence intensity (DMFI) compared to secondary reagent alone (black

histograms) are depicted in each histogram. (C) Four-hour 51Cr-release assays were performedwithmock-transduced T cells (top) or IL13BBz T cells (bottom) as effectors and

the indicated tumor lines as targets. Percent 51Cr-release (mean ± SD of three wells) at E:T ratios of 1:1, 5:1, 10:1, and 25:1 (based on total cell number) is depicted. Shaded

regions of each graph indicate background cytolytic activity as defined by the mock-transduced controls. Data are representative of experiments done with Tcm derived from

three different healthy donors. (D) Mock-transduced T cells (Mock) or IL13BBz T cells from three different healthy donors were stimulated with the same tumor lines as in (C).

Stimulation with LCL-OKT3 served as a positive control. IFN-g levels were measured using Human Cytokine Bead Array, and lines indicate mean values.
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well as the engineered HT1080-IL13Ra2, consistent with it often
being overexpressed under pathological conditions (Figure 2B).31

We found that the IL13Ra2-expressing targets PBT030-2 and
HT1080-IL13Ra2 were efficiently lysed by the IL13BBz T cells
(Figure 2C) and stimulated cytokine (e.g., IFN-g) production by
the IL13BBz T cells (Figure 2D; Table S1). Such effector activity
against the tumor lines that only express endogenous IL13Ra1
(i.e., LCL, parental HT1080) was never above that observed with
mock-transduced Tcm. Taken together, these studies support the
IL13Ra2 selectivity of the IL13BBz T cells.
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IL13BBz T Cells Are More Potent Than a First-Generation CAR

T Cell Clone

We sought to directly compare the anti-tumor potency of our opti-
mized second-generation IL13BBz-CAR T cell product versus our
earlier, non-costimulatory, non-Tcm, IL13z-CAR-expressing CD8+

T cell clone,18 as first-generation IL13z CD8+ T cell clones have
been evaluated in patients, displaying safety and transient anti-tumor
activity.21 For these experiments, we again used the ffLuc+ PBT030-2
tumor xenograft model, where mice treated with a single ICT injec-
tion of mock-transduced T cells exhibited tumor growth similar to
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that of non-treated controls (Figure 3). Mice treated with a single
injection of the IL13z CD8+ clone 2D7 exhibited some tumor growth
control and improved survival at only the highest (1 � 106) CAR+

T cell dose. In comparison, a single administration of the IL13BBz
T cells was more efficient at reducing tumor burden, with the lower
doses of 0.3� 106 and 0.1� 106 CAR+ T cells being almost as effective
as the highest 1 � 106 dose. Indeed, a 0.1 � 106 dose of the IL13BBz
T cells was significantly more effective than even the 1 � 106 dose of
the IL13z CD8+ clone 2D7 cells (p = 0.046; Figure 3C). We also noted
that the IL13BBz T cells caused no overt toxicities when intracranially
administered in these mouse models, a point of interest in light of the
potential of human IL13(E13Y)-containing CARs to cross-react
with murine IL13Ra1 and IL13Ra2 (Figure S3 and Krebs et al.20),
and the reported expression of IL13Ra1 in both murine and human
brain.32,33 This lack of toxicity is also consistent with the favorable
safety profile thus far observed in patients treated with IL13Ra2-tar-
geted CAR T cells.21,22

In an effort to estimate the ratio of T cells to tumor cells that produced
an effective anti-tumor response in these experiments, we extracted
two PBT030-2 tumors at day 8 of engraftment. The average tumor
volume in this experiment was 1.67� 107 mm3. Based on reconstruc-
tion of multiple H&E-stained sections and calculations made with
software as described in the Materials and Methods, we estimated
that a 1.67 � 107 mm3 tumor volume corresponded to approximately
0.17 � 106 tumor cells. Thus, since 0.1 � 106 CAR+ IL13BBz T cells
eradicated a tumor consisting of almost 0.2 � 106 cells, we calculated
that a ratio of approximately 1 CAR+ T cell to 2 tumor cells was
sufficient for eradicating orthotopic GBM in this model.

Immunohistochemical analysis of brains harvested from mice 6 days
after ICT treatment also revealed significantly increased numbers of
CD3+ T cells detected throughout the brain (20-fold increase) and
at the tumor site (13-fold increase) of mice treated with IL13BBz
T cells, as compared to those treated with the IL13z CD8+ clone
2D7 (Figures 3E and 3F). Besides residing within the tumor, these
CD3+ IL13BBz T cells were commonly found in the corpus callosum
and leptomeninges, including the choroid plexus and ependymal
lining (Figure 3E). This improved persistence for second-generation
IL13BBz T cells is also supported by in vitro co-culture assays, which
detected significantly greater numbers of viable IL13BBz T cells, as
compared to IL13z CD8+ CTL, following IL13Ra2+ tumor cell killing
(Figure S4).

CAR Enrichment Is Not Necessary for Therapeutic Efficacy

We next investigated whether pre-enrichment of CAR-expressing
T cells prior to adoptive transfer was necessary for optimal anti-tumor
activity when administering a specified CAR+ T cell dose. NSG mice
receiving 2 � 105 CAR+ cells from an IL13BBz T cell population that
was either 10% CAR+ or enriched to be 100% CAR+ exhibited similar
anti-tumor responses, with only one out of six mice from the 10%
CAR+ group not responding to treatment (Figure 4). Indeed,
there was not a statistical difference between the 10% CAR+ and
100% CAR+ groups when comparing either tumor flux at day 41
(p = 0.3849; Figure 4B) or overall survival (p = 0.3613; Figure 4C).
Thus, these data suggest that, when dosing is based on CAR positivity,
CAR enrichment is not necessary for therapeutic efficacy.

Evaluating Impact of Dexamethasone on Therapeutic Potency of

IL13BBz T Cells

Because IL13Ra2-targeted GBM immunotherapy is currently being
evaluated in early-stage clinical trials, where many patients receive
dexamethasone to decrease edema and counter symptoms and/or
adverse events, we evaluated the effects of corticosteroids on CAR
T cell treatment in our PBT030-2 tumor xenograft model. Five days
after introduction of ffLuc+ PBT030-2 cells, daily injections of high,
mid, or low levels of dexamethasone (5, 1, or 0.2 mg/kg, respectively)
were initiated and continued for 4 weeks, with one dose of IL13BBz
T cells administered on day 8 (Figure 5). Complete loss of CAR
T cell-mediated effects was only observed in mice that received the
highest dose of dexamethasone (5 mg/kg). Mice given the more clin-
ically relevant dexamethasone doses of 1 or 0.2 mg/kg continued to
exhibit tumor growth control by bioluminescent imaging up to day
63 (Figures 5A and 5B) and showed a significant survival benefit (Fig-
ure 5C). While the survival of mice treated with mid or low levels of
dexamethasone may have been modestly reduced compared to mice
not treated with dexamethasone, this difference was not statistically
significant (Figure 5C). Thus, overall, these data suggest that in vivo
anti-tumor effects of CAR T cells against brain tumors can be main-
tained in the presence of low-dose dexamethasone.

Evaluating Impact of Delivery Route on Therapeutic Potency of

IL13BBz T Cells

Because T cells have been shown to have the capacity to traffic to
tumors34,35 and intravenous (IV) infusions would be significantly
less invasive than intracranial infusions when translating CAR T cell
therapy to the clinic for GBM, we compared these two routes of
IL13BBz T cell delivery in our orthotopic PBT030-2 tumor xenograft
model (Figure 6). In contrast to that observed with ICT administra-
tion, there was no therapeutic efficacy observed with IV administered
CART cells (Figures 6A and 6B). Experiments performed with smaller
tumors (i.e., engrafted for 8 days instead of the 19 days depicted in
Figure 6) exhibited the same result (data not shown). Immunohisto-
chemical analysis suggests that IV administered IL13BBz T cells do
not traffic to the tumor site as efficiently as do ICT administered cells
(Figure 6C). Thus, local delivery of IL13BBz T cells appears to be
superior to systemic delivery for treatment of GBM.

We next compared two different routes of local intracranial delivery,
either to the tumor site (ICT) or the ventricular system (intraventric-
ularly [ICV]). For these studies, we used a multifocal GBM model,
injecting ffLuc+ PBT030-2 tumor cells into both the left and right
hemispheres of the mouse brain, and evaluated the efficacy of a single
infusion of IL13BBz T cells either ICV or to the right ICT (Figure 7).
Xenogen imaging of the left versus right hemispheres of the brain
revealed that both ICT and ICV CAR T cells inhibited the growth
of the tumor on the right, but ICV administration more efficiently
affected the growth of the contralateral tumor on the left (Figure 7C).
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Figure 3. IL13BBz T Cells Mediate Superior Anti-tumor Efficacy as Compared to First-Generation IL13z T Cells

ffLuc+ PBT030-2 cells (1 � 105) were stereotactically implanted into the right forebrain of NSG mice. On day 8 (A–D) or day 5 (E and F), mice (n = 6 or 7 per group) received

either no treatment (PBT030-2); ICT treatment with 1.6� 106 mock-transduced T cells (Mock); 0.1� 106, 0.3� 106, or 1.0� 106 IL13z CD8+ clone 2D7 cells; or 0.1� 106,

0.3� 106, or 1.0� 106 CAR+ IL13BBz T cells (1.0� 106 CAR+ = 1.6� 106 total T cells; 63%CAR+). (A) Representative mice from each group showing relative tumor burden

over time using Xenogen Living Image. T cell infusion on day 8 is indicated by the vertical dotted line. (B) Linear regression lines of the natural log of ffLuc flux (photons/s) for

each group over time. T cell infusion on day 8 is indicated by the dotted vertical line, andmeans ± SE are depicted at each time point. (C) Quantification of ffLuc flux on day 27.

Each data point represents an individual mouse, and lines indicate median values. p = 0.046 when comparing mice treated with 1.0 � 106 IL13z CD8+ clone 2D7 to those

treated with 0.1 � 106 CAR+ IL13BBz T cells using an unpaired Student’s t test. (D) Kaplan-Meier survival analysis demonstrating improved survival for mice treated with

IL13BBz T cells. T cell infusion on day 8 is indicated by the dotted vertical line. *p = 0.048; **p% 0.005 when compared to mice treated with mock-transduced T cells using

the log rank (Mantel-Cox) test. (E) Representative 20� immunohistochemical images of brains collected frommice 6 days after ICT treatment with 1.0� 106 IL13zCD8+ clone

2D7 cells or CAR+ IL13BBz T cells (1.0 � 106 CAR+ = 3.0 � 106 total T cells; 33% CAR+) and stained for CD3+ T cells. Sites of tumor (left), leptomeninges (LM, center), and

corpus callosum (CC, right) each with 100 mm scale bars are depicted. LV, lateral ventricle; CP, choroid plexus; EL, ependymal lining. (F) Average CD3 cell counts (±SD) from

either the whole-brain section (top) or tumor-containing field (bottom) were determined from the experiment described in (E) using two brains per group and three sections per

brain. *p = 0.0008; **p = 0.0099 when compared to mice treated with IL13BBz T cells using an unpaired Student’s t test.
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Figure 4. Proportion of Cells That Are CAR+ Does Not Impact Therapeutic Efficacy

ffLuc+ PBT030-2 cells (1� 105) were stereotactically implanted into the right forebrain of NSGmice. On day 8,mice (n = 5 or 6 per group) received no treatment (PBT030-2) or

ICT treatment with either 2� 106 mock-transduced T cells (Mock) or 0.2� 106 CAR+ IL13BBz T cells—either 2� 106 total cells of a 10% CAR+ population or 0.2� 106 total

cells of a 100% CAR+ population. (A) Representative mice from each group showing relative tumor burden over time using Xenogen Living Image. T cell infusion on day 8 is

indicated by the vertical dotted line. (B) Quantification of ffLuc flux on day 41. Each data point represents an individual mouse, and lines indicate median values. Using an

unpaired Student’s t test, p = 0.385 when comparing the 10% and 100%CAR+ groups, and p = 0.004 when comparing the Mock and 100%CAR+ groups. (C) Kaplan-Meier

survival curve demonstrating significantly improved survival for mice treated with either the 10% or 100% CAR+ IL13BBz T cells. T cell infusion on day 8 is indicated by the

vertical dotted line. *p% 0.0015when compared tomock-transduced T cells using the log rank (Mantel-Cox) test. No significant difference in survival between the 10%CAR+

and 100% CAR+ groups was observed (p = 0.3613).
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Tumor sizes based on H&E staining of brains harvested 7 days after
T cell infusion also showed similar IL13BBz T cell-mediated tumor
control on the right with both ICT and ICV administration, and on
the left with only ICV administration (Figure 7D). This result was
not tumor specific, as similar results were seen with a multifocal
ffLuc+ U251T model (Figure S5). Interestingly, however, CD3+

T cells were detected in both the right and left tumor sites in both
groups of mice when examined 7 days after IL13BBz T cell infusion
(Figure 7E). Furthermore, the survival rates of the ICT- versus
ICV-treated groups were not statistically different from each other
(p = 0.4187) (Figure 7F).

DISCUSSION
The goal of this study was to pre-clinically evaluate parameters of
CAR T cell therapy related to its clinical translation to the treatment
of brain tumors. These findings have informed clinical trial
design and provided the rationale for our recently initiated clinical
trial utilizing next-generation IL13BBz T cells to treat GBM
(NCT02208362). Early clinical observations are encouraging, with
demonstrated safety and evidence for anti-tumor activity, including
one patient who exhibited a complete response against recurrent
multifocal GBM.22

For these studies, we generated a fully human second-generation
IL13(E13Y)-ligand-based CAR that incorporated a 4-1BB (CD137)
co-stimulatory domain36 to enhance anti-tumor potency and muta-
tions in the IgG4 Fc spacer (L235E, N297Q) to reduce binding to
Fc gamma receptors (FcgRs).24 We also chose an enriched Tcm pop-
ulation for lentiviral genetic engineering on the basis of studies using
both murine xenograft models and a non-human primate model
relevant for human translation, where adoptively transferred effector
T cells derived from sort-purified CD62L+ Tcm were found to persist
in the blood and responded to antigen challenge in vivo.27,29 Here,
we observe that autologous Tcm-derived IL13BBz T cells retained
their memory phenotype after their genetic modification and
ex vivo propagation. Further, we provide evidence that IL13BBz
T cells mediate IL13Ra2-redirected effector function with minimal
targeting of IL13Ra1. IL13BBz T cells were preferentially activated
by plate-bound IL13Ra2-Fc, as compared to IL13Ra1-Fc, when
challenged at equivalent receptor concentrations and did not produce
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Figure 5. Impact of Dexamethasone onCAR TCell In

Vivo Anti-tumor Activity

ffLuc+ PBT030-2 cells (1 � 105) were stereotactically

implanted into the right forebrain of NSG mice. On day 5,

mice that were to receive CAR+ T cells initiated daily

s.c. injections of dexamethasone (Dex) at different

doses—High Dex (5 mg/kg, n = 6), Mid Dex (1 mg/kg,

n = 6), LowDex (0.2mg/kg, n = 6), or No Dex (n = 6)—for a

total of 4 weeks. On day 8, mice received no treatment

(PBT030-2, n = 5) or ICT treatment with either 0.37� 106

mock-transduced T cells (Mock, n = 5) or 0.3 � 106

CAR+ IL13BBz T cells (0.37 � 106 total cells, 78% CAR+;

n = 24). (A) Representative mice from each group

showing relative tumor burden over time using Xenogen

Living Image. Initiation of Dex infusions on day 5 is indi-

cated by the vertical dash-dot line; T cell infusion on day 8

is indicated by the vertical dotted line. (B) Linear regres-

sion lines of the natural log of ffLuc flux (photons/s) for

each group over time. Initiation of Dex infusions on day 5

is indicated by the vertical dash-dot line, T cell infusion on

day 8 is indicated by the vertical dotted line, and means ±

SD are depicted at each time point. (C) Kaplan-Meier

survival curve demonstrating improved survival for

No, Low, and Mid Dex-treated mice. Initiation of Dex

infusions on day 5 is indicated by the vertical dash-dot

line; T cell infusion on day 8 is indicated by the

vertical dotted line. *p % 0.02 when compared to mock-

transduced T cells using the log rank (Mantel-Cox) test.

No significant difference in survival between the High Dex

and Mock groups (p = 0.52) nor between the Mid or Low

Dex and No Dex groups (p = 0.39 or 0.30, respectively)

was observed.
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inflammatory cytokines or efficiently kill when co-cultured with cells
that endogenously express IL13Ra1. This finding is important for the
anticipated clinical safety of this ligand-based CAR platform and is
in contrast to pre-clinical data from other groups in which similar
IL-13-mutein ligand-CARs cross-reacted with IL13Ra1,20,37 suggest-
ing that differences in CAR design outside the tumor targeting
domain may contribute to selective recognition. Ongoing studies
are focused on evaluating the impact of CAR expression levels and
CAR design features, including linker length and co-stimulatory
domain, on IL13Ra2-selective recognition.

One of our primary objectives of this study was to improve anti-tumor
activity and persistence as compared to our first-generation IL13z
CD8+ T cells, a CAR T cell product that has been evaluated in
nine patients under two phase I clinical trials (NCT00730613,
NCT01082926). The clinical testing of IL13z CD8+ T cells for the
treatment of GBM represented the first application of CAR T cells
for the treatment of brain tumors. Those initial studies were highly
38 Molecular Therapy Vol. 26 No 1 January 2018
informative, as they demonstrated the safety of
repetitive intracranial delivery of IL13z CD8+

T cells,21 and they were the first to track CAR
T cells following intracranial adoptive transfer
by engineering cells to co-express the herpes sim-
plex virus 1 thymidine kinase reporter gene (HSV1-TK) which allowed
positron emission tomography (PET) imaging with 9-[4-[18F]fluoro-
3-(hydroxymethyl)butyl]guanine ([18F]FHBG).38,39 Evidence for anti-
glioma bioactivity was also found, as suggested by significant loss of
IL13Ra2+ tumor cells in one patient and increased tumor necrotic
volume in a second patient.21 However, although these findings are
encouraging, the first-generation product showed limited persistence
following adoptive transfer in pre-clinical models, and we hypothe-
sized that low T cell persistence may have limited clinical outcomes.
In this study, we have now demonstrated that our next-generation
IL13BBz T cells significantly outperform first-generation IL13z
CD8+ T cells against orthotopic patient-derived GBM, with improved
persistence post-adoptive transfer.

Clinical dosing of CAR T cells is commonly based on CAR positivity.
However, the impact of un-engineered, or CAR-negative T cells on
anti-tumor potency, particularly when the cells are delivered directly
to the tumor site, has not been established. To test this impact, we



Figure 6. Therapeutic Efficacy Observed with ICT,

but Not IV, CAR T Cell Administration

ffLuc+ PBT030-2 cells (1 � 105) were stereotactically

implanted into the right forebrain ofNSGmice. Treatedmice

received either mock-transduced or IL13BBz T cells either

ICT on days 19, 22, 26, and 29 (1� 106 CAR+ cells) or IV on

days 19 and 26 (5 � 106 CAR+ cells). (A) Representative

mice from each T cell-treated group (n = 6/group) showing

relative tumor burden over time using Xenogen Living

Image. T cell infusions on days 19 and 26 are indicated by

the vertical dashed lines; T cell infusions on days 22 and 29

are indicated by the vertical dotted lines. (B) Kaplan-Meier

survival curve demonstrating improved survival for ICT

IL13BBz T cell-treatedmice. T cell infusions on days 19 and

26 are indicated by the vertical dashed lines; T cell infusions

on days 22 and 29 are indicated by the vertical dotted

lines. *p = 0.0035 when compared to ICT delivered

mock-transduced T cells using the log rank (Mantel-Cox)

test. (C) Representative 10� images of H&E (top)- and

CD3 IHC (bottom)-stained tumor sites of brains harvested

7 days after the last ICT (left) or IV (right) IL13BBz T cell

administration.
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compared the anti-tumor activity of a set CAR+ T cell dose that was
formulated from either a 100%CAR+ population or a 10%CAR+ pop-
ulation. Our findings suggest that, even in the setting of intracranial
injections to the tumor site, the presence of a large proportion of
CAR-negative T cells in a cell product formulation (i.e., as in that
derived from a 10% CAR+ population) does not affect the anti-tumor
potency or survival benefit of adoptive therapy with IL13BBz T cells.
Thus, dosing by CAR positivity appears to obviate the need to enrich
for a 100% CAR-expressing T cell product, and we intend to continue
with this dosing strategy in clinical trials going forward.
Mo
To further inform our clinical trial design, we
also examined the extent to which dexametha-
sone may affect the function of our CAR
T cells, as many GBM patients are treated with
this steroid to decrease edema and improve
symptoms,40 and yet it is also known to regulate
T cell growth and differentiation.41 Interest-
ingly, anti-tumor responses and survival of
IL13BBz T cell-treated mice given 0.2 mg/kg
or 1 mg/kg of dexamethasone were not signifi-
cantly impaired as compared to the no-dexa-
methasone control group. These doses would
correspond to 15 mg and 75 mg dexamethasone
per day, respectively, for a patient weighing
75 kg. Therefore, since a dose of 10–20 mg
dexamethasone is typically administered to
brain tumor patients at the onset of acute neuro-
logical symptoms, followed by 4–24 mg of daily
maintenance therapy,42 our data suggest that
CAR T cell anti-tumor function would not be
substantially impaired with this standard-of-
care dosing strategy. Although further under-
standing of the clinical impact of dexamethasone on CAR T cell
therapy remains under investigation, based on the pre-clinical studies
presented here, our clinical protocol (NCT02208362) allows for
patients to be on a stable low dose of dexamethasone of %6 mg/day.

The optimal delivery route of CAR T cells for the treatment of brain
tumors remains an outstanding question. The brain is an immune-
specialized organ, with the blood-brain barrier functioning to regulate
interactions between the immune system and the CNS (reviewed in
Banks and Erickson43). Most ongoing CAR clinical trials for the
lecular Therapy Vol. 26 No 1 January 2018 39
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treatment of GBM (NCT01109095, NCT01454596, NCT02844062,
NCT02209376)44,45 are delivering CAR T cells IV. Systemic IV
delivery is supported by CD19-CAR T cells trafficking to the CSF
and reducing CNS leukemic disease burden,6,8,46 as well as TILs
eliminating melanoma tumors that had metastasized to the brain.10

However, in both of these scenarios, the adoptively transferred
T cells were likely primed by systemic tumors. For primary brain
tumors, this would likely not be the case, and since resting T cells
are known to not efficiently traffic to the CNS,47 the efficiency of
CAR T cell trafficking to the CNS might be highly dependent on their
activation status after ex vivo manufacturing. Based on this, we
directly tested the potency of IV versus intracranially administered
CAR T cells and found that IV administration of our IL13BBz
T cells was ineffective, apparently due to inefficient cell trafficking
to the intracranial tumors. In contrast, ICT administration of
these CAR T cells provided long-term survival in mice. Although
our findings may be influenced by our CAR design, manufacturing
platform or the orthotopic models of GBM in immunocompromised
mice, other groups have also demonstrated a benefit for locoregional
delivery of CAR T cells for the treatment of solid tumors.48,49 There-
fore, these studies provide the rationale for continuing to evaluate
local intracranial delivery in patients. Our earlier clinical trials with
first-generation IL13Ra2-targeting CAR T cells utilized a Rickham
catheter for ICT administration,21,38 with no dose-limiting toxicities
observed. Indeed, avoiding systemic IV delivery of CAR T cells may
help decrease the risk of off-target side effects.

When considering a locoregional delivery approach for the treatment
of GBM, we set out to compare intratumoral (ICT) delivery versus
CSF delivery into the ventricles (ICV). We reasoned that CSF perfu-
sion throughout the CNS might allow for better control of multifocal
disease. Our findings in the multifocal orthotopic mouse model show
that anti-tumor efficacy and improved survival can occur with either
ICT or ICV delivery, yet ICV delivery appeared to better control the
growth of the contralateral/distal tumor. Interestingly, our recently
published case report suggests that while local delivery controlled
local disease, ICV deliverymediated regression of multifocal lesions.22

A more thorough clinical understanding of the effect of the route of
delivery on CAR T cell safety and anti-tumor activity is highly
warranted. As such, we are currently testing three different local
delivery strategies in our ongoing clinical trial—ICT, ICV, and dual
ICT/ICV (NCT02208362).
Figure 7. Therapeutic Efficacy Observed with ICT and ICV CAR T Cell Adminis

ffLuc+ PBT030-2 cells (1� 105) were stereotactically implanted into both the left and righ

T cells (1� 106 CAR+ cells) either ICT or ICV on day 6 (B, C, and E) or day 8 (D and F). (A)

from each group (n = 5 per group) showing relative tumor burden over time using Xen

(C) Quantification of mean ffLuc flux (+SE) on days 5, 9, 12, 15, and 19 (indicated on the x

and ICV-treated (green) groups of mice. (D) Representative 0.68� and 5� images of H

either ICT (top) or ICV (bottom). Images such as these were then used to determine

hemispheres of mice treated with either mock-transduced or IL13BBz T cells as dep

hemisphere and delivery of mock-transduced T cells using the unpaired Student’s t test

brains harvested 7 days after IL13BBz Tcm administration either ICT (top) or ICV (bottom

treated mice. T cell infusion on day 8 is indicated by the vertical dotted line. Using the log

T cell treatment given either ICT or ICV; p = 0.4187 when comparing IL13BBz T cell tre
All together, the results of these studies have set the stage for our most
recently initiated clinical trial utilizing second-generation IL13BBz
T cells to treat GBM (NCT02208362). Having developed several
optimizations to our IL13Ra2-directed CAR T cell product, with the
objective of improving therapeutic efficacy through augmenting
persistence and activity, this work has provided the groundwork to
now evaluate IL13BBz T cells and their potential clinical benefit for
a patient population that is greatly in need of novel therapeutics.
Furthermore, while these findings are being directly applied to GBM
patients at our institution, they also provide general insights into the
translation of CAR T cell therapy for malignant brain tumors.

MATERIALS AND METHODS
CAR Construct

The codon-optimized IL-13(E13Y) mutein-containing IL13-zetakine
CAR sequence was previously described21 and is here referred to as
IL13z. The ribosomal skip T2A sequence26 was fused by PCR splice
overlap extension to the truncated CD19t sequence obtained from
the leader peptide to the transmembrane-spanning components (i.e.,
base pairs 1–972) of a CD19-containing plasmid. The IL13z and
T2A-CD19t fragments were ligated into the previously described
epHIV7 lentiviral vector.30 The 4-1BB co-stimulatory sequence was
then inserted by splice overlap PCR, and then that construct underwent
sequential site-directed mutagenesis using the QuikChange II XL kit
(Agilent Technologies, Santa Clara, CA) to generate IL13(E13Y)-
IgG4(L235E,N297Q)-CD4tm-41BB-Zeta-T2A-CD19t_epHIV7, which
we refer to here as IL13(EQ)BBZ-T2A-CD19t_epHIV7.

CliniMACS Immunomagnetic Tcm Enrichment

Blood products were obtained from healthy donors under proto-
cols approved by the City of Hope (COH) Internal Review Board.
Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation over Ficoll-Paque (GE Healthcare,
Little Chalfont, UK) and then underwent sequential rounds of
CliniMACS/AutoMACS depletion (to remove CD45RA+ naive
T cells, CD25+ regulatory T cells, and CD14+ monocytes) and
selection to enrich for the CD45RO+ CD62L+ Tcm population.
In brief, PBMCs were incubated with clinical-grade anti-CD25,
anti-CD14, and anti-CD45RA microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) for 30 min at room temperature
(RT) in X Vivo15 media (BioWhittaker, Walkersville, MD)
containing 10% fetal calf serum (FCS) (HyClone, GE Healthcare).
tration

t forebrains of NSGmice. Treatedmice received either mock-transduced or IL13BBz

Schematic of tumor cell and T cell intracranial injection sites. (B) Representative mice

ogen Living Image. T cell infusion on day 6 is indicated by the vertical dotted line.

axis) for each brain hemisphere (left or right) in the untreated (red), ICT-treated (blue),

&E staining of tumors in brains harvested 7 days after IL13BBz T cell administration

length � width calculations of tumor area (mm2) in both the left (L) and right (R)

icted in the graph (mean + SD). *p < 0.0111 when compared to the respective

. (E) Representative 10� images of CD3 IHC stained tumor sites (left versus right) of

). (F) Kaplan-Meier survival curve demonstrating improved survival for IL13BBz T cell-

rank (Mantel-Cox) test, p = 0.0018 when comparing IL13BBz to mock-transduced

atment given either ICT or ICV.
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CD25+, CD14+, and CD45RA+ cells were then immediately
depleted using the CliniMACS depletion mode according to the
manufacturer’s instructions (Miltenyi Biotec). After centrifugation,
the unlabeled negative fraction of cells was resuspended in
CliniMACS PBS/EDTA buffer (Miltenyi Biotec) containing 0.5%
human serum albumin (HSA) (CSL Behring, King of Prussia,
PA) and then labeled with clinical grade biotinylated-DREG56
monoclonal antibody (mAb) (City of Hope Center for Biomedicine
and Genetics) at 0.1 mg/106 cells for 30 min at RT. The cells were
then washed and resuspended in a final volume of 100 mL
CliniMACS PBS/EDTA containing 0.5% HSA. After 30 min incu-
bation with 1.25 mL anti-biotin microbeads (Miltenyi Biotec), the
CD62L+ fraction (Tcm) was purified with positive selection on
CliniMACS according to the manufacturer’s instructions and
resuspended in X Vivo15 media containing 10% FCS.

Activation, Lentiviral Transduction, and Expansion of

Enriched Tcm

Tcm were stimulated with Dynabeads Human T expander CD3/
CD28 (Invitrogen, Carlsbad, CA) at a 1:3 ratio (T cell:bead) and
transduced with IL13(EQ)BBZ-T2A-CD19t_epHIV7 at an MOI of
0.3 or greater in X Vivo15 containing 10% FCS with 5 mg/mL prot-
amine sulfate (APP Pharmaceuticals, Schaumburg, IL), 50 U/mL
rhIL-2, and 0.5 ng/mL rhIL-15. Cultures were then maintained at
37�C, 5% CO2, with addition of X-Vivo15, 10% FCS as required
to keep cell density between 3 � 105 and 2 � 106 viable cells/mL,
with cytokine supplementation (final concentration of 50 U/mL
rhIL-2 and 0.5 ng/mL rhIL-15) every Monday, Wednesday, and
Friday of culture. On day 7+ of culture, the CD3/CD28 Dynabeads
were removed from cultures using the DynaMag-50 magnet
(Invitrogen). Cultures were propagated for up to 28 days prior to
cryopreservation.

Cell Lines

Generation of Epstein-Barr virus (EBV)-transformed LCLs and LCLs
that express a membrane-tethered CD3 epsilon-specific scFv agonist
OKT3 (LCL-OKT3) have been previously described.29,50 The low-
passage GBM tumor sphere line PBT030-2 and PBT030-2 engineered
to express the ffLuc reporter gene have been previously described.19

The low-passage GBM tumor sphere line PBT103-2-Ra2 was simi-
larly derived from a patient sample but engineered to constitutively
express both human IL13Ra2 and ffLuc. Fibrosarcoma line HT-
1080 and chronic myelogenous leukemia line K-562 were obtained
from the American Tissue Culture Collection (ATCC) and main-
tained according to their recommendations, with HT-1080 and
K-562 cells lentivirally transduced to express IL13Ra2 by using an
IL13Ra2-T2A-eGFP-ffLuc_pHIV7 construct and standard methods.
U251T GBM cells were previously described.11

Generation of the IL13z+ CD8+ clone 2D7 was previously described.18

Briefly, this line was derived from human PBMCs that had undergone
OKT3 activation, electroporation with an IL13-zetakine/HyTK-pMG
plasmid, and subsequent cloning and propagation in hygromycin/
rhIL-2.18,51
42 Molecular Therapy Vol. 26 No 1 January 2018
Flow Cytometric Analysis

Effector cells were stained with fluorochrome-conjugated monoclonal
antibodies (mAbs) to either human CD3, CD4, CD8, CD28, IL-13,
TCRa/b (BD Biosciences, San Jose, CA), CD19 (Beckman Coulter,
Brea, CA), or CD62L (ThermoFisher Scientific, Carlsbad, CA). Tumor
cells were stained with goat anti-human IL13Ra1 or IL13Ra2 (R&D
Systems, Minneapolis, MN), followed by phycoerythrin-conjugated
donkey anti-goat antibody (Novus Biologicals, Littleton, CO).
Isotype-matched mAbs served as controls. Data acquisition was
performed on a FACS Calibur instrument (BD Biosciences) using
FCS Express V3 Software (De Novo Software, Los Angeles, CA).

Cytotoxicity Assays
51Cr release assays were performed as previously described52 using
the indicated effector cells and 51Cr-labeled target cells.

Cytokine Production Assays

Freshly thawed T cell products (106) were co-cultured overnight in
48-well tissue culture plates with 105 of the indicated stimulator cells.
In some experiments, tumor cells alone were cultured for 72 hr.
Harvested supernatants were analyzed by cytometric bead array using
the Human Cytokine 10-Plex Panel (Invitrogen) according to the
manufacturer’s instructions.

In some experiments, T cells were cultured overnight at 5 � 103 cells
per well on 96-well plates that had been coated with 5,000, 2,500,
1,250, 625, or 312.5 ng/mL recombinant human IL13Ra1-Fc chimera
or IL13Ra2-Fc chimera (R&D Systems). Supernatants were then
evaluated for IFN-g levels using the Legend Max ELISA kit with
pre-coated plates (Human IFN-g) (Biolegend, San Diego, CA).

Xenograft Models

All mouse experiments were approved by the COH Institute Animal
Care and Use Committee. On day 0, ffLuc+ PBT030-2 cells (1 � 105)
were stereotactically implanted into the right forebrain of NSG mice.
The multifocal model involved injection of 1 � 105 ffLuc+ PBT030-2
cells to both the right and left forebrains of each mouse. Mice were
then treated intratumorally (i.e., intracranially, ICT), IV, or ICV
with 0.2–2.0 � 106 CAR T cells as indicated for each experiment.
In some experiments, some groups of mice also received 4 weeks of
daily subcutaneous (s.c.) injections of dexamethasone (at 0.2, 1, or
5 mg/kg) starting at day 5. Groups of mice were then monitored for
tumor engraftment by Xenogen non-invasive optical imaging as pre-
viously described18 or for survival, with euthanasia applied according
to the American Veterinary Medical Association Guidelines.

Calculating Tumor Cell Number Based on Volume

Harvested PBT030-2 brain tumors were paraffin embedded and
approximately 30 sections (10 mm thick, 100 mm apart) were made
of each tumor and stained with H&E. Sections were scanned at
40� magnification (average image size 200 Mb) using a digital slide
scanner NanoZoomer 2.0-HT: C9600 (Hamamatsu, Bridgewater,
NJ), and sections containing tumor tissue were imported into soft-
ware Voloom version 1.8.
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Calculation of the cell numbers within each tumor was then based on
the following: since the height of each section is 10 mm, the volume of
each section equals area� 10 mm. NDP.view2 software (Hamamatsu)
was used to acquire tumor section area (A) and then to manually
count the cell number (C) within that area. We estimated that there
were two layers of cells within each section, so the average single-
cell volume would equal (section volume)/(2 � the cell count within
tumor area), or (10�A)/(2�C). Using this equation, the average cell
volume was determined to be 951.01 mm3, which we rounded to
1,000 mm3 for all future calculations. Since dense tumor tissue has
strong blue staining because of its high nucleus/plasma ratio, Voloom
version 1.8 can recognize that blue stain on the provided sections,
construct a 3D model, and calculate total tumor volumes. The cell
number within a PBT030-2 tumor was then estimated to equal
(tumor volume)/1,000.

Immunohistochemistry

Harvested brains were paraformaldehyde fixed and embedded in
paraffin. Horizontal brain sections (10 mm) were deparaffinized,
quenched in 3% hydrogen peroxide, and pre-treated to promote
antigen retrieval by steaming method (20 min in high pH, 50�).
Slides were then incubated in Protein Block (Dako, Carpenteria,
CA) and stained for 30 min with a monoclonal mouse anti-human
CD3 antibody (1/200 in dilution buffer, Dako). After washing, the
slides were incubated in Mouse Polymer (Dako), washed again,
incubated with the chromogen diaminobenzidine tetrahydrochlor-
ide and then counterstained with hematoxylin prior to rehydration
and mounting.
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