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In vivo DNA-launched bispecific T cell engager
targeting IL-13Ra2 controls tumor growth
in an animal model of glioblastoma multiforme
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Glioblastoma is an aggressive tumor with poor survival rates.
Bispecific T cell engagers (BTEs) against different cancers are
in various stages of clinical development. Toxicity resulting
from cytokine release syndrome and the short half-life of
BTEs, which necessitates continuous infusion, complicating
delivery and increasing costs, are major challenges in the field.
Here we describe the development of in vivo DNA-launched
BTEs (dBTEs) with highly focused targeting of interleukin-13
receptor a2 (IL-13Ra2), a glioblastoma cell-surface target.
We developed 4 BTEs targeting 2 epitopes of IL-13Ra2 and
studied how heavy-light chain orientation affects BTE func-
tion. The dBTEs induced T cell activation, cytokine produc-
tion, and tumor cytolysis in the presence of IL-13Ra2+ tumor
cells, but we observed unique patterns of immune activation.
We found a strong correlation between granzyme B secretion
and dBTE-induced cytolysis of specific and nonspecific tumors.
We down-selected dBTE PB01-forward based on lower cyto-
kine induction profile and highest activation specificity. In vivo,
dBTE PB01-forward demonstrated an improved half-life
versus intravenous recombinant BTE delivery. In an orthotopic
glioblastoma model, dBTE PB01-forward controlled tumor
growth, improving animal survival, supporting the hypothesis
that the blood-brain barrier does not affect the function of sys-
temically delivered dBTE. Further study of PB01-forward for
targeting glioblastoma and other IL-13Ra2+ cancers is war-
ranted.
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INTRODUCTION
Glioblastoma Multiforme (GBM) is a high-grade glioma representing
the most common and aggressive form of malignant brain tumors.1

Standard-of-care treatment for GBM involves surgery followed by ra-
diation and chemotherapy.2 Although these therapies provide short-
term benefits,3 GBM ultimately remains fatal. The median survival
rate with current treatments is 15–16 months.4 This indicates a sub-
stantial unmet and urgent need for improving therapeutic options for
individuals with GBM.

Bispecific T cell engagers are bispecific antibodies comprised of two
single-chain variable fragments (scFvs) that can simultaneously
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bind to two different antigens and bring them close to each other.
Typically, one arm of the bispecific T cell engager (BTE) binds to a
tumor-associated antigen (TAA), and the other end binds to the
CD3 epsilon chain on T cells. Engagement of both arms of BTEs trig-
gers T cell activation, leading to cytolysis of tumor cells. One such
BTE targeting CD19 received US Food and Drug Administration
(FDA) approval for treatment of acute lymphoblastic leukemia in
2014.5 CD3-based bispecific antibodies can lead to cytokine release
syndrome (CRS), which is a major clinical concern.6 Additional chal-
lenges for current use of bispecific antibodies include manufacturing
limitations and a short in vivo half-life, resulting in the need for
continuous infusions over several weeks.7 A delivery method result-
ing in longer in vivo expression could significantly improve the appli-
cability of this technology.

We have previously described an approach of using synthetic DNA
(synDNA)-encoded monoclonal antibodies for immunotherapy
with improved expression kinetics.6–8 This approach entails intra-
muscularly injecting a synDNA plasmid that encodes for the biologic
agent into mice. This is followed by electroporation at the site of in-
jection, which increases the transfection efficiency of the plasmid, re-
sulting in more production in the muscle, which, in turn, results in
improved secretion of bispecific antibody from the muscle into the
serum. It is important to develop new T cell-redirecting therapies
because of their exceptional potential for affected individuals; a
simplified production scheme would improve the experience of
treated persons while improving tumor control in vivo. In this regard,
we have described the development of a DNA-launched HER2-tar-
geting bispecific antibody that was expressed inmice for several weeks
and showed impactful tumor control in an animal model of ovarian
cancer.8 Here we study this approach for targeting GBM. The inter-
leukin-13 receptor a2 (IL-13Ra2) is a high-affinity receptor for IL-
13 that likely acts as a decoy receptor because it contains a truncation
resulting in a very short intracellular portion lacking signaling
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capabilities.9,10 There is increasing evidence that IL-13Ra2 is associ-
ated with a mesenchymal gene expression signature, more aggressive
disease, and poor prognosis, suggesting that targeting this TAAwould
be costly to the tumor.11 IL-13Ra2 is expressed on glioma-initiating
cells, making it important for GBM tumors.12 It is expressed on tu-
mors of approximately 75% of individuals with GBM,13,14 indicative
of a high specificity for tumor tissue and minimal expression in other
healthy tissue, making it an attractive target for GBM therapy.15 Ra-
diolabeled peptides targeting IL-13Ra2 have been shown to improve
median survival in animal models of GBM.16 Vaccination against
peptides derived from IL-13Ra2 has been clinically effective in adults
and children.17,18 Finally, CAR T cells redirected against IL-13Ra2
have been described to target GBM tumors in animal models and
are being studied in the clinic, so far with mixed results.1,19–22 IL-
13Ra2 is an important target for new immunotherapy approaches,
including DNA-launched BTE (dBTE) therapy.

In this study, we developed a BTE against IL-13Ra2, which addresses
several challenges associated with using BTEs for GBM. We initially
designed 4 different BTEs based on 2 different scFvs targeting two
different epitopes of IL-13Ra2. Targeting two different epitopes
also allowed us to compare the efficacy and specificity of both anti-
bodies. We further modified the orientation of the heavy and light
chains encoding each scFv to identify an optimal arrangement that
would yield high specificity and minimal off-target toxicity. These
dBTEs were cloned into a high-expression mammalian plasmid vec-
tor and expressed in vitro. The VL-VH-VH-VL orientation is desig-
nated as the forward orientation, and the VH-VL-VL-VH orientation
is designated as the reverse orientation. We compared T cell activa-
tion, cytokine secretion, and cytolysis capability of all BTEs to identify
PB01-forward as a lead candidate. In vivo, we show that dBTEs had a
better serum half-life and that peripherally delivered dBTEs
controlled the growth of orthotopic GBM tumors. These results estab-
lish that the directionality of BTEs is an important consideration in
the design phase of these novel therapeutic agents that can signifi-
cantly affect the final functionality of the biologic agent. Fine-tuning
the directionality of the BTE can result in improved tools for immu-
notherapy of this difficult-to-treat cancer.

RESULTS
dBTE design and expression

We identified two clones of IL-13Ra2 monoclonal antibodies from
published studies of CAR T cells targeting IL-13Ra2.19 The sequences
were examined and redesigned for BTE expression cassettes. We
selected sequences of the IL-13Ra2-targeting scFvs and included a
glycine-serine linker to fuse them in frame to the scFv of a sequence
encoding an optimized anti-CD3 antibody (modified from UCHT1)8

to reconstruct a full dBTE. As described previously,8 a novel leader
sequence to allow better dBTE expression also facilitates secretion
of product produced in vivo. We engineered all full constructs as
new bispecific molecules for expression as DNA-encoded plasmids
through DNA engineering and RNA and codon optimization.
Because we were interested in the orientations of the construct de-
signs, we generated modified orientations of the heavy and light
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chains of both scFvs, resulting in a total of 4 different dBTEs: two tar-
geting one epitope of IL-13Ra2 and two targeting a different epitope.
They were designated PB01-forward, PB01-reverse, PB02-forward,
and PB02-reverse. The dBTEs in the VL-VH-VH-VL format are desig-
nated as the forward orientation, and those in the VH-VL-VL-VH

format are designated as the reverse orientation (Figure 1A). We
transfected Expi293F cells to study the 4 dBTEs from in vitro expres-
sion. The dBTEs were expressed at similar levels, as evidenced by
detection in the transfection supernatants via western blots (Fig-
ure S1A). Both dBTEs in the forward orientation and those in the
reverse orientation bound to CD3 on human T cells as well as to
U87 cells expressing IL-13Ra2 (Figures 1B, 1C, S1B, and S1C). By
binding ELISA, we confirmed that both dBTEs in forward and reverse
orientation bound specifically to IL-13Ra2 but not to IL-13Ra1 (Fig-
ure 1D). We also evaluated the binding kinetics of the dBTEs by per-
forming binding ELISAs using recombinant, purified versions of the
BTEs.We also evaluated the binding characteristics of the BTEs to IL-
13Ra2 using a surface plasmon resonance assay. Via both assays, we
observed that all four BTEs bound to IL-13Ra2 with high affinity
(Figures 1E and S2A). To characterize the binding of dBTEs to IL-
13Ra2, we performed a competition ELISA. The data demonstrate
that BTEs derived from the PB01 scFv did not affect binding of
BTEs derived from the PB01 scFv to IL-13Ra2 and vice versa (Fig-
ure 1E). These data suggest that dBTEs derived from PB01 and
PB02 bind to distinct epitopes of IL-13Ra2. Surprisingly, we observed
significant differences in binding to recombinant CD3 protein, where
we observed that the BTEs in the forward orientation had significantly
lower affinity for CD3 compared with BTEs in the reverse orientation
(Figure S2B).
dBTEs in the forward orientation specifically activate T cells in

the presence of U87 cells in vitro

To test dBTE function, U87 cells and human T cells were co-cultured
at an E:T ratio of 10:1 in the presence of the transfection supernatant.
To test the effect of dBTE design (orientation of heavy and light
chains) on the specificity of T cell activation, the T cells and dBTE
were also cultured with ovcar3 cells, which do not express IL-
13Ra2 (Figure S3). Using flow cytometry, T cell activation was
measured based on expression of CD69 and PD-1 24 h and 48 h after
co-culture.

We observed that, at each time point, in the presence of U87 cells, the
dBTEs in the reverse orientation induced higher T cell activation
compared with those in the forward orientation (Figures 2A, S4A,
and S4B). Interestingly, we saw high levels of T cell activation induced
by dBTEs in the reverse orientation even in the presence of ovcar3
cells. PB02-forward also induced CD4+ T cell activation in the pres-
ence of ovcar3 cells. This was lower than that induced by dBTEs in
the reverse orientation. PB01-forward only induced T cell activation
in the presence of U87 cells, indicating a high degree of specificity for
this dBTE. The data suggest that some non-specific or antigen-inde-
pendent T cell activity is induced by the dBTEs in the reverse orien-
tation, which could lead to potential non-specific toxicity in vivo.



Figure 1. dBTE expression and binding to the target

(A) Design of 4 different dBTEs targeting IL-13Ra2. (B and C) Histogram plots showing binding of dBTEs to CD3 on primary human T cells and IL-13Ra2 on U87 cells,

respectively. (D) Binding ELISA showing binding of all 4 dBTEs specifically to IL-13Ra2. (E) SPR data showing binding kinetics of all BTEs to recombinant IL-13Ra2. (F)

Competition ELISA demonstrating that dBTEs derived from PB01 and PB02 bind to distinct epitopes of IL-13Ra2.
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To characterize the different T cell responses induced by dBTEs in the
forward orientation compared with those in the reverse orientation, we
analyzed the cytokine profile in supernatants collected at 24 h of co-cul-
ture from the previous experiment. We found that all dBTEs increased
the amount of Th1 cytokines, such as interferon (IFN)-g, IL-2, and tu-
mor necrosis factor alpha (TNF-a), and Th2 cytokines, such as IL-4,
IL-6, and IL-10, in the presence ofU87 cells (Figure 2B). In the presence
of U87 cells, the levels of cytokine secretion induced by dBTEs was
higher than that induced by dBTEs in the forward orientation. We
also observed secretion of diverse cytotoxic granules (sFasL, perforin,
granzyme A, and granzyme B) by T cells activated by dBTEs in the
presence of U87 tumor cells (Figure 2C). Although dBTEs in the
reverse orientation induced higher levels of most cytotoxic molecules
in the presence of U87 cells, there was no significant difference in
the levels of granzyme B across all four dBTEs. Similar to the flow cy-
tometry-based assays, dBTEs in the reverse orientation elicited higher
levels of some cytokines and cytotoxicmolecules comparedwith dBTEs
in the forward orientation in the presence of ovcar3 cells.

We observed low-level non-specific or antigen-independent secretion
of cytokines with PB02-forward dBTE, especially IFN-g, IL-6, and
perforin. However, we observed the least expression of cytokines or
cytotoxic molecule secretion from T cells when cultured with PB01-
forward and ovcar3 cells.
dBTEs drive killing of target-expressing tumors in vitro in the

presence of T cells

To follow tumor killing, we transfected U87 cells with GFP and firefly
luciferase to create the U87-GFP-luc line. We co-cultured U87-GFP-
luc cells with individual dBTEs and T cells at the indicated E:T ratios.
Fluorescence images taken 48 h after co-culture showed a signifi-
cantly reduced GFP signal in U87-GFP-luc cells co-cultured with
all four dBTEs compared with those co-cultured with supernatant
from pVax-transfected cells. We observed clustering of T cells around
GFP+ tumor cells in the presence of supernatant from dBTE-trans-
fected cells. T cells in wells containing pVax supernatant were spread
randomly over the wells, indicating that clustering of T cells around
the target cells is dependent on the presence of dBTEs (Figure S5).
The dBTEs also showed dose- and time-dependent lysis of U87-
GFP-luc cells. There were no significant differences in toxicity across
the four dBTEs (Figure 3A). To further characterize the killing ability
of the dBTEs, we used recombinant BTEs in a 48-h killing assay with
U87-GFP-Luc cells. We observed potent killing of U87-GFP-luc cells
at extremely low doses of each dBTE. The EC50 value for each dBTE
was approximately 100 pg/mL (Figure 3B).

We evaluated killing of 2 other GBM cell lines, U373 and U251, which
express IL-13Ra2 at high levels (Figure S6), using the xCelligence sys-
tem, which allows real-time monitoring of cytotoxicity over a period
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Figure 2. T cell activation in the presence of T cells and IL-13Ra2-expressing tumor cells

(A) Histogram plots showing percentages of CD4 and CD8 gated primary human T cells double-positive for PD-1 and CD69 as markers of T cell activation in the presence of

dBTEs with or without U87 cells after 24 h and 48 h of co-culture. (B) Quantification of Th1 and Th2 cytokines secreted after 48 h of co-culture of dBTEs with primary human

T cells in the presence or absence of U87 cells. (C) Quantification of the indicated cytotoxic molecules secreted after 48 h of co-culture of dBTEs with primary human T cells in

the presence or absence of U87 cells. Ovcar3 cells were used as negative control cells (the concentration of supernatant in the final volume was 10%). All images represent

the mean of 4 independent experiments using supernatant from 3 different transfections and 4 different T cell donors.
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of several hours. We observed that both dBTEs in the forward orien-
tation as well as those in the reverse orientation induced rapid killing
of both cell lines; the EC50 values for U373 cells were between 3 and
8 ng/mL, and that for the U251 cell line was between 600 and 900 pg/
mL (Figure 3C). To identify which T cell sub-population was respon-
sible for cytolysis, we repeated the xCelligence killing assay with U87-
GFP-luc as target cells. However, we used isolated CD8+ or CD4+

T cells as effector cells at an E:T ratio of 10:1. For all 4 dBTEs, we
observed a trend of CD8+ T cells killing target cells faster compared
with CD4+ T cells, and in the case of PB02-reverse dBTE, this differ-
ence was statistically significant (Figure 3D). These data suggest that
the dBTEs can engage CD8+ and CD4+ T cells to kill target cells.

To ensure target-specific cytotoxicity, we performed a killing assay
using the ovcar3 cell line. We observed potent killing of ovcar3 cells
with dBTEs PB01-reverse and PB02-reverse and delayed but signifi-
cant killing with PB02-forward as well (Figures S7A and S7B). We
observed a strong correlation between the levels of granzyme B secre-
tion and cytotoxicity. When co-cultured with U87 cells, all dBTEs
induced similar levels of granzyme B, and all dBTEs induced compa-
rable cytotoxicity of U87 cells. For the non-specific ovcar3 cells, the
dBTEs in the reverse orientation induced significantly higher levels
of granzyme B compared with dBTEs in the forward orientation.
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Similarly, dBTEs in the reverse orientation potently killed ovcar3
cells, and although PB02-forward induced some delayed killing,
PB01-forward induced no killing of ovcar3 cells. These data support
that PB01-forward exhibits high specificity and stringency without
any off-target activity.

Based on these data, we selected PB01-forward as our lead candidate
and decided to further evaluate the mechanism of its cytotoxicity. We
repeated the killing assay with PB01-forward, but this time we added
inhibitors for IFN-g, TNF-a, FasL, TRAIL, or granzyme B at the indi-
cated concentrations. Although we observed no effect of IFN-g, TNF-
a, FasL, or TRAIL inhibitors at 24 h or 48 h, granzyme B inhibition
had a dose-dependent decrease in cytotoxicity at 24 h and 48 h
(Figures 3E and S8). These data suggest that cytotoxicity induced
by PB01-forward is dependent on the perforin/granzyme pathway.

dBTE has significantly enhanced in vivo persistence compared

with recombinant BTE

To study the half-life of dBTEs in vivo, we injected immunodeficient
NSG mice with DNA-encoded PB01-forward followed by electropo-
ration or recombinant PB01-forward. We collected sera at the indi-
cated time points and measured killing activity as a readout for levels
of BTE in serum.We found that killing with recombinant BTE peaked



Figure 3. Cytotoxicity of target-expressing tumor cells in the presence of dBTEs and primary human T cells

(A) Percentage of killing of U87-GFP-luc cells, obtained by luciferase measurement when co-cultured with dBTEs and primary human T cells at the indicated E:T ratios and time

points (thep valueofpVax versusPB02-forwardat a1:1 ratio andat the24-h timepoint is0.051; for all other dBTEsat all E:T ratiosandboth timepoints, p<0.0001). (B) Percentage

of killing of U87-GFP-luc cells, obtained by luciferasemeasurement when co-cultured with recombinant BTEs at the indicated concentrations of each BTE at 48 h. (C) Normalized

cell index plots showingdose-dependent killingby all dBTEs ofU373cells (left panel) andU251cells (right panel). (D) Bar graphs showingKT50 (time to50%killing) by all four dBTEs

when culturedwith purified CD4 orCD8T cells. (E) Percentage of killing of U87-GFP-luc cells, obtained by luciferasemeasurementwhen co-culturedwith PB01-forward at an E:T

ratio of 5:1 in the presence of granzyme B inhibitor at the indicated concentrations. All data are representative of 3 separate experiments with 3 different T cell donors.
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on day 3 and was quickly cleared from the sera by day 5. In contrast,
killing from DNA-launched PB01-forward peaked on day 7, and we
observed significant killing lasting until day 13. Peak killing from
dBTE was much greater compared with recombinant BTE (Fig-
ure 4A). This suggests that DNA delivery not only leads to longer-
term expression in vivo but also increases the absolute levels of BTE
that can be achieved compared with recombinant BTE. We used a
functional assay to quantify the amount of PB01-forward in the
serum after injection. We found that PB01-forward reached a peak
concentration of 103.1 ng/mL 4 days after injection. This starts to
decline on day 7, and by day 21, we could not detect any dBTE in
the animal serum (Figure 4B). In a separate experiment, we character-
ized the pharmacokinetic profile of dBTE using a flow cytometry-
based T cell activation assay. We observed T cell activation as early
as day 1 after injection, with activation peaking on day 5 and
continued expression until day 19 (Figure 4C). Cytokine secretion
upon co-culture of human T cells with sera from different time points
and U87 cells also revealed a similar pK profile. All cytokines
measured showed peak expression when co-cultured with sera from
day 5, with detection of cytokines up to day 19 (Figure 4D). In another
experiment, we cultured U87-GFP-luc cells with sera collected on the
indicated days after injection of PB01-forward and primary human
T cells at an E:T ratio of 10:1. We added the eCaspase 3 NucView
405 dye, which labels dead cells blue, to monitor killing of U87 cells.
We observed that sera collected prior to dBTE injection (day 0) had
no effect on the killing of U87 cells. In contrast, sera collected on
day 8 after injection elicited strong and rapid killing, as evidenced
by the rapid appearance of blue cells in the culture (Videos S1 and S2).

To validate the efficacy of PB01-forward in a different tumormodel, we
co-cultured supernatant from Expi293F cells transfected with PB01-
forward with DaOY cells (a human neuroblastoma cell line that also
expresses IL-13Ra2; Figure S9A) and human T cells. We observed a
dose-dependent increase in cytotoxicity of DaOY cells with increasing
concentration of supernatant in culture (Figure S9B). PB01-forward
induced rapid killing of DaOY cells; it was able to kill over 80% of
DaOY cells within 48 h of co-culture (Figure S9C). We also observed
that sera from mice injected with PB01-Forward induced rapid killing
of DaOY cells in an in vitro killing assay (Videos S3 and S4).
PB01-forward affects growth of subcutaneous U87 tumors

in vivo

To study the efficacy of PB01-forward in vivo, we injected U87 cells
into the right flank of NSGmice. 24 days after tumor injection, we in-
jected mice with PB01-forward DNA followed by electroporation.We
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 293
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Figure 4. DNA-launched PB01-forward has significantly enhanced in vivo persistence compared with recombinant PB01-forward

(A) xCelligence-based killing assay of U87 cells using sera collected at the indicated time points frommice injected with recombinant (left) or DNA-launched PB01-forward. (B)

Pharmacokinetic analysis of DNA-delivered PB01-forward in serum of NSGmice. (C) Quantification of Th1 and Th2 cytokines and cytotoxic molecules in 48-h supernatants of

co-culture in (A) (all values in pg/mL). (D) Percentage of CD69+ (left y axis) and percentage of PD-1+ (right y axis) on CD4 and CD8 gated T cells after 48-h incubation with sera

from mice immunized with PB01-forward and collected at the indicated time points and U87 cells (the concentration of serum in the final volume was 10%).
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also injected 3e6 or 10e6 primary human T cells into the peritoneal
cavity of mice on day 24. We gave the mice another dose of PB01-for-
ward DNA on day 38 after tumor injection (Figure 5A). We observed
that 100% of the mice receiving 10e6 T cells rejected tumor growth in
the presence of PB01-forward compared with mice receiving pVax
control DNA. 60% of the mice receiving 3e6 T cells also rejected tu-
mor growth in presence of PB01-forward (Figure 5B). This treatment
led to dramatically improved survival for the mice receiving PB01-
forward regardless of whether they received 3e6 T cells or 10e6
T cells (Figure 5B). To rule out in vivo activation of T cells via binding
to the anti-CD3 ScFv, which, in theory, can lead to tumor control, we
repeated the tumor challenge using an irrelevant dBTE as the negative
control (Figure S10A). In mice treated with the irrelevant dBTE, we
observed no tumor control, and all mice rapidly grew tumors. All
mice treated with PB01-forward completely controlled tumors, and
we saw no evidence of tumor growth in these mice (Figure S10B).
PB01-forward treatment also significantly enhanced the survival of
mice compared with those treated with an irrelevant dTAB (Fig-
ure S10C). These data demonstrate that engagement of both arms
of the BTE is required for T cell activation in vivo, which leads to spe-
cific cytolysis of target-expressing tumor cells.

We repeated the NSG tumor challenge with DaOY cells (Fig-
ure S11A). A single injection of PB01-forward controlled growth of
DaOY tumors in the flank, demonstrating the efficacy of this lead
dBTE in animal models of multiple different types of brain cancer
(Figures S11B and S11C).
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Peripherally delivered PB01-forward crosses the blood-brain

barrier and affects U87 tumor growth in an intracranial model of

GBM

To study the efficacy of PB01-forward in a clinically relevant setting,
we used an orthotopic GBM model (Figure 6A). 3 days after tumor
implantation, we injected the mice with PB01-forward DNA and
10e6 T cells. We performed IVIS-based imaging to follow tumor
growth in vivo. With a single injection of PB01-forward DNA, we
observed complete elimination of U87 tumors in 5 of 9 mice and
slower growth of tumors in the remaining 4 mice (Figures 6B, 6C,
and S11). This led to a significant reduction in total flux in mice
treated with PB01-forward- compared with pVax-treated mice.
We also followed body weight over time as a measure of disease
progression. Mice treated with pVax lost weight much faster
compared with those treated with PB01-forward (Figure 6D). The
therapy also significantly extended the survival of mice with ortho-
topically implanted tumors (Figure 6E). In a separate cohort of 3
mice per group, mice were sacrificed on day 28, and their spleno-
cytes were studied. We observed a significantly higher frequency
of human CD45+ cells in mice receiving PB01-forward compared
with pVax-treated mice, suggesting BTE-mediated expansion of hu-
man T cells in these mice (Figure 6F). Further analysis showed that
the ratio of CD4:CD8 cells was 2:1, which is the normal CD4:CD8
ratio in healthy humans (Figure 6G). This suggests that the dBTE
can engage CD4 and CD8+ T cells in vivo and that there is no pref-
erential expansion of one sub-population over the other. These data
support the hypothesis that the blood-brain barrier does not hinder



Figure 5. PB01-forward controls tumor growth in vivo and extends the survival of tumor-bearing mice

(A) Schematic explaining the experimental timeline in (B) and (C). (B) Mean tumor volume of mice injectedwith U87 cells and treated with PB01-forward (blue triangles) or pVax

empty vector control (green squares). Darker lines represent mice treated with 10e6 primary human T cells, and lighter lines indicate mice treated with 3e6 primary human

T cells. (C) Survival proportion of mice injected with U87 cells and treated with PB01-forward (blue) or pVax (green) and primary human T cells (n = 5 mice/group). Graphs are

representative of two separate experiments done with two different T cell donors.
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the ability of peripherally delivered dBTE to control tumor growth
in the brain.

DISCUSSION
Bispecific antibodies have shown remarkable effects in hematological
cancers, leading to FDA approval of a new therapeutic agent for the
treatment of ALL.5 The recent approval of a bispecific antibody for
treatment of metastatic non-small cell lung cancer suggests that bis-
pecific antibodies can be an important therapeutic intervention for
solid tumors as well.23 Non-specific, off-target binding and CRS,
which is caused by excessive cytokine secretion, remain major chal-
lenges for CD3-engaging bispecific antibodies.6

In our study, all dBTEs bound specifically to IL-13Ra2 with equal af-
finity, and no binding was observed to IL-13Ra1 in a recombinant
form or when expressed on tumor cells. However, dBTEs in the
reverse (VH-VL-VL-VH) orientation had significantly higher affinity
toward CD3 compared with those in the forward (VL-VH-VH-VL)
orientation. This fine-tuning had major implications for specificity
and function because dBTEs in the forward orientation had signifi-
cantly lower levels of T cell activation and cytokine secretion in the
presence of IL-13Ra2+ as well as IL-13Ra2� tumors compared with
dBTEs in the reverse orientation. We also observed significant off-
target toxicity from dBTEs with the reverse orientation compared
with the forward orientation, supporting the hypothesis that the
orientation of heavy and light chains in bispecific antibodies can
have a significant effect on off-target toxicity. Based on these findings,
the PB01-forward BTE was studied further. A single injection of DNA
delivery of PB01-forward significantly enhanced expression levels and
time of expression in vivo compared with recombinant BTE. In a sub-
cutaneous in vivo tumor challenge, 100% of mice treated with the lead
dBTE were able to reject tumor growth compared with a group
treated with a plasmid vector control. Finally, we observed that sys-
temically delivered PB01-forward crosses the blood-brain barrier
and controlled GBM tumors in an orthotopic setting, allowing
enhanced survival of mice.

In functional assays, all four dBTEs activated CD4 and CD8 T cells in
the presence of U87 cells, but those in the reverse orientation also
induced T cell activation in the presence of ovcar3 cells. dBTEs in
the reverse orientation also generally induced higher levels of cyto-
kines and cytotoxic granule secretion in the presence of U87 cells.
In the presence of ovcar3 cells, however, dBTEs in the reverse orien-
tation induced significantly higher levels of cytokine secretion, espe-
cially IFN-g, IL-6, and IL-10. They also induced significantly higher
levels of perforin and granzyme B in the presence of ovcar3 cells
compared with dBTEs in the forward orientation. The levels of
secreted perforin/granzyme B directly correlated with the levels of
cellular cytotoxicity. Although we observed no differences in the spe-
cific killing of U87, U251, or U373 cells, the dBTEs in the reverse
orientation induced strong non-specific killing of ovcar3 cells.
PB02-forward, which induced intermediate levels of perforin, had de-
layed but significant non-specific killing of ovcar3 cells. PB01-for-
ward, which induced no secretion of granzyme B/perforin in the pres-
ence of ocvar3 cells, induced no killing of ovcar3 cells. The fact that
PB01-forward also induced the least amounts of cytokine secretion
(in the presence of targeting expressing as well as non-expressing
cell lines) suggests that PB01-forward has the lowest risk for CRS
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Figure 6. PB01-forward crosses the blood-brain barrier and controls U87 tumors in an orthotopic GBM model

(A) Schematic explaining the experimental timeline for the orthotopic GBMmodel. (B) Mean total flux in mice, representing the tumor burden in mice with an intracranial tumor

implant and treated with pVax (black circles) or PB01-forward (red boxes) and 10e6 primary human T cells. (C) Total flux of individual mice (groups as in B). (D) Mean change in

weight of mice after U87 tumor implantation after treatment with pVax (black circles) or PB01-forward (red boxes) and 10e6 primary human T cells. (E) Survival proportion of

mice, suggesting increased survival of mice treated with pVax or PB01-forward and 10e6 T cells (n = 8 or 9 mice/group). (F) Percentage of human CD45+ splenocytes in mice

implanted with orthotopic U87 tumors and treated with pVax or PB01-forward (n = 3 mice/group). (G) Percentage of CD8 and CD4 T cells in the CD45+ fraction in (F).

Molecular Therapy: Oncolytics
induction. We posit that the higher affinity toward CD3 of dBTEs in
the reverse orientation allows easier activation of T cells, which leads
to increased granzyme B secretion and enhanced killing of ovcar3
cells. In contrast, the lower CD3 affinity of dBTEs in the forward
orientation limits T cell activation to when dBTE also engages IL-
13Ra2 on tumors, limiting granzyme B secretion and reduced or
no killing of ovcar3 cells. Further studies will be required to better
elucidate the exact mechanisms of T cell activation by dBTEs in the
reverse orientation in the absence of IL-13Ra2-expressing cell lines.

Multiple factors have been reported to affect cytokine secretion and
cytotoxicity induced by dBTEs. Bortoletto et al.24 showed that a bis-
pecific antibody with lower CD3 affinity led to lower T cell activation
and lower killing of target cells. Several groups have reported the ben-
efits of lower CD3 affinity for bispecific antibodies; they observed
lower cytokine secretion in vivo without compromising the ability
to control tumors.25–27 Our study adds to this body of work and
shows that the binding affinity to CD3 can significantly affect non-
specific toxicity induced by bispecific antibodies while having a min-
imal effect on the specific killing induced by the bispecific antibodies.
To the best of our knowledge, this is the first study to compare the ef-
fect of binding affinity to CD3 and the role of heavy- and light-chain
orientation of scFv on specific and non-specific toxicity induced by
bispecific antibodies. The strong correlation observed with secretion
of granzyme B/perforin suggests that this could be a useful tool for
future screening of such biologic agents to study non-specific toxicity
induced by antibody-based therapeutic agents, such as bispecific an-
tibodies and CAR T cells.
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Another issue limiting the development of bispecific antibody thera-
pies is the short half-life, which requires continuous intravenous (i.v.)
infusion over a period of several days.7 A simplified delivery system
with better pK would improve the feasibility of using bispecific anti-
body technology and make it available to a wider group of affected in-
dividuals. DNA-encoded monoclonal antibodies are a new technol-
ogy with appealing biological characteristics. Recent publications
have described expression with effects on disease; i.e., control of tu-
mors or infection challenge.28–30 DNA-encoded bispecific antibodies
have been shown to be expressed for several months in vivo and have
demonstrated tumor control in an animal model of ovarian cancer.8

Pituch et al.31 tried to address the short half-life by using modified
neural stem cells (NSCs) as bispecific T cell engager (BiTE)-secreting
entities. By modifying NSCs to secrete an IL-13Ra2-targeting BiTE,
they were able to improve the survival of tumor-bearing mice by
1 week. The NSCs, however, were cleared rapidly, suggesting that
repeat administration would be required to see a sustained therapeu-
tic effect.31 This was also seen by another group that used an
EGFRviii-targeting BiTE that required daily administration to
improve animal survival in an orthotopic model of GBM.32 In our
study, a single DNA injection of PB01-forward provided long-term
expression compared with recombinant PB01-forward. This periph-
erally delivered dBTE significantly controlled GBM tumor growth
in an orthotopic setting. At the end of the study, 3 of 4 surviving
mice had no detectable tumor burden based on bioluminescence im-
aging. However, this is not a perfect model for long-term studies
because the mice develop graft versus host disease (GvHD) from
the transfer of human T cells into a mouse.33–36 Therefore, the
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more effective the treatment, the more likely it is that the mice will
succumb to GvHD and not the tumor burden. GvHD necessitates
sacrificing the mice when symptoms present despite no detectable tu-
mor burden in these mice. This explains why mice treated with PB01-
forward survived only an additional week compared with the control
mice. The peripherally delivered dBTE can reach the brain tumor
independently, or it can first bind to T cells in the periphery, which
then carry the dBTE across the blood-brain barrier. Further studies
will be required to elucidate the exact pathway of how the dBTE rea-
ches the brain tumor site.

Besides GBM, IL-13Ra2 is also upregulated in other cancer types,
such as medulloblastoma, advanced melanoma, head and neck can-
cers, as well as ovarian cancers.37–40 We already have preliminary
data showing that our dBTE can be effective in the treatment of me-
dulloblastoma. These data support the hypothesis that dBTEs can be
a valuable addition to the toolbox for immunotherapies against
GBM and enhance therapeutic options for a variety of cancers.
IL-13Ra2 has also been implicated in sunitinib resistance in clear
cell renal cell carcinoma,41 which implies that our dBTE could pro-
vide clinical benefits to individuals who do not respond to or even-
tually progress on sunitinib therapy. The design orientation that was
most effective and specific in our hands might be important in the
development of similar reagents for other cancers and infectious
diseases. Fine-tuning BTE function by studying the effect of
arrangement of heavy and light chains on could be important for
CAR T cells and other biologic agents. Further study for possible
development and optimization of these new therapeutic agents for
GBM is warranted.

MATERIALS AND METHODS
Animals and cell lines

NSG mice were purchased from The Wistar Institute animal facility.
The U87 and DaOY cell lines were purchased from the ATCC. The
U373 and U251 cell lines were purchased from Sigma-Aldrich. Ov-
car3 cells were provided by Dr. Conejo-Garcia (Department of
Immunology, Moffit Cancer Center, Tampa, FL). Primary human
T cells were derived from healthy donors by the Human Immunology
Core at the University of Pennsylvania. All animal experiments were
done with approval from the Institutional Animal Care and Use
Committee at The Wistar Institute.

dBTE design

The heavy- and light-chain sequences were derived from humanized
antibodies as described previously.19 We fused the heavy and light
chains of IL-13Ra2-targeting antibodies to heavy and light chains
of a modified UCHT1 antibody via GS linkers. All sequences were
codon optimized and encoded in a non-replicating pVax vector (Fig-
ure 1A). The sequences of all four BTEs are as follows:

PB01-forward, 50-MDWTWILFLVAAATRVHSDIQMTQSPSSLSA
SVGDRVTITCTASLSVSSTYLHWYQQKPGSSPKLWIYSTSNLASG
VPSRFSGSGSGTSYTLTISSLQPEDFATYYCHQYHRSPLTFGGGTK
VEIKGGGGSGGGGSGGGGSEVQLVESGGGLVQPGGSLRLSCAAS
GFSLTKYGVHWVRQAPGKGLEWVGVKWAGGSTDYNSALMSR
FTISKDNAKNSLYLQMNSLRAEDTAVYYCARDHRDAMDYWGQ
GTLVTVSSGGGGSEVQLVESGGGLVQPGGSLRLSCAASGYSFTG
YTMNWVRQAPGKGLEWVALINPYKGVSTYNQKFKDRFTISVD
KSKNTAYLQMNSLRAEDTAVYYCARSGYYGDSDWYFDVWGQ
GTLVTVSSGGGGSGGGGSGGGGSDIQMTQSPSSLSASVGDRVTI
TCRASQDIRNYLNWYQQKPGKAPKLLIYYTSRLESGVPSRFSGSG
SGTDYTLTISSLQPEDFATYYCQQGNTLPWTFGQGTKVEIKS-30;
PB01-reverse, 50-MDWTWILFLVAAATRVHSEVQLVESGGGLVQ
PGGSLRLSCAASGFSLTKYGVHWVRQAPGKGLEWVGVKWAGG
STDYNSALMSRFTISKDNAKNSLYLQMNSLRAEDTAVYYCARDH
RDAMDYWGQGTLVTVSSGGGGSGGGGSGGGGSDIQMTQSPSSL
SASVGDRVTITCTASLSVSSTYLHWYQQKPGSSPKLWIYSTSNLA
SGVPSRFSGSGSGTSYTLTISSLQPEDFATYYCHQYHRSPLTFGGG
TKVEIKGGGGSDIQMTQSPSSLSASVGDRVTITCRASQDIRNYLN
WYQQKPGKAPKLLIYYTSRLESGVPSRFSGSGSGTDYTLTISSLQP
EDFATYYCQQGNTLPWTFGQGTKVEIKSGGGGSGGGGSGGGG
SEVQLVESGGGLVQPGGSLRLSCAASGYSFTGYTMNWVRQAPG
KGLEWVALINPYKGVSTYNQKFKDRFTISVDKSKNTAYLQMNS
LRAEDTAVYYCARSGYYGDSDWYFDVWGQGTLVTVSS-30; PB02-
forward, 50-MDWTWILFLVAAATRVHSDIQMTQSPSSLSASVGD
RVTITCKASQDVGTAVAWYQQKPGKAPKLLIYSASYRSTGVPSR
FSGSGSGTDFTLTISSLQPEDFATYYCQHHYSAPWTFGGGTKVEI
KGGGGSGGGGSGGGGSEVQLVESGGGLVQPGGSLRLSCAASGF
TFSRNGMSWVRQAPGKGLEWVATVSSGGSYIYYADSVKGRFTI
SRDNAKNSLYLQMNSLRAEDTAVYYCARQGTTALATRFFDVWG
QGTLVTVSSGGGGSEVQLVESGGGLVQPGGSLRLSCAASGYSFTG
YTMNWVRQAPGKGLEWVALINPYKGVSTYNQKFKDRFTISVD
KSKNTAYLQMNSLRAEDTAVYYCARSGYYGDSDWYFDVWGQ
GTLVTVSSGGGGSGGGGSGGGGSDIQMTQSPSSLSASVGDRVTI
TCRASQDIRNYLNWYQQKPGKAPKLLIYYTSRLESGVPSRFSGSG
SGTDYTLTISSLQPEDFATYYCQQGNTLPWTFGQGTKVEIKS-30;
and PB02-reverse, 50-MDWTWILFLVAAATRVHSEVQLVESGGGL
VQPGGSLRLSCAASGFTFSRNGMSWVRQAPGKGLEWVATVSSG
GSYIYYADSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCAR
QGTTALATRFFDVWGQGTLVTVSSGGGGSGGGGSGGGGSDIQ
MTQSPSSLSASVGDRVTITCKASQDVGTAVAWYQQKPGKAPKL
LIYSASYRSTGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQHHYS
APWTFGGGTKVEIKGGGGSDIQMTQSPSSLSASVGDRVTITCRA
SQDIRNYLNWYQQKPGKAPKLLIYYTSRLESGVPSRFSGSGSGTD
YTLTISSLQPEDFATYYCQQGNTLPWTFGQGTKVEIKSGGGGSGG
GGSGGGGSEVQLVESGGGLVQPGGSLRLSCAASGYSFTGYTMN
WVRQAPGKGLEWVALINPYKGVSTYNQKFKDRFTISVDKSKNT
AYLQMNSLRAEDTAVYYCARSGYYGDSDWYFDVWGQGTLVT
VSS-30.

Immunoblotting

Denaturation and western blotting were done as described previ-
ously.8 Supernatant from Expi293F cells was transfected with dBTE
encoding DNA was run on the gel. Goat anti-human Fab fragment-
specific antibody (Jackson ImmunoResearch) was used to detect the
dBTEs, and anti-goat antibody (LI-COR Biosciences) was used as a
secondary antibody. Images were taken using Odyssey-Clx (LI-
COR Biosciences).
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Flow cytometry

IL-13Ra2 expression on tumor cells was checked using a commer-
cially available antibody (BioLegend, catalog number 354404). To
detect binding of dBTEs to IL-13Ra2 and CD3, supernatants from
Expi293F-transfected cells were incubated with U87 cells and primary
human T cells, respectively. Fluorophore-conjugated goat anti-hu-
man Fab fragment-specific antibody (Jackson ImmunoResearch)
was used as a secondary antibody. Data were acquired on LSR For-
tessa (BD Biosciences). Images are representative of 4 independent
transfections. For the T cell activation assay, CD4 (OKT4), CD8
(SK1), CD69 (FN50), and PD-1 (EH12.2H7), all from BioLegend,
were used. Dead cells were excluded using Live-Dead viability dye
(Invitrogen).
Binding ELISA

We coated ELISA plates with IL-13Ra2/IL-13Ra1 (Sino Biological,
1 mg/mL) or CD3 (Acrobiosystems, 1 mg/mL) overnight at 4�C. We
blocked with PBST-10% fetal bovine serum (FBS) for 1 h. As primary
antibody we used supernatants from Expi293F cells transfected with
dBTEs or pVax as a negative control at different dilutions. We incu-
bated at room temperature for 1 h. The secondary antibody was a goat
anti-human Fab fragment-specific horseradish peroxidase (HRP)-
conjugated antibody (Jackson ImmunoResearch). After 1-h incuba-
tion, we developed with TMB solution and read the optical density
(OD) at 450 nm. To determine binding kinetics, we used recombinant
BTEs at the indicated concentrations as primary antibody and HRP-
conjugated anti-His tag antibody (BioLegend) or goat anti-mouse Fab
fragment-specific antibody as secondary antibody.

Surface plasmon resonance

The affinity of dBTEs to IL-13Ra2 was assessed using a Biacore T200
SPR instrument. Recombinant, purified BTE with a His6 tag was used
for this experiment. Briefly, anti-His antibodies (THE HIS antibody,
Genscript) was immobilized on a carboxymethyl dextran sensor chip
(CMD200L, Xantec Bioanalytics) by amine coupling. The chip was
first washed with 1 M NaCl, 0.1 M sodium borate (pH 9.0) for
3 min at 10 mL/min, followed by activation with 25 mM EDC (N-
(3-dimethylaminopropyl)-N0-ethyl carbodiimide hydrochloride),
100 mM NHS (N-hydroxy succinimide ester) for 12 min at 10 mL/
min. The anti-His antibodies were then flowed over the chip in
10 mM sodium acetate (pH 5.0) at 10 mg/mL for 5 min. After
30 min of washing with distilled water, the remaining activated sites
were blocked with 1 M Tris (pH 7.4) for 5 min at 10 mL/min. After
immobilization of the anti-His antibodies, the running buffer was
changed from distilled water to 10 mM HEPES (pH 7.4), 150 mM
NaCl, 0.05% Tween 20. Approximately 200–300 RU of IL-13a2 anti-
bodies was captured on flow cells 2, 3, and 4 by flowing over
�8 mg/mL antibody at 10 mL/min for 30 s. Flow cell 1 was left blank
(anti-His antibody alone) as a reference. IL-13a2 was serially diluted
1:2 from 0–400 nM; the association time was 4 min, and the dissoci-
ation time was 12 min at a flow rate of 30 mL/min. After each injection
of IL-13a2, the antibody/antigen complex was completely dissociated
using 20 mM glycine (pH 2.0). The resulting sensograms were
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analyzed by global nonlinear regression of a one-site kinetic binding
model using the Biacore Evaluation software.

Competition ELISA

We coated ELISA plates with IL-13Ra2 (Sino Biological, 1 mg/mL)
overnight at 4�C. We blocked with PBST-10% FBS for 1 h. Next we
pre-incubated with supernatants of Expi293F cells transfected with
PB01-forward, PB01-reverse, PB02-forward, or PB02-reverse for
1 h at room temperature. We then added recombinant, purified ver-
sions of all four dBTEs that had been modified to contain a His6 tag.
We then used an HRP-conjugated anti-His tag antibody (BioLegend)
to detect binding of recombinant BTEs to IL-13Ra2. Finally we devel-
oped with TMB solution and read the OD at 450 nm.

Cytokine secretion

Supernatants from co-cultures with primary human T cells and
dBTEs in the presence of U87 or ovcar3 tumors were collected. In
another experiment, U87 cells were co-cultured with sera from
mice immunized with PB01-forward and primary human T cells,
and supernatants were collected at 48 h. The cytokines were quanti-
fied using the BioLegend Legendplex assay according to the manufac-
turer’s instructions. All conditions were tested in duplicate, and mean
cytokine concentrations are reported. The human CD8/NK panel was
used for cytokine evaluation.

Cytotoxicity assay

U87 cells were transfected with a lentivirus tomake them express GFP
and luciferase (U87-GFP-luc). The U87-GFP-luc cell line was co-
cultured with supernatants from dBTE-transfected Expi293F cells
and primary human T cells at the indicated ratios. The final concen-
tration of dBTE supernatant in the assay was 10%. After 24-h or 48-h
incubation, we lysed the cells and measured luciferase expression us-
ing CytoTox Glo (Promega). Cytotoxicity was calculated as
(maximum viability control – individual well)/(maximum viability
control –maximum death control) � 100 as a percentage. All exper-
iments were done in triplicates, and figure is mean of 4 independent
experiments with 4 different T cell donors. To determine killing ki-
netics, recombinant dBTEs at the indicated concentrations were used.

To determine the mechanism of cytotoxicity, neutralizing antibodies
against IFN-g (506532), TNF-a (502805), TRAIL (208213) (all from
BioLegend) and FasL (556317, BD Pharmingen) were added at the
indicated concentrations. Granzyme B activity was inhibited using
granzyme B inhibitor 1 (Millipore Sigma) at the indicated
concentrations.

xCelligence killing assay

The cytotoxicity of target cells was evaluated using the xCelligence
Real-Time Cell Analyzer System (ACEA Biosciences). We plated tu-
mor cells (1e4 cells/well). The next day, T cells and supernatant from
dBTE-transfected Expi293F cells were added at the indicated E:T ra-
tios and concentrations of dBTE supernatant. The cell index was
monitored every 20 min and normalized to the maximum cell index
value immediately prior to T cell addition. The percentage of
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cytotoxicity and KT50 and KT80 values were calculated using the
RTCA immunotherapy software. In some experiments, serum from
NSG mice injected with 100 mg of DNA encoding PB01-forward
and 40 U hyaluronidase and collected at different time points after in-
jection was used instead of dBTE supernatant.
dBTE quantification in mouse serum

We used recombinant PB01-forward at varying doses in a lumines-
cence-based killing assay to establish a standard curve. We also
included serum from mice injected with PB01-forward DNA
collected at indicated time points in this assay. We quantified the level
of PB01-forward by comparing the killing induced by serum with the
standard curve established using recombinant PB01-forward.
Subcutaneous in vivo tumor challenge

1e5 U87 cells were injected into the right flank of NSG mice. 24 days
later, mice were injected with 100 mg of DNA encoding PB01-forward
and 40 U hyaluronidase in the tibialis anterior (TA) muscle, followed
by electroporation with the CELLECTRA device (Inovio). They were
also given 10e6 or 3e6 primary human T cells via intraperitoneal in-
jection. Mice were re-injected with 100 mg DNA encoding PB01-for-
ward and 40 U hyaluronidase, followed by electroporation on day 38.
The tumor size was measured using calipers, and tumor volume was
calculated using the formula V = ([length� width2]� 3.14)/2, where
width is considered the side with the smaller measurement. Mice were
sacrificed when they reached the predetermined endpoint value in
accordance with IACUC protocols. Figure is representative of 2 inde-
pendent experiments done with 2 different T cell donors.

For DaOY tumor challenge, 5e6 DaOY cells were injected into the
right flank of NSG mice. 2 weeks after tumor implantation, mice
were injected with 100 mg of DNA encoding PB01-forward and
40 U hyaluronidase, followed by electroporation. They were also
given 10e6 primary human T cells via intraperitoneal injection.
Orthotopic tumor challenge

To generate the orthotopic brain tumor model, NSG mice were sur-
gically implanted with U87-luc cells. Cells were brought to a concen-
tration of 100,000 cells in 2 mL PBS. Mice were anesthetized using a
ketamine/xylazine cocktail for surgeries. A midline scalp incision
was made, and a burr hole was drilled 1 mm posterior to the bregma
and 2 mm lateral to the midline. A 2-mL Hamilton syringe was low-
ered to a depth of 2.5 mm, and 2 mL of cell solution was injected over
2 min using an automated syringe pump mounted to a mouse stereo-
taxic frame. The syringe was then withdrawn slowly over 10 min. The
incision was sutured, and antibiotic cream and the analgesic bupre-
norphine were applied. 3 days after tumor implantation, mice were
injected with 100 mg of DNA encoding PB01-forward and 40 U hyal-
uronidase in the TA muscle, followed by electroporation. They were
also given 10e6 primary human T cells via intraperitoneal injection.
In vivo imaging using IVIS was used to follow tumor growth over
time. The mice were sacrificed at a predetermined experimental
endpoint. For analysis of spleens, 3 mice per group were sacrificed
and their splenocytes isolated. The splenocytes were stained for hu-
man CD45+, CD8+, and CD4+ cells to gauge T cell levels in these mice.
In vivo luminescence imaging

Mice were injected intraperitoneally (i.p.) with 3 mg of D-luciferin in
200 mL PBS. After 10min, mice were imaged on a Xenogen IVIS Spec-
trum CT for luminescence. All settings were kept constant for all mice
at all time points. Quantification of the tumor signal was performed
using LivingImage software by defining a region of interest around
the brain tumor and measuring total flux.
Statistics

In vitro cytotoxicity at 24 and 48 h was compared using 2-way
ANOVA with Dunnett’s multiple comparisons test. Each experiment
was done in triplicate unless otherwise indicated, and error bars
represent SEM. Tumor sizes were compared using 2-way ANOVA,
and error bars represent SEM. Animal survival was compared using
a log rank test.
Cytotoxicity using serum from immunized mice

NSG mice were injected with 100 mg DNA encoding PB01-forward
and 40 U hyaluronidase in the TA muscle, followed by electropora-
tion, and serum was collected at the indicated time points.
1e4 U87-GFP-luc cells were plated in an eSight plate (Agilent). After
overnight incubation, sera collected at different time points were
added to the cells along with primary human T cells at an E:T ratio
of 5:1. eCaspase 3 NucView 405 (Agilent) was added to the wells to
label dead cells blue. Images were taken using xCelligence eSight at
3-h intervals for a total duration of 81 h. Images from just before addi-
tion of effector cells up to the end of the experiment were used to
create the videos using the xCelligence eSight data analysis software
(Agilent). For comparison with recombinant BTE, NSG mice were
given a single i.v. infusion of recombinant PB01-forward (0.5 mg/
kg). This dose was chosen based on the highest dose of recombinant
EGFRviii BTE used in a similar orthotopic GBM model.32
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