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CANCER

SynNotch-CART cells overcome challenges
of specificity, heterogeneity, and persistence
in treating glioblastoma

Joseph H. Choe”, Payal B. Watchmakerzf, Milos S. Simic”, Ryan D. Gilbert?, Aileen W. Li",
Nira A. Krasnow", Kira M. Downeyz, Wei Yu', Diego A. Carrera?, Anna Celli3, Juhyun Cho',
Jessica D. Briones', Jason M. Duecker’, Yitzhar E. Goretskyz, Ruth Dannenfelser®®,

Lia Cardarelli®?, Olga Troyanskaya4’5, Sachdev S. Sidhu®’, Kole T. Roybal1’8’9'1°'"*,
Hideho Okada?®'"*, Wendell A. Lim' 1712

Treatment of solid cancers with chimeric antigen receptor (CAR) T cells is plagued by the lack of ideal target antigens
that are both absolutely tumor specific and homogeneously expressed. We show that multi-antigen prime-and-
kill recognition circuits provide flexibility and precision to overcome these challenges in the context of glioblastoma.
A synNotch receptor that recognizes a specific priming antigen, such as the heterogeneous but tumor-specific
glioblastoma neoantigen epidermal growth factor receptor splice variant Il (EGFRVvIII) or the central nervous system
(CNS) tissue-specific antigen myelin oligodendrocyte glycoprotein (MOG), can be used to locally induce expres-
sion of a CAR. This enables thorough but controlled tumor cell killing by targeting antigens that are homoge-
neous but not absolutely tumor specific. Moreover, synNotch-regulated CAR expression averts tonic signaling
and exhaustion, maintaining a higher fraction of the T cells in a naive/stem cell memory state. In immunodeficient
mice bearing intracerebral patient-derived xenografts (PDXs) with heterogeneous expression of EGFRUvIII, a single
intravenous infusion of EGFRvIII synNotch-CAR T cells demonstrated higher antitumor efficacy and T cell durability
than conventional constitutively expressed CART cells, without off-tumor killing. T cells transduced with a synNotch-CAR
circuit primed by the CNS-specific antigen MOG also exhibited precise and potent control of intracerebral PDX
without evidence of priming outside of the brain. In summary, by using circuits that integrate recognition of mul-
tiple imperfect but complementary antigens, we improve the specificity, completeness, and persistence of T cells

Copyright © 2021
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim
to original U.S.
Government Works

directed against glioblastoma, providing a general recognition strategy applicable to other solid tumors.

INTRODUCTION

Although chimeric antigen receptor (CAR) T cells have demon-
strated remarkable outcomes in treating hematologic malignancies
(1), development of effective CAR T therapies for solid cancers re-
mains a challenge, due in large part to the difficulty in identifying
optimal target surface antigens. Very few antigens are truly tumor
specific, and the resulting on-target/off-tumor cross-reaction of
the engineered T cells with normal tissues can cause lethal toxicities
(2-5). Conversely, even if antigens with high tumor specificity are
identified, these targets are often heterogeneously expressed, and
selective CAR targeting allows for escape of antigen-negative tumor
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cells (6). Thus, there is a general need for new tumor recognition
strategies that can navigate the concurrent challenges of specificity
and heterogeneity to increase the therapeutic benefit of CAR T cells
against solid cancers.

A concrete example of this dual challenge is found in glioblasto-
ma (GBM). The epidermal growth factor receptor splice variant III
(EGFRVIII) is a highly GBM-specific neoantigen found in a subset
of patients (7-10). Although this might seem like an ideal tumor-
specific antigen target, previous clinical studies targeting GBM with an
anti-EGFRVIII CAR showed consistent tumor recurrence. EGFRVIII
expression in the tumors is highly heterogeneous, and EGFRVIII™ tu-
mor cells can escape and grow, despite effective killing of EGFRvIIT"
cells by the CAR T cells (6, 11, 12). In contrast, alternative glioma-
associated target antigens, including ephrin type A receptor 2 (EphA2)
and interleukin 13 receptor a2 (IL13R02), are expressed on the sur-
face of the vast majority of GBM cells (13-15), but have imperfect
specificity. Although they are not expressed in normal central ner-
vous system (CNS) tissues, they are expressed in some normal, non-
CNS tissues such as the liver, kidney, esophagus, and genital organs
(www.humanproteomemap.org). Thus, it is challenging to find a
single ideal surface GBM antigen that is both specific and homoge-
neous enough to limit the dual challenges of off-target toxicity and
incomplete killing.

We therefore proposed that T cells that recognize multi-antigen
combinations provide a possible solution to the conundrum of
simultaneously optimizing specificity of tumor recognition and
completeness of killing. We previously developed “prime-and-kill”
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circuits in which a synNotch receptor [an engineered receptor that
activates a transcriptional output when it recognizes its cognate an-
tigen (16)] is primed to induce expression of a CAR directed against
a killing antigen (17, 18). These synNotch-CAR circuits function
as Boolean AND gates, requiring the recognition of both priming
(synNotch) and killing (CAR) antigens. These circuits can also be
considered “IF-THEN” circuits, as they execute CAR-directed kill-
ing only if first primed by the synNotch ligand. We hypothesized
that, by carefully choosing the priming and killing antigens, such
multi-antigen circuits could yield hybrid recognition behaviors that
could navigate trade-offs between specificity and heterogeneity.

Here, we pursue two such multi-antigen targeting strategies for
GBM: either priming with a tumor-specific but heterogeneous neo-
antigen (EGFRVIII) or priming with a normal CNS-specific antigen,
myelin oligodendrocyte glycoprotein (MOG). SynNotch receptor
priming by these antigens was used to locally induce expression of a
tandem CAR that recognizes the more homogeneous GBM anti-
gens, EphA2 and IL13Ro2 (13, 19). The expression of EphA2 and
IL13Ro2 in other normal tissues makes them nonideal antigen tar-
gets for conventional, single-target CAR T cells. These antigens,
however, could serve as effective killing targets, if higher selectivity
was restricted by the required priming antigen. Thus, we hypothe-
sized that T cells engineered with prime-and-Kkill circuits might in-
duce CAR-driven cytotoxicity that was spatially restricted only to
the vicinity of priming cells, thereby avoiding off-tumor killing in
distant normal tissues that express the killing antigen but that lack
the priming antigen.

RESULTS

Prime-and-kill circuit in T cells can overcome antigen
heterogeneity by executing trans-killing

Figure 1 and fig. S1 (A and B) illustrate our rationale for designing
a prime-and-Kkill circuit in T cells: Engineered T cells are first primed
by a synNotch receptor that recognizes a cancer-specific but hetero-
geneous antigen, EGFRVIII, and then induce the expression of a
CAR that kills by recognizing a homogeneous though imperfectly
tumor-specific antigens, such as EphA2 or IL13Ro2. To achieve
homogeneous killing and to further reduce the possibility of tumor
escape, we used a tandem CAR that simultaneously targets the two
killing antigens, EphA2 OR IL13Ro2 (13, 19). The tandem CAR,
which functions as an OR-gate, has an extracellular region contain-
ing an o-EphA2 single-chain antibody and an IL13 mutein, a vari-
ant of IL13 ligand that binds with higher affinity to IL13Ra2 over
IL13Rol (fig. S1C) (19, 20). The general strategy in this circuit de-
sign was to take advantage of the specificity of the priming antigen
combined with the homogeneity of the killing antigens (Fig. 1A), in
principle yielding specific and complete tumor killing.

We postulated that priming based on a heterogeneous antigen
could yield complete tumor killing, if a T cell primed by one cell
could kill a different target cell bearing the killing antigen but lacking
the priming antigen, a process we define as trans-killing (Fig. 1B). In
contrast, cis-killing would describe priming and killing based on
antigens presented on the same cell. To test whether synNotch-CAR
T cells could execute trans-killing, we first engineered U87 GBM
cells to constitutively express the priming antigen EGFRVIIIL. Native
U87 cells do not express EGFRVIIIL, but they do express both EphA2
and IL13Ro2 killing antigens (11, 12, 21, 22), as demonstrated by
the effective killing of U87 cells by T cells transduced with constitutive
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CAR targeting EphA2 or IL13Ra2 (fig. S1D). Thus, we could cocul-
ture U87 EGFRVIII" cells with U87 EGFRVIIIL™ cells and test whether
the presence of EGFRVIII" priming cells was sufficient to induce
T cell killing of the EGFRVIII™ target cells. We mixed the U87-
EGFRVIII" and U87-EGFRVIII™ cells in indicated ratios to recapitu-
late different degrees of heterogeneity observed in patients with GBM
and then tested whether target cell killing by our synNotch-CAR
T cells was induced by the presence of priming cells.

We found that CD8" T cells engineered with the a-EGFRVIII
synNotch-o-EphA2/IL13Ra2 CAR circuit could effectively kill
EGFRVIII™ target cells in vitro, if and only if there were also EGFRvIIT®
priming cells present (Fig. 1, C and D, and fig. S1, E and F). Priming
cells did not need to be present at very high proportions; the presence
of as low as 10% priming cells yielded strong killing of EGFRVIII
target cells, although killing was slightly slower compared to that
observed with 50% priming cells (P = 0.0149 and P = 0.0218 at 48
and 72 hours, respectively). In contrast, no killing of the EGFRVIII™
target cells was observed in the absence of priming cells. In these
assays, we independently tracked the kinetics of killing of the two
different tumor cell populations using two different fluorescent labels
over 72 hours (movie S1). We also validated effective trans-killing
using target cells expressing the model priming and killing antigens,
green fluorescent protein (GFP) and CD19, respectively (fig. S2).
Together, these in vitro studies show that synNotch-CAR T cells
can effectively execute trans-killing.

EGFRvlll-triggered synNotch-CAR cells kill tumors in vivo
only if they contain priming cells

On the basis of these in vitro data, we next evaluated antitumor ac-
tivities of synNotch-CAR T cells in mice bearing GBM xenografts.
First, we confirmed that EGFRvIII-primed T cells could perform
trans-killing of EGFRVIII” GBM cells in vivo but only in tumors with
EGFRVIII" priming cells. As proof of principle, we implanted dual
tumors into NOD (nonobese diabetic) CRISPR Prkdc I12r gamma
(NCG) immunodeficient mice. In the brain, we implanted a 1:1 mix-
ture of EGFRVIII" and EGFRvIII™ U87 tumor cells. In the flank
of the same animals, we implanted EGFRVIII™ U87 tumor cells only
(Fig. 1E). Here, the flank tumor represents a potentially cross-reactive
normal tissue that expresses the killing antigens but not the priming
antigen. In contrast, the brain tumor has both priming and killing
antigens. On day 6 after the tumor implantation, the mice received
intravenous administration of synNotch-CAR T cells or control
nontransduced T cells (n = 6 per group). All mice treated with con-
trol T cells showed tumor growth at both sites and reached the
study endpoint with a median survival of 25.5 days. The mice treat-
ed with synNotch-CAR T cells, in contrast, demonstrated signifi-
cant suppression of the intracranial tumor growth compared with
that in control mice (P < 0.05; Fig. 1F). However, the mice treated
with the synNotch-CAR T cells did not show statistically significant
suppression of the flank tumor compared with the control group
(P = 0.4; Fig. 1F). The selective lack of killing in the nonpriming
flank tumor suggests that the cytotoxic activity of the synNotch-CAR
T cells is spatially confined to tumors expressing both priming and
killing antigens.

We also performed a systematic comparison of killing of im-
planted tumors with 0, 50, and 100% EGFRVIII" U87 cells (fig. S3).
We found that the cohort of mice that received synNotch-CAR
T cells did not show any clearance of the 0% EGFRVIII* tumors but
showed equally effective tumor clearance of both the 50 and 100%
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Fig. 1. Multi-antigen prime-and-kill circuits in A
T cells provide a general strategy to over-
come antigen heterogeneity while still main-

Multi-antigen prime-and-kill circuit
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priming cells (P=0.0149 and P=0.0218, t test at lg/ B Ay *:
48 and 72 hours, respectively). The dotted black A A o i ¥ = 104 —ets
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with two GBM tumors: a heterogeneous tumor

Day 0
comprising EGFRVIII* and EGFRIII" U87 cells (1:1 R

Day 6 5 10 15 20 25
L1 1

ratio) in the brain, and a homogeneous EGFRVIII™ T
U87 tumor implanted subcutaneously in the flank.
Mice were treated 6 days after tumor implanta-
tion with intravenous (i.v.) infusion of 3 million
CD4* and CD8" synNotch-CAR T cells (n=6) or

Inject
tumors

1 AN
f / 7 Days after tumor implantation
i.v. inject T cells
3e6 CD4" Tcells
36 CD8" T cells

=== Control T cells (nontransduced)
=== SynNotch-CAR T

control nontransduced T cells (n = 6). (F) Tumor size was measured by luciferase bioluminescence imaging (BLI) over time as the number of photons per second per square
centimeter per steradian (p/s/cm?/sr). Tumor size curves for individual mice treated with synNotch-CAR T cells are shown in light pink; curves for mice treated with non-
transduced T cells are shown in gray. Thicker lines correspond to geometric means. P < 0.05 by Mann-Whitney test on day 12 and onward, whereas the flank tumor grew

at the same rate as in the mice treated with nontransduced T cells.

EGFRVIIT" tumors (P < 0.001 and P < 0.001, respectively; fig. S3B).
Thus, in this context, the efficacy of synNotch-CAR T cells is not
negatively affected by EGFRVIII antigen heterogeneity.

EGFRvlll-triggered synNotch-CAR T cells efficiently

and durably clear heterogeneous GBM6 PDX tumors better
than constitutive CART cells

We then sought to evaluate the efficacy of synNotch-CAR T cells in
a tumor model that exhibits naturally occurring heterogeneity of
EGFRVIII expression. We identified the GBM6 patient-derived xe-
nograft (PDX) tumor as an aggressive GBM model that shows in-
trinsic EGFRVIII heterogeneity (Fig. 2A) (23). We also confirmed
the ability of T cells bearing the o-EGFRVIII synNotch-a-EphA2/
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IL13Ra2 CAR circuit to detect and kill GBM6 cells in vitro (fig. S4,
A and B). We also confirmed that there was a subpopulation of
GBMBE cells with undetectable EGFRVIII antigen that were resistant
to killing by the a-EGFRVIII CAR (fig. S4, C and D). Thus, GBM6
represents an ideal tumor model in which to identify circuits that
could overcome problems caused by antigen heterogeneity.

We implanted GBM6 tumors in the brains of immunodeficient
NCG mice and treated them with T cells bearing the a-EGFRvVIII
synNotch-a-EphA2/IL13Ra2 CAR circuit. As controls, we treated
mice with nontransduced T cells or T cells constitutively expressing
either the a-EGFRVIII CAR or a-EphA2/IL13Ro2 tandem CAR
(Fig. 2, B to D). All of the mice receiving the untransduced T cells
(n = 5) died of tumor progression by day 43 after tumor implantation
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Fig. 2. SynNotch-CAR T cells show improved A
efficacy and durability compared to individual GBM6 PDX model:
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108 cells) treatments. Statistical significance was
calculated using log-rank Mantel-Cox test. (F) Flu-
orescence microscopy of representative section
of untreated GBM6 xenograft tumor, isolated
15 days after tumor implantation, shows hetero-
geneous expression of EGFRVIII. Scale bar, 500 um.
(G) Top: Representative fluorescence microscopy
of a brain and tumor section isolated 107 days
after treatment with conventional o-EGFRVIIICART
cells shows the presence of tumor but loss of
EGFRuvIIl expression. Bottom: Representative flu-
orescence microscopy of a brain section isolated
110 days after treatment with EGFRvIII synNotch-
0-EphA2/IL13Ra2 CART cells reveals clearance of
a GBM6 xenograft tumor and sustained presence
of T cells. Scale bars, 1 mm (left) and 50 um (right).

F  Untreated:
GBM6 tumor
brain section

GBM6 tumor cells

(Fig. 2, C and D). Treatment with the constitutive a-EphA2/
IL13Ra2 tandem CAR was largely ineffective. Treatment with the
constitutive a-EGFRVIII CAR T cells yielded initial tumor shrink-
age but consistently resulted in recurrence of tumors in all mice
(Fig. 2, C and D), recapitulating what has been previously observed
in clinical trials deploying this CAR (6). In notable contrast, all of
the mice treated with the synNotch-CAR T cells showed complete
and long-term remission of the GBM6 tumors. This durable and
complete tumor clearance was reproducible (fig. S4E) and was
also reflected in significantly increased survival of mice treated
with synNotch-CAR T cells (P = 0.0263 at day 37; Fig. 2D). The
synNotch-CAR T cells were also significantly more effective than
the constitutive a-EGFRVIII CAR T cells at a lower, suboptimal
T cell dosage [P = 0.0017, log-rank (Mantel-cox) test; Fig. 2E].
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Implanted GBM6
tumor 5

Days after tumor implantation

Days after tumor implantation

G Posttreatment: Constitutive a-EGFRvIII CAR

Posttreatment: SynNotch-CAR circuit

GBM®6 tumor cells (all),

To more carefully evaluate the outcome of the different T cell
treatments, we performed postmortem immunofluorescence analy-
sis of mice after 100-day treatment with either the o-EGFRvIII CAR
T cells or the synNotch-CAR T cells. Brain slices isolated from
15-day-long tumor-bearing mice without T cell treatment are shown in
Fig. 2F (GBM6 tumor cells, yellow; EGFRVIII antigen, red). The
constitutive o- EGFRVIII CAR-treated brains showed persistence
of GBM6 tumor cells but no remaining T cells (Fig. 2G, top).
The remaining GBM6 cells, however, were all negative for
EGFRVIII expression, consistent with tumor escape via selective
growth of EGFRVIII™ tumor cells. In contrast, the brain sections
from mice treated with synNotch-CAR T cells showed complete
elimination of GBM6 tumor cells and revealed persistent T cells
in the brain parenchyma and meninges (Fig. 2G, bottom). In
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Fig. 3. Early time point imaging shows that
priming and killing of synNotch-CART cells are
precisely restricted to tumor region. (A) Rep-
resentative confocal fluorescent microscopy of
brain slices from GBM6 tumor-bearing mice
isolated at 6 days after infusion with a-EGFRuIII
synNotch-a-EphA2/IL13Ra2 CAR T cells reveals
primed T cells expressing CAR-GFP only within
the tumor bed. Cleaved caspase 3 is also only ob-
served within the tumor. Scale bars, 1 mm (left)
and 100 um (right). Overlay of tumor, cleaved
caspase 3, and primed GFP T cell is shown in fig.
S5B. (B) Representative confocal images of brain
slices from GBM6 tumor-bearing mice isolated
at 6 days after treatment with nontransduced
T cells. Scale bar, 1 mm. (C) Intravital two-photon
imaging of synNotch-CAR T cells shows priming
within the GBM6 xenograft tumor. Tumors were
implanted at a depth of 3mm below the right
frontal cortex, and cranial windows were implant-
ed. Scale bar, 400 um. See movie S2. (D) Half-life of
CAR expression decay in synNotch-CAR T cells
after removing priming cells. T cells were primed
in vitro with GBM6 cells for 60 hours and then iso-
lated by cell sorting. GFP-tagged CAR expression
was observed over time. MFI, median fluorescence
intensity. Decay experiment was performed in the
absence (top) or presence (bottom) of target U87
cells lacking priming antigen. Exponential decay
fit was used to determine the CAR half-life. Decay
curves depict one representative of four different
donors.
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@

Primed
T cells
(GFP)

Unprimed
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summary, PDX mouse experiments showed that the prime-and-kill
circuit could achieve more specific and complete killing of tumor
cells than constitutively expressed CARs targeted against a single
antigen.

Immunofluorescence and intravital imaging show that T cell

priming and killing is spatially restricted to GBM tumor

To track the mechanism of synNotch-CAR T cells in more detail,
we sectioned brains isolated from GBM6 tumor-bearing mice only
6 days after T cell injection and evaluated them by immunofluores-
cence microscopy. In these experiments, GBM6 tumor cells were
labeled with the fluorescent protein mCherry; primed T cells could
be detected via a GFP-tag fused to the induced o-EphA2/IL13Ra2
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A CIRCUIT: a-EGFRUVIII synNotch—a-EphA2/IL13Ra2 CAR-GFP B
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CAR; apoptotic cells could be detected by staining for cleaved caspase
3 (Fig. 3A). We found that T cell priming and apoptosis spatially
overlaid with the GBM6 tumor. Thus, T cell priming and killing were
restricted only to the GBM6 tumor, and no collateral killing was
observed, even in regions adjacent to the tumor. The same analysis with
GBMS6 tumor-bearing mice treated with nontransduced T cells showed
no evidence of apoptosis in the tumor or elsewhere (Fig. 3B). Fur-
ther imaging showed robust infiltration of transferred, hCD45"
T cells and priming selectively in GBM6 tumor tissue; primed T cells
were absent in adjacent normal brain tissue (fig. S5A). Closer exam-
ination of these multicolor fluorescent images revealed cytolytic
events in the tumor in which apoptotic GBM6 cells are surrounded
by primed T cells (fig. S5B).
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To more directly visualize T cell priming, we also performed in-
travital imaging 2 days after T cell injection (Fig. 3C and movie S2).
These time-lapse movies showed a large number of primed T cells
only within the tumor, as well as unprimed T cells that became
primed as they approached the tumor. These movies showed that
the primed T cells remained stably localized within the tumor over
the full course of the 1-hour-long movie, presumably because the
T cells were interacting with target cells. Although the primed T cells
had dynamic cell processes reaching out to contact neighboring
cells, they did not show any sign of rapid trafficking in or out of the
tumor. This relatively stable residence of the primed T cells in the
tumor may explain the highly specific and localized killing observed
with these T cells.

Another feature that is likely to contribute to high spatial target-
ing specificity is that when the cells leave a microenvironment with
priming antigens, the synNotch-induced CAR expression will stop,
and the CAR protein will decay. We measured CAR protein decay
using a GFP-tagged a-EphA2/IL13Ro2 CAR after removal of a
long-term priming cell stimulus (Fig. 3D). We found that CAR ex-
pression decayed with a half-life of about 10 hours. This was slight-
ly faster if CAR target cells, such as U87 tumor cells, were present,
as these likely accelerated CAR endocytosis. The decay of CAR ex-
pression in the observed timeframe likely means that cells that leave
the priming environment are not able to sustain a meaningful pro-
liferative and killing response over the course of days to weeks.

SynNotch-induced CART cells show a more stem-like
phenotype, reduced exhaustion, and improved in vivo
persistence compared to constitutive CARs

One of the most surprising findings of these in vivo studies was the
improved tumor clearance capacity of the synNotch-CAR T cells
compared to the constitutive a-EphA2/IL13Ra2 CAR T cells, be-
cause both sets of T cells used the same CAR molecule. Moreover,
this difference was only observed in vivo, as the constitutive tandem
CAR T cells are highly effective at tumor killing in vitro (Fig. 4A).
These puzzling observations suggested that there were additional
features of synNotch-CAR circuits that yielded improved antitu-
mor activity in vivo.

A general challenge in treating solid cancers with CAR T cells is
exhaustion of the T cells, which prevents persistent antitumor activ-
ity. Recent studies have indicated that tonic signaling by consti-
tutively expressed CARs can play a major role in increasing their
susceptibility to exhaustion, leading to poor in vivo T cell per-
sistence (24, 25). We therefore examined the differentiation state of
our different types of engineered T cells by flow analysis and found
that all of the a-EGFRVIII synNotch-CAR circuit T cells evaluated
in this study contained a higher fraction of cells in a naive-like state
(CD62L" CD45RA", naive or stem central memory), a phenotype
associated with greater in vivo antitumor activity (26, 27), compared
to the equivalent constitutive CAR T cells (Fig. 4B). We tested dif-
ferent EGFRVIII synNotch-primed circuits, inducing the a-EphA2
CAR, the 0-IL13R02 CAR, or the tandem o-EphA2/IL13Ra2 CAR,
and in all cases, the synNotch-induced version of the CAR yielded a
much higher fraction of naive-like T cells compared to the analogous
constitutively expressed CAR (Fig. 4C). Furthermore, this pheno-
typic improvement seems to be shared by multiple synNotch-CAR
circuits (fig. S6).

We evaluated the exhaustion state of the T cells using a panel of
exhaustion makers [programmed cell death protein 1 (PD1), lymphocyte
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activation gene 3 (LAG3), and T cell immunoglobulin and mucin
domain containing 3 (TIM3)] expressed on T cells, both without
stimulation or 24 hours after stimulation with GBM target cells
(Fig. 4D). In all cases, the constitutively expressed CAR T cells
expressed a higher number of exhaustion markers compared to
nontransduced T cells or synNotch-CAR T cells. Particularly, upon
stimulation, T cells constitutively expressing CAR had significantly
more populations expressing two or three exhaustion markers
compared with the nontransduced T cells (P < 0.05), whereas
synNotch-CAR T cells were not significantly different from the
nontransduced T cells (P = 0.999, P = 0.42, P = 0.83, and P = 0.95,
respectively, for 0, 1, 2, and 3 exhaustion markers).

Tonic signaling by constitutively expressed CARs has been
shown to lead to increased T cell exhaustion (24, 25). Thus, we hy-
pothesized that the synNotch-CAR circuits might show reduced
exhaustion and increased stem-like phenotypes because of reduced
tonic signaling. The synNotch-CAR T cells showed lower tonic sig-
naling than constitutive CAR T cells as measured by CD25 expres-
sion in the absence of stimulation (P = 0.037; Fig. 4E). In addition,
using mass cytometry analyses, synNotch-CAR T cells showed higher
expression of the stemness marker transcription factor T cell factor
1 (TCF1) and lower expression of the exhaustion marker CD39 com-
pared with constitutive CAR T cells (fig. S7). Thus, synNotch regu-
lation of the CAR appears to prevent tonic signaling and subsequent
T cell differentiation and exhaustion.

A more naive-like and less exhausted phenotype is linked to
stronger T cell proliferation and persistence in vivo. We directly in-
vestigated T cell persistence in vivo at 6 days after infusion into the
tumor-bearing mice and found abundant synNotch-CAR T cells in
the brain. In contrast, we found no surviving constitutive tandem
CAR T cells in parallel experiments (Fig. 4F). Together, these find-
ings are consistent with a model in which synNotch-CAR circuits
prevent tonic signaling normally observed in constitutively expressed
CARs, thereby allowing the T cells to maintain a more naive, stem-
like state less prone to differentiation and exhaustion. Thus, restrict-
ing CAR expression locally to the tumor (where priming signals are
present) not only increases T cell targeting specificity but also yields
a much more potent and persistent T cell state.

Identification of MOG as a CNS-specific antigen that could

be used for tissue-specific priming of inducible CAR T cells
Given the robust trans-killing we observed with EGFRVIII-primed
T cells, both in vitro and in vivo, we hypothesized that synNotch-
CAR T cells might be capable of priming off of cells near a tumor,
even if these priming cells lacked the killing antigen and were not
malignant cells. This type of trans-killing could be very useful if, for
example, a T cell could be primed by recognizing tissue-specific an-
tigens expressed on nonmalignant cells closely associated in space
with the tumor (Fig. 5A). For example, in the case of GBM, which
rarely metastasizes outside of the CNS (28), we might design T cell
circuits that are primed by a CNS-specific antigen that then triggers
local killing by inducing expression of the tandem CAR against the
GBM antigens EphA2 and IL13Ra2. Extensive previous studies in-
dicate that these two killing antigens are not expressed in the nor-
mal CNS (15, 29, 30). Thus, creating a T cell that restricts its killing
to targets that are both in the CNS and EphA2 or IL13Ro2 positive
would potentially achieve both high tumor specificity and complete
killing. A CNS antigen-primed circuit might thereby provide a solu-
tion for treating EGFRvIII-negative GBM.
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Fig. 4. SynNotch-CART cells show enhanced naive/stem cell memory phenotype, reduced exhaustion, and improved persistence in vivo. (A) In vitro killing by
T cells constitutively expressing o-EphA2/IL13Ro2 tandem CAR (relative to nontransduced control). (B) Flow cytometry plots distinguishing naive-like cells (CD45RA*CD62L"),
central memory cells (CD45RA™CD62L™"), effector memory cells (CD45RA™CD62L"), and effector memory RA cells (CD45RAYCD62L") (representative of three experiments
from different donors). Percentages of cells in the naive/memory stem cell state and effector memory state are highlighted. T cells were rested for 10 days in vitro after
transfection before phenotypic analysis. (C) Percentage of CD62L*CD45RA* T cells in indicated CAR T cells and synNotch-CAR T cells (n =3 per group). (D) Expression of
exhaustion markers by indicated CAR and synNotch-CART cells, both without and with stimulation by target cells. Pie chart shows percentage of cells that express 0, 1, 2,
or 3 exhaustion markers (PD1, LAG3, or TIM3), average of three different donors. (E) Tonic signaling in constitutive versus a-EGFRvlIl-synNotch induced a-EphA2/IL13Ra2
CART cells, measured by percent CD25" cells (one-way ANOVA followed by a Dunnett’s test, P < 0.05, n=5 different donors). Boxes represent min to max with median
center line. (F) SynNotch-CAR T cells show improved persistence in vivo compared to constitutive CAR T cells. GBM6 tumor-bearing mice were euthanized 6 days after
infusion of either the constitutive tandem CART cells (left) or a-EGFRVIII synNotch-a-EphA2/IL13Ra2 CART cells (right). Representative confocal fluorescent microscopy
of brain slices and single-cell suspensions of tumor-bearing brain show few T cells (CD3*CD45") in constitutive CAR T cell-treated tumors. In contrast, mice treated with
synNotch-CAR T cells reveal high number of T cells in tumors.
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Fig. 5. Design of brain antigen-primed synNotch-CAR circuit to target GBM. (A) “Tissue-specific priming” circuit is designed to restrict killing only to the brain, pre-
venting damage to normal, nonbrain tissues that express killing antigens, EphA2 and IL13Ra2. In principle, this circuit should selectively identify GBM cells as the only
brain-localized cells that are EphA2" or IL13Ra2*. (B) Box and whisker plots showing tissue-specific expression of MOG across a subset of tissue samples in GTEx v7. Units
shown are log scale-normalized RNA-sequencing counts (transcripts per million) taken from GTEx portal v7 (https://gtexportal.org/). (C) Primary CD8" T cells expressing
0-MOG synNotch and GFP reporter were cocultured with either parental K562 cells or K562 cells expressing mouse or human MOG. Flow cytometry histograms show in-
duction of GFP reporter only in the presence of MOG* K562 cells (representative of three experiments). (D) Primary CD8" T cells transduced with a-MOG synNotch-a-
EphA2/IL13Ra2 CAR circuit were cocultured with GBM6 target cells and L929 priming cells either expressing or not expressing mouse MOG. Relative cell survival of both
target GBM and priming L929 cells was tracked over 72 hours (n = 3, error bars indicate SD). ****P < 0.0001, t test compared to those cocultured with MOG™ L929 cells. The

cell population ratio was 1:1:1, 1 x 10* cells each. No significant killing of the L929 priming cell population was observed in either experiment.

We bioinformatically identified two candidate brain cell surface
proteins, cadherin 10 (CDH10), a CNS-specific cadherin, and MOG,
a surface protein on the myelin sheath of neurons. The predicted
tissue expression of these antigens is shown in Fig. 5B and fig. S8.
For this study, we focused primarily on using MOG as a priming
antigen, as we empirically found it to be more CNS specific (analysis
of CDHI10 priming antigen shown in fig. S8). We identified anti-
body sequences that bind MOG and used them to construct cognate
synNotch receptors. We confirmed that these synNotch receptors
could be activated by cells expressing either human or mouse MOG
protein (Fig. 5C).

We engineered CD8" T cells with the a-MOG synNotch-o-
EphA2/IL13Ra2 CAR circuit and cocultured them with GBMS6 tar-
get cells in the presence or absence of priming cells (L929 fibroblasts
engineered to express MOG). We found that a-MOG synNotch-o-
EphA2/IL13Ro2 CAR T cells could effectively kill the GBM6 cells,
which do not express MOG, but only in the presence of MOG"
priming cells (Fig. 5D). We did not observe any off-target killing of
the cocultured priming cells (which lack EphA2 or IL13Ro2 expres-
sion), showing that the synNotch-CAR T cells maintained specificity
for only killing the CAR antigen—-positive tumor cells in the mix-
ture. These in vitro studies demonstrated that the synNotch-CAR
T cells could be safely and efficiently primed for tumor killing by
spatially associated nontumor cells expressing priming antigen.

To test whether the CNS-specific antigen-primed T cells could
be effective in vivo, we treated NCG mice implanted with intracranial
GBM6 PDX tumors with T cells bearing the a-MOG synNotch-
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0-EphA2/IL13Ra2 CAR circuit (Fig. 6A). The GBM6 tumor cells
do not express MOG; therefore, in order for the T cells to kill tumor
cells, they must be primed by MOG endogenously expressed in the
host mouse CNS. The MOG-primed T cells proved to be highly ef-
fective at clearing the GBM6 tumor (P < 0.001, day 40; Fig. 6B) and
increasing mouse survival (P = 0.005; Fig. 6C) relative to control
mice treated with nontransduced T cells. In mice in which GBM6
tumors were implanted in both the flank and the brain, tumors in
the flank were not cleared by the MOG-primed T cells (fig. S8G),
consistent with a need for a localized CNS antigen to license the
T cells for killing. Similarly, mice treated with T cells bearing the
0-CDH10 synNotch-a-EphA2/IL13Ra2 CAR circuit showed effec-
tive priming (fig. S8B) and killing of GBM6 both in vitro and in vivo
(fig. S8, C to F). However, these synNotch-CAR T cells showed poor
discrimination in killing of brain versus flank tumors, suggesting
that MOG is a superior CNS-specific priming antigen relative to
CDHI0 (fig. S8G).

Postmortem immunofluorescence analysis of mice treated with
the MOG-primed T cells revealed a high number of T cells in
the tumor, with many of these in a primed, CAR-expressing state
(Fig. 6D). In tumor-adjacent brain tissue, we observed fewer T cells,
but these were also primed and expressing the CAR. In contrast,
although many transplanted T cells were found in the spleen, none
of them was primed. Similar brain-specific priming of T cells was
observed by flow cytometry analysis of brain and spleen samples
(fig. S9). These results are consistent with T cell priming throughout
the brain, presumably combined with more robust T cell expansion
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See fig. S9G for analysis of off-target specificity
(using non-brain-implanted tumor). Survival was
analyzed over 60 days by log-rank (Mantel-Cox)
test. P=0.005. (D) GBM6 tumor-bearing mice were
euthanized 6 days after a-MOG SynNotch-CAR D
T cell infusion. Representative confocal fluores-
cent microscopy of brain sections reveals that
T cell-mediated killing (cleaved caspase 3 stain-
ing) is restricted to the tumor. Scale bars, 2 mm
(left) and 50 um (right). (E) Insets (single-stained
images) are enlargements of outlined regions in
main images. Expression of cleaved caspase 3 is
confined to the tumor cells (yellow), as indicated
by white arrows in the overlay image. Scale bar,
20 pm.

within the tumor as a result of CAR activation and local release of
proliferative cytokines.

Given that these T cells are primed by nonmalignant cells in
the CNS, we wanted to more carefully examine cell killing within
the brains of treated animals. We sectioned brain tissue isolated
from mice 6 days after T cell injection and evaluated them
by immunofluorescent imaging for both tumor cells and cell
apoptosis (Fig. 6, D and E). Cell killing was restricted only within
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Days after tumor implantation

CIRCUIT: a-MOG synNotch—a-EphA2/IL13Ra2 CAR

Tumor

Brain

GBM®6 tumor

the boundaries of the tumor and did not extend into the normal
CNS tissue.

The effectiveness of this CNS-specific antigen-primed circuit rep-
resents an advance in engineering therapeutic cells. Not only does
this circuit represent a possible way to treat EGFRvIII” GBM but
also it represents a general strategy for targeting cell therapies to
specific tissues or organs. Overall, we developed two successful multiple-
antigen recognition circuits that rely on either a heterogenous
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cancer-specific antigen or a CNS tissue-specific antigen to over-
come GBM heterogeneity, off-target toxicity, and T cell persistence
(fig. S10).

DISCUSSION

These results show multiple ways to engineer synNotch-CAR circuits
that synergistically combine recognition of complementary antigens
that are otherwise imperfect as single-antigen targets (fig. S10). One
can build circuits that are primed by a highly tumor-specific neoan-
tigen, like EGFRVIII, or a tissue-specific antigen, like MOG. Criti-
cally, these priming antigens need not be homogeneously expressed
on all tumor cells, or be present on any of the tumor cells at all, in
the case of tissue-specific priming. Once primed, the T cells can
then be programmed to execute complete tumor killing by inducing
expression of CARs that target antigens homogenously expressed
by tumors, even if these antigens have imperfect specificity individ-
ually. By integrating information from multiple antigens and multiple
cells, these circuits essentially give improved capability for nuanced
recognition of a tumor as a complex tissue and thus open up many
new possibilities for how to recognize and attack tumors in safer
and more specific ways. Other related strategies combine CARs and
bispecific engagers to integrate multi-antigen combinations (31).
The work shown here demonstrates that synNotch-CAR T cells
have multiple facets that distinguish them from conventional con-
stitutively expressed single-target CAR T cells, several of which may
prove to be highly advantageous in treating other solid cancers be-
yond GBM (fig. S10).

An inherent dilemma constraining the design of any targeted
cancer therapeutic is that increasing specificity to limit off-target
toxicity concurrently increases the chance of tumor escape via in-
trinsic heterogeneity or loss of the molecular target. Here, we show
that a prime-and-kill circuit that integrates two or more antigens
can be used to navigate this dual optimization problem by relying
on highly specific priming antigens, such as the GBM neoantigen
EGFRVIIL, to then induce the expression of CARs that kill based on
a highly homogeneous antigen or set of antigens, such as EphA2
and IL13Ro2. Neither the priming nor killing antigens need to be
perfect. EGFRVIII is specific but nonhomogeneous, whereas EphA2
and IL13Ro2 are more homogeneous but imperfectly tumor specif-
ic. Because their deficiencies are different, these types of antigens
can be combined to yield a multi-antigen circuit that is both highly
specific and capable of more complete killing. We empirically ob-
serve that the EGFRVIII synNotch-a-EphA2/IL13R0o2 CART cells are
able to effectively and completely clear GBM6 PDX tumors without
killing surrounding normal tissue or EphA2- or IL13Ra2-positive
cells in other parts of the body that lack colocalized priming antigen.

The ability of these circuits to balance specificity and complete-
ness of killing stems from the ability of the T cells to be primed by
one type of cell and to then be induced to kill CAR antigen—positive
target cells within the local environment (trans-killing). Once T cells
move away from the environment with priming antigen, they lose
CAR expression within hours and are thus unable to sustain a long-
term proliferative and killing response, which takes days to weeks.
Thus, the T cells are essentially capable of integrating over space to
specifically launch potent, large-scale killing only in a microenvi-
ronment that contains the right combination of colocalized multi-
ple antigens. Therefore, this targeting strategy is likely to be useful
in preventing both toxicity and escape in many other solid tumors,
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presuming that similar complementary antigen combinations can
be identified (32). This represents one of the first antitumor strate-
gies that can overcome the intrinsic trade-off between specificity
and limiting evasive escape.

An additional benefit of prime-and-kill circuit in T cells is that
the simple act of placing CAR expression under regulated control
maintains the T cells in a more naive-like state that is more durable
and less subject to exhaustion. Here, we find that T cells with the
constitutive EphA2/IL13Ra2 CAR show no antitumor activity
in vivo, whereas T cells with the synNotch-induced version durably
clear the GBM tumor. Similar improved antitumor activity has been
observed for synNotch-CAR T cells targeting other cancers beyond
GBM (33), suggesting that these circuits may provide an effective
general strategy for treating many solid cancers. These findings are
consistent with recent findings that CAR T cell exhaustion can be
limited by intermittent drug-induced repression of CAR signaling
(34). In all of these cases, limiting tonic signaling appears to prevent
the accumulation of exhausted, terminally differentiated cells.
Restricting CAR expression until the T cells enter the tumor thus
appears to be a logical strategy for optimizing cell potency and
persistence.

Another new finding in this study is that tissue-specific antigens,
such as MOG, whose expression is restricted to the CNS, can be
harnessed as part of a multi-antigen targeted recognition signature
for engineered T cell therapies. We find that T cells expressing
an a-MOG synNotch receptor can be effectively and specifically
primed in vivo in the CNS by endogenously expressed MOG. More-
over, if these cells are induced to express the o-EphA2/IL13Ra2
CAR, they only kill CAR antigen-expressing cells in the CNS and
not those implanted outside of the CNS. This priming based on
tissue-specific antigens is possible because the T cells can then exe-
cute trans-killing of tumor cells in the immediate proximity of the
nonmalignant priming cells. This approach bypasses the need for
a cancer-specific priming antigen and could be used for GBM that
is EGFRVIII negative. This strategy works for the killing antigens
EphA2 and IL13Ra2 because these antigens are not normally ex-
pressed in the brain, except in the case of tumors (15, 29, 30).

The ability to harness normal tissue antigens as part of a multi-
antigen targeting signature adds a powerful new way to target cell-
based therapies. For example, CNS-specific targeting could be used
to more effectively target other CNS tumors or CNS metastases.
CNS-targeted cells could also be used to treat other types of CNS
diseases beyond cancer, including neuroinflammation or neuro-
degeneration. Moreover, it is possible that identification of other
highly tissue-specific antigens together with more sophisticated cir-
cuits (35) could lead to improved targeting of engineered cells to
tissues and organs beyond the CNS.

We recognize several limitation of our present study. First, our
strategy to design optimal multi-antigen recognition circuits is based
on available gene expression data, for both tumors and normal
tissues, and these data are not complete and limited in resolution,
as not all tissues have been analyzed, most is bulk tissue expression
rather than single cell, and most is focused on mRNA level rather
than protein level. The process of choosing optimal tissue-specific
priming antigens and the best killing antigens for any cancer will
improve as better genomic data become available. Second, use of
immunocompromised mice bearing human GBM and T cells limits
our ability to fully characterize the interaction between synNotch-
CAR T cells and the native GBM microenvironment. Syngeneic
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mouse models could help address this, although, ultimately, imple-
mentation of a carefully designed phase 1 clinical trial will be re-
quired to evaluate the safety and efficacy of our strategies in human
patients.

Here, we have engineered combinatorial recognition T cells that
harness existing CAR targets that have previously been clinically
shown to be imperfect. We show that by linking these multiple im-
perfect targets into an integrated multi-antigen recognition T cell,
we can generate next-generation T cell therapies that outperform
traditional CAR T cells in preclinical models. We are hopeful that
similar strategies can be applied to find new cell treatments for oth-
er challenging solid cancers.

MATERIALS AND METHODS

Study design

The objective of this study was to evaluate the therapeutic potential
of synNotch-CAR T cells, in comparison with constitutively ex-
pressed CAR T cells, to overcome antigenic heterogeneity, off-target
toxicity, and persistence in a mouse model bearing human PDX
GBM. For in vivo experiments, 6- to 10-week-old NCG mice were
used, with 5 to 10 mice per group to ensure statistical power. Ani-
mal size sample was determined by power analysis based on pre-
liminary data. Before CAR T cell treatment, mice were randomized
on the basis of bioluminescent imaging to ensure similar average
tumor sizes across groups. There was no blinding. Survival was
evaluated until predetermined Institutional Animal Care and Use
Committee (IACUC)-approved endpoint was reached. The brain
of each euthanized mouse was collected to confirm the absence
of tumor. Before in vivo experiments, the T cell circuits were tested
in vitro using coculture assays. Circuits were tested in T cells
from multiple donors. Number of repeats is specified in each fig-
ure legend.

Construct design

SynNotch receptors were built by fusing o-EGFRVIII 139 scFv (11),
0-MOG M26 scFv (36), or a-CDH10 scFv (Sidhu laboratory) to mouse
Notchl (NM_008714) minimal regulatory region (res.1427-1752)
and Gal4 DBD VP64. All synNotch receptors contain N-terminal CD8a
signal peptide (MALPVTALLLPLALLL HAARP) for membrane
targetingand o-myc-tag (EQKLISEEDL) or flag-tag (DYKDDDDK)
for detecting surface expression with a-myc A647 (Cell Signaling,
no. 2233) or o-flag A647 (R&D Systems, no. IC8529R); see Morsut et al.
(16) for synNotch sequence. Receptors were cloned into a modified
pHR'SIN:CSW vector containing a phosphoglycerate kinase (PGK)
orspleenfocus-formingvirus (SFFV) promoter. ThepHR’SIN:CSW
vector was also used to make response element plasmids with five
copies of the Gal4 DNA binding domain target sequence (GGAG-
CACTGTCCTCC GAACG) upstream from a minimal cytomegalo-
virus (CMV) promoter. Response element plasmids also contain a
PGK promoter that constitutively drives mCherry or blue fluorescent
protein (BFP) expression to easily identify transduced T cells. CARs
were built by fusing EphA2 scFv (37), IL13 mutein [E13K,K105R]
(38), or IL13 mutein [E13K,K105R]-G4Sx4-EphA2 scFv (37, 38) to
the hinge region of the human CD8a chain and transmembrane
and cytoplasmic regions of the human 4-1BB, and CD3z signaling
domains. Inducible CAR constructs were cloned into a Bam HI site
3’ to the Gal4 response elements. CARs were tagged C-terminally
with GFP, BFP, myc-tag, or flag-tag to verify surface expression.
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Primary human T cell isolation and culture

Primary CD4" and CD8" T cells were isolated from donor blood
after apheresis by negative selection (STEMCELL Technologies,
nos. 15062 and 15063). Blood was obtained from Blood Centers of
the Pacific, as approved by the University of California San Francisco
(UCSF) Institutional Review Board. T cells were cryopreserved in
RPMI 1640 (UCSF cell culture core) with 20% human AB serum
(Valley Biomedical, no. HP1022) and 10% dimethyl sulfoxide. After
thawing, T cells were cultured in human T cell medium consisting
of X-VIVO 15 (Lonza, no. 04-418Q), 5% human AB serum, and
10 mM neutralized N-acetyl L-cysteine (Sigma-Aldrich, no. A9165)
supplemented with IL-2 (30 U/ml; National Cancer Institute Bio-
logical Resources Branch Preclinical Repository) for all experiments
except for the IncuCyte experiments. IncuCyte experiments were
cultured in RPMI 1640 with 5% human AB serum supplemented
with IL-2 (30 U/ml).

Lentiviral transduction of human T cells

Pantropic vesicular stomatitis virus G (VSV-G)-pseudotyped lenti-
virus was produced via transfection of Lenti-X 293T cells (Clontech,
no.11131D) with a pHR’SIN:CSW transgene expression vector and
the viral packaging plasmids pCMVdR8.91 and pMD2.G using
Fugene HD (Promega, no. E2312). Primary T cells were thawed the
same day and, after 24 hours in culture, stimulated with Human
T-Activator CD3/CD28 Dynabeads (Life Technologies, no. 11131D)
ata 1:3 cell:bead ratio. At 48 hours, viral supernatant was harvested
and, in some assays, concentrated using a Lenti-X concentrator
(Clontech, no. 631231). Primary T cells were exposed to the lentivi-
rus for 24 hours. At day 4 after T cell stimulation, Dynabeads were
removed, and T cells were expanded until day 9, when they were
rested and could be used in assays. T cells were sorted with the
Beckton Dickinson (BD) FACSAria Fusion or Sony SH800S Cell
Sorter. AND-gate T cells exhibiting basal CAR expression were gated
out during sorting.

Human T cell phenotyping

T cell phenotypes were assessed using the following antibodies:
phycoerythrin (PE) anti-CD25 (clone BC96, 302606, BioLegend)
for T cell activation; PE-Cy7 anti-PD1 (clone EH12.1, 561272, BD
Biosciences), BV785 anti-TIM3 (clone F38-2E2, 345031, BioLegend),
and AF700 anti-LAG3 (clone 3DS223H, 56-2239-42, Thermo Fisher
Scientific) for T cell exhaustion; BV605 anti-CD45RA (clone HI100,
304133, BioLegend) and allophycocyanin (APC)-Cy7 anti-CD62L
(clone DREG-56, 304813, BioLegend) T cell differentiation state.
Briefly, posttransfected T cells were sorted, expanded, and rested
for about 10 days and then analyzed by flow cytometry. To assess
influence of antigen-dependent activation on T cell phenotype, T cells
were cocultured at an Effector:Target (E:T) ratio of 1:1 (50,000:50,000)
for 24 hours with target GBM6 cells prestained with CellTrace Far
Red (C34564, Thermo Fisher Scientific) per the manufacturer’s in-
structions to distinguish them from T cells. We used a 1:100 anti-
body dilution. A total volume of 50 pl per staining reaction was used
in staining buffer [phosphate-buffered saline (PBS) with 2% fetal bo-
vine serum]. Samples were incubated at 4°C for 15 min and washed
with staining buffer. T cells were analyzed by flow cytometry.

Cell lines
Cell lines used were K562 myelogenous leukemia cells [American
Type Culture Collection (ATCC), no. CCL-243], L929 mouse fibroblast
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cells (ATCC, no. CCL-1), U87 MG GBM cells (ATCC, no. HTB-
14), and GBM6 PDX cells (gift of F. Furnari, Ludwig Institute and
University of California San Diego). U87-EGFRvIII-negative lucif-
erase (12) and U87 MG cells were lentivirally transduced to stably
express GFP or mCherry, respectively, under control of the SFFV
promoter. At 72 hours after transduction, cells were sorted on an
Aria Fusion cell sorter (BD Biosciences) on the basis of GFP or
mCherry expression and expanded. Cell lines were sorted for ex-
pression of the transgenes. U87-luciferase and U87-luciferase-
mCherry cells were stably transduced with nonmutated EGFR using
aretroviral construct (gift of M. Meyerson; Addgene, plasmid no.
11011) to generate an EGFRvIII-negative cell line that grows at a
similar rate as the EGFRvIII-positive U87 cells. GBM6 cells were
lentivirally transduced to stably express both mCherry and firefly
luciferase. These cells were cultured in Dulbecco’s modified Eagle’s
medium F12 medium, with supplements of EGF (20 ng/ml), fibro-
blast growth factors (20 pg/ml), and heparin (5 ug/ml). K562 cells
were lentivirally transduced to stably express surface CDH10 (CDH10
extracellular membrane was fused to the platelet-derived growth
factor transmembrane domain). K562s and 1929 cells were lentivi-
rally transduced to stably express full-length MOG.

In vitro stimulation of synNotch T cells

For in vitro synNotch-CAR T cell and tumor cell coculture experi-
ments, 1 x 10* tumor cells (either U87 or GBM6) were cultured
overnight in a flat-bottom 96-well tissue culture plate. The next
morning, 1 x 10* to 5 x 10* T cells were added to the plate and co-
cultures were analyzed for 24 to 96 hours for activation and specific
lysis of tumor cells. For in vitro synNotch T cell stimulations cocul-
tured with three different cell populations, an additional 1 x 10* prim-
ing cells (either K562 or L929) were added to the initial overnight
culture. Flow cytometry was performed using BD LSRII or Attune
NxT Flow Cytometer; analysis was performed by Flow]Jo software
(Tree Star).

Assessment of synNotch-CAR T cell cytotoxicity

CD8" synNotch-CAR T cells were stimulated for 24 to 96 hours as
described above with target cells expressing the indicated antigens.
The degree of specific lysis of target cells was determined by com-
paring the fraction of target cells alive in the culture compared to
treatment with nontransduced T cell controls, unless stated other-
wise. Cell death was monitored by shift of target cells out of the
side scatter and forward scatter region normally populated by
the target cells. Alternatively, cell viability was analyzed using
the IncuCyte Zoom system (Essen BioScience). Tumor cells were
plated into a 96-well plate at a density of 1.0 x 10* cells per well in
triplicate overnight. T cells were added at the indicated concentra-
tions into each well next day at a final volume of 200 pl per well.
Target cells and T cells were cocultured as described above. Two
fields of view were taken per well every 15 min. Mean florescence
intensity was calculated using IncuCyte Zoom software (Essen
BioScience) to determine target cell survival. Data were summa-
rized as means + SEM.

Assessment of CAR expression decay in vitro

EGFRVIII synNotch-a-EphA2/IL13Ra2 CAR T cells were cocultured
with excess of target GBM6 cells for 60 hours to induce steady-
state CAR expression. Primed, CAR-expressing GFP-positive cells
(a-EphA2/IL13Ra2 CAR is fused to GFP) were sorted and then

Choe et al., Sci. Transl. Med. 13, eabe7378 (2021) 28 April 2021

cultured alone or with U87 tumor cells. GFP fusion reporter was
monitored over time by flow analysis as a readout of CAR decay.
Data were fit to exponential decay to estimate the half-life of CAR
expression.

In vivo mouse experiments

All mouse experiments were conducted according to IACUC-approved
protocols. For orthotopic heterogeneous model with U87 tumors, a
mixture of 1.5 x 10* U87-luc-EGFRvIII-positive mCherry cells and
1.5 x 10* U87-luc-EGFRvIII-negative GFP cells was implanted
intracranially into 6- to 10-week-old female NCG mice (Charles
River), with 6 to 10 mice per group. For homogeneous U87-luc-GFP-
EGFRvIII-positive model, 3 x 10* cells were injected into the brains
of NCG mice. For orthotopic heterogeneous model with GBMS,
1.0 x 10> GBM6-luc-mCherry cells were intracranially implanted
into 6- to 8-week-old female NCG mice with 5 to 10 mice per group.
After anesthesia with 1.5% isoflurane, stereotactic surgery for tu-
mor cell implantation (injection volume: 2 pul) was performed with
the coordination of the injection site at 2 mm right and 1 mm ante-
rior to the bregma and 3 mm into the brain. Before and for 3 days
after surgery, mice were treated with an analgesic (meloxicam and
buprenorphine) and monitored for adverse symptoms in accord-
ance with the JACUC. In the subcutaneous model, NCG mice
were injected with either 1.0 x 10° U87-luc-mCherry" or 1.2 x 10
GBMB6-luc-mCherry cells subcutaneously in 100 ul of Hanks’ bal-
anced salt solution on day 0. Tumor progression was evaluated by
luminescence emission on Xenogen IVIS Spectrum after intraperi-
toneal injection of 1.5 mg of p-luciferin (GoldBio; injection volume,
100 pl). Before treatment, mice were randomized such that initial
tumor burden in control and treatment groups was equivalent.
Mice were intravenously treated with 6.0 x 10° engineered or non-
transduced T cells via tail vein in 100 pl of PBS. Survival was evalu-
ated over time until predetermined IACUC-approved endpoint
(hunching, neurological impairments such as circling, ataxia, paral-
ysis, limping, head tilt, balance problems, and seizures) was reached
(n = 6 to 10 mice per group).

Cranial window implantation

Eight-week-old NCG mice underwent tumor implantation with
GBMB6 xenograft as described above. Ten to 12 days after tumor
injection, mice underwent implantation of a cranial window and
custom-designed titanium headplate (UC Berkeley Physics Ma-
chine Shop; design by K. Poskanzer) according to the following
procedure. The cranial window consisted of a No.1 4-mm glass cov-
erslip (Warner Scientific) glued onto a No.1 3-mm glass coverslip
with optical adhesive (Norland 71, Norland Products) and cured
with 365-nm ultraviolet light for 15 min. Five hours before surgery,
mice were intraperitoneally injected once with dexamethasone
(2.8 mg/kg). At time of surgery, mice were anesthetized with 1.5 to
3% isoflurane and secured into a stereotactic frame with ear bars.
The head was shaved, an ovular flap of skin was removed from the
top of the head, and skin margins were glued down with biocom-
patible cyanoacrylate glue (VetBond, 3M). The titanium headplate
was superglued (KrazyGlue) to the skull and secured with dental
cement at the end of the surgery (C&B Metabond Kit, Parkell). A
3-mm-diameter craniotomy was performed using a Foredom micro-
drill with 1-mm and 0.5-mm carbide drill bits (McMaster-Carr). The
exposed brain was gently irrigated with ice-cold artificial cerebro-
spinal fluid (150 mM NaCl, 2.5 mM KCIl, 10 mM Hepes, pH 7.3),
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and the cranial window was secured with superglue and dental cement.
Mice were provided with heat, fluids, and analgesics during post-
surgical recovery in accordance with institutional IACUC regula-
tions. T cell injections were given 15 days after tumor implantation,
and imaging was performed at 1 and 2 days after adoptive transfer
of T cells.

Two-photon in vivo microscopy

Intravital two-photon images were acquired with Zeiss LSM 780
NLO equipped with a Ti:Sapphire laser (MaiTai HP, Spectra Phys-
ics) tuned to 760 nm (for excitation of tagBFP* synNotch-CAR
T cells and mCherry" tumor) and 900 nm (for excitation of GFP"
synNotch-CAR T cells), respectively, and focused through a Zeiss
20x water immersion objective (numerical aperture of 1.0). Before
imaging, mice were anesthetized with isoflurane and the headplate
was fixed into the head posts of a custom-made moving stage
(Thorlabs, UC Berkeley Physics Machine Shop). Anesthesia was
maintained at 1% isoflurane through a nose cone, and body tem-
perature was kept stable via a temperature-controlled heating pad.
Images of 598 pm x 598 um areas of in vivo tumors were acquired
at 512 pixel x 512 pixel resolution for standard images and 1024
pixel x 1024 pixel resolution for higher-resolution images. Volume
images were acquired over a 30- to 200-pm Z range in 5- or 10-pm
steps. Time-lapse datasets were acquired either in single planes over
time periods up to 45 min or in combined time + Z series over a
598 x 598 area (X x Y) with variable Z ranges (Z = 5 to 100 um) with
1- to 5-um steps. Movies were processed in Zen software for
three-dimensional reconstructions.

Immunofluorescence

Mice were euthanized before being transcardially perfused with
cold PBS. Brains were then removed and fixed overnight in 4%
paraformaldehyde-PBS before being transferred to 30% sucrose
and were allowed to sink (1 to 2 days). Subsequently, brains
were embedded in O.C.T. Compound (Tissue-Tek; 4583; Sakura
Finetek). Serial 10-mm coronal sections were then cut on freezing
microtome and stored at —20°C. Sections were later thawed, fixed
with 10% formalin for 10 min followed by incubation in blocking
buffer (PBS-5% normal donkey serum) for 40 min, and stained
with primary antibodies overnight at 4°C. Primary antibodies used
were the following: CD45 (D9MSI) XP Rabbit mAb (Cell Signaling
Technology; 1:100), Anti-EGFRVIII, clone DH8.3 (MilliporeSigma;
1:100), EphA2 (D4A2) XP Rabbit mAb (Cell Signaling Technology;
1:100), Anti-IL13 receptor alpha 2 antibody (Abcam; 1:100), and
Cleaved Caspase 3 (Asp175) Rabbit mAb (Cell Signaling Technology;
1:400).

Secondary antibodies raised in donkey and conjugated with
Alexa Fluor 647 were used at 4°C for 2 hours to detect primary la-
beling. Sections were stained with nuclear dye DRAQ7 (Abcam) or
4',6-diamidino-2-phenylindole. (DAPI) (Thermo Fisher Scientific).
Images were acquired using either a Zeiss Axio Imager 2 micro-
scope (x20 magnification) with TissueFAXS scanning software
(TissueGnostics) or a Zeiss LSM 780 microscope (x20 magnifica-
tion) with Zeiss Zen imaging software. Exposure times and thresh-
olds were kept consistent across samples within imaging sessions.
Single-color images were used to elucidate the regions for quantifi-
cation. DAPI was used for nuclear segmentation. Colocalization of
CD45 (AF647) and GFP signal with nuclear stain was done to ob-
tain counts for GFP* T cells (StrataQuest Software).
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Assessment of engineered T cells in vivo

For all experiments involving phenotyping of adoptively trans-
ferred engineered T cells, brain and spleen were harvested after per-
fusion with cold PBS. Brains were mechanically minced and treated
at 37°C for 30 min with digestion mix consisting of collagenase D
(30 mg/ml) and deoxyribonuclease (10 mg/ml) and soybean trypsin
inhibitor (20 mg/ml). The resulting brain homogenate was resus-
pended in 70% Percoll (GE Healthcare), overlaid with 30% Percoll,
and then centrifuged for 30 min at 650g. Enriched brain infiltrating
T cells were recovered at the 70-30% interface and stained with flu-
orescently conjugated antibodies against CD3 (5 ul; catalog no.
555342, BD Biosciences) and CD45 (5 pl; catalog no. 564357, BD
Biosciences) for 1 hour at 4°C. Before staining with antibodies, cells
were stained with BD Horizon Fixability Viability Stain 780 (BD
Biosciences) to discriminate live from dead cells. Data were collect-
ed on the Attune NxT Flow Cytometer, and the analysis was per-
formed in Flow]Jo software (Tree Star).

Statistical analysis

Statistical significance was determined by specific tests and present-
ed as means = SEM or means * SD as indicated in the figure leg-
ends. A Shapiro-Wilk test was used for data normalcy. To assess
significant differences between single measurements of two groups
of normally distributed data, unpaired or paired two-tailed Stu-
dent’s ¢ test was used; otherwise, Mann-Whitney U test was applied.
To assess significant differences between more than two groups of
normally distributed data, we performed one-way analysis of vari-
ance (ANOVA), followed by post hoc analyses: Comparison against
a control group was performed using Dunnett’s multiple compari-
sons test, comparison of selected pairs of datasets was performed
using Holm-Sidak’s multiple comparisons test, and comparison of
all pairs of datasets was performed using Tukey’s multiple compar-
isons test. The Kaplan-Meier estimator was used to generate surviv-
al curves, and differences in survival distributions were assessed
using the log-rank test. All P values are provided in the figures or
their legends. All statistical analyses were performed with Prism
software version 7.0 (GraphPad).

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/591/eabe7378/DC1

Materials and Methods

Fig. S1. Construction and testing of a-EGFRvIII synNotch-a-EphA2/IL13Ra2 CART cells against
U87 GBM.

Fig. S2. Prime-and-kill circuit in T cells can overcome heterogeneity using a model antigen
system in vitro.

Fig. S3. a-EGFRvIII synNotch-a-EphA2/IL13Ra2 CAR T cells mediate effective and localized
antitumor response against U87 GBM that heterogeneously expresses EGFRvlIl in the
brain.

Fig. S4. a-EGFRvIII synNotch-a-EphA2/IL13Ra2 CART cells are effective against GBM6 tumor
cells in vitro and in vivo.

Fig. S5. Fluorescence imaging of brain slices from NCG mice with implanted GBM6 tumors
treated with a-EGFRvlIl synNotch-o-EphA2/IL13Ra2 CART cells.

Fig. S6. SynNotch-CAR T cells show more naive-like phenotype compared to comparable
constitutively expressed CAR T cells.

Fig. S7. Mass cytometry shows that synNotch-induced circuits yield T cells with
increased expression of stemness marker TCF1 and reduced expression of exhaustion
marker CD39.

Fig. $8. Construction and testing of a-CDH10 synNotch-a-EphA2/IL13Ra2 CART cells.

Fig. S9. Brain-specific synNotch-CAR T cells mediate effective anti-GBM responses.

Fig. $10. Strategies for design of synNotch-CAR T cells to treat GBM.

Movie S1. Real-time killing assays using different heterogeneous mixtures of EGFRvIII* and
EGFRVIII™ target cells show efficient trans-killing.
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Movie S2. Intravital imaging of circuit CAR T cells shows dynamic priming within the GBM6
xenograft tumor.
Data file S1. Raw data.

View/request a protocol for this paper from Bio-protocol.
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SynNotch-CAR T cells overcome challenges of specificity, heterogeneity, and
persistence in treating glioblastoma
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Wei Yu, Diego A. Carrera, Anna Celli, Juhyun Cho, Jessica D. Briones, Jason M. Duecker, Yitzhar E. Goretsky, Ruth
Dannenfelser, Lia Cardarelli, Olga Troyanskaya, Sachdev S. Sidhu, Kole T. Roybal, Hideho Okada and Wendell A. Lim

Sci Transl Med 13, eabe7378.
DOI: 10.1126/scitranslmed.abe7378

Short circuiting solid tumors

Two major hurdles in chimeric antigen receptor (CAR) T cell therapy for solid tumors are ensuring
specificity to tumor cells without affecting healthy cells and avoiding tumor escape due to antigen loss. To address
these challenges, Hyrenius-Wittsten et al. and Choe et al. developed synthetic notch (synNotch)-CAR T cells
targeting solid tumor antigens and used them to treat mouse models of mesothelioma, ovarian cancer, and
glioblastoma. In both studies, the authors demonstrated that synNotch-CAR T cells were better at controlling
tumors than traditional CAR T cells and did not result in toxicity or damage to healthy tissue. These results suggest
that synNotch-CAR T cells may be an effective treatment strategy for solid tumors.

ARTICLE TOOLS http://stm.sciencemag.org/content/13/591/eabe7378
alz\ﬁFE’%'\\"LESNTARY http://stm.sciencemag.org/content/suppl/2021/04/26/13.591.eabe7378.DC1
EE&{?TE%? http://stm.sciencemag.org/content/scitransmed/13/591/eabd8836.full

http://stm.sciencemag.org/content/scitransmed/10/430/eaao2731.full
http://stm.sciencemag.org/content/scitransmed/11/499/eaau5907.full
http://stm.sciencemag.org/content/scitransmed/12/533/eaaw2672.full
http://stm.sciencemag.org/content/scitransmed/12/549/eaay9013.full

REFERENCES This article cites 37 articles, 14 of which you can access for free
http://stm.sciencemag.org/content/13/591/eabe7378#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a
registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. No claim to original U.S. Government Works

1202 ‘62 Idy UO 00SIoURIS UeS - VINYOLITYD 40 AINN e /B10°Bewsousios: wis//:dny Wwoly papeojumod


http://stm.sciencemag.org/content/13/591/eabe7378
http://stm.sciencemag.org/content/suppl/2021/04/26/13.591.eabe7378.DC1
http://stm.sciencemag.org/content/scitransmed/13/591/eabd8836.full
http://stm.sciencemag.org/content/scitransmed/10/430/eaao2731.full
http://stm.sciencemag.org/content/scitransmed/11/499/eaau5907.full
http://stm.sciencemag.org/content/scitransmed/12/533/eaaw2672.full
http://stm.sciencemag.org/content/scitransmed/12/549/eaay9013.full
http://stm.sciencemag.org/content/13/591/eabe7378#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://stm.sciencemag.org/



