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SUMMARY

T cells expressing chimeric antigen receptors (CARs)
are promising cancer therapeutic agents, with the
prospect of becoming the ultimate smart cancer
therapeutics. To expand the capability of CAR
T cells, here, we present a split, universal, and pro-
grammable (SUPRA) CAR system that simulta-
neously encompasses multiple critical “upgrades,”
such as the ability to switch targets without re-engi-
neering the T cells, finely tune T cell activation
strength, and sense and logically respond to multiple
antigens. These features are useful to combat
relapse, mitigate over-activation, and enhance spec-
ificity. We test our SUPRA system against two
different tumor models to demonstrate its broad
utility and humanize its components to minimize po-
tential immunogenicity concerns. Furthermore, we
extend the orthogonal SUPRA CAR system to regu-
late different T cell subsets independently, demon-
strating a dually inducible CAR system. Together,
these SUPRA CARs illustrate that multiple advanced
logic and control features can be implemented into a
single, integrated system.

INTRODUCTION

The transfer of chimeric antigen receptor (CAR)-expressing
T cells to patients is a promising approach for cancer immuno-
therapy (Brentjens et al., 2011; Davila et al., 2014; Grupp et al.,
2013; Maude et al., 2014a). Despite these encouraging results,
safety and efficacy continue to be major hurdles that hinder
CART cell therapy development (Brentjens et al., 2013; Kochen-
derfer et al., 2012; Morgan et al., 2010; Scholler et al., 2012). To
improve overall effectiveness and safety of CAR T cell therapy,
there is an urgent need for a better system that can finely tune
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T cell activation, enhance tumor specificity, and independently
control different signaling pathways and cell types.

The CAR T cells used in clinical trials typically have a rigid
design that is difficult to alter without re-engineering the
T cells. Current CAR designs are composed of a fixed antigen-
specific single-chain variable fragment (scFv) and intracellular
signaling domains (CD3¢ and costimulatory domains). When
the constant antigen-specific CAR binds to the target antigen,
these invariable signaling domains are activated simultaneously
at a predetermined level. Due to the fixed design that limited the
controllability of CAR T cell activation level, managing CAR
T cell-related toxicities have proven to be challenging (Brentjens
et al., 2013; Brudno and Kochenderfer, 2016; Davila et al., 2014).

In addition to constraining the controllability of CAR T cell
activity, this fixed CAR design also restricts the antigen speci-
ficity and affinity. High-affinity scFvs are often used in the CAR
design to ensure high antigen specificity. However, CARs
made with high-affinity scFvs have limited capacity in discrimi-
nating antigen density, which has led to dangerous reactivity
against healthy organs expressing a low level of antigens (Boni-
fant et al., 2016; Morgan et al., 2010). Using a scFv with lower
antigen affinity allowed better antigen density discrimination
(Caruso et al., 2015; Liu et al., 2015), but antigen specificity
may be compromised. Thus, modulation of CAR components
other than scFv affinity may be needed for improving CAR
T cell specificity.

Recently, several studies have demonstrated the importance
of regulating CD3¢ and the different costimulatory pathways
independently to achieve optimal T cell response (Kloss et al.,
2013; Lanitis et al., 2013; Zhao et al., 2015). Also, the activation
of different costimulatory domains (e.g., CD28 or 4-1BB) is
known to have different T cell functions and phenotypes (e.g.,
T cell differentiation, memory T cell formation) (Kawalekar
et al., 2016; Skapenko et al., 2001; Zhu et al., 2007), demon-
strating the value of CAR design that allows independent control
of different signaling domains.

The composition of the T cell subsets, such as the ratio of
CD4+ and CD8+ T cells, has also been shown to be an
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Figure 1. Design and Characterization of
the SUPRA CAR System

(A) Comparison between the conventional CAR
and SUPRA CAR design. A SUPRA CAR system is
composed of a zipCAR and zipFv. A zipCAR has a
leucine zipper as the extracellular portion of the
CAR and zipFv has a scFv fused to a cognate
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important parameter for enhancing the antitumor response of
CART cells (Turtle et al., 2016). Given the fact that our immune
system is composed of many different T cell subtypes with
distinct effector functions (Golubovskaya and Wu, 2016; Vignali
et al., 2008; Vivier et al., 2008), regulating the activity of T cell
subtypes independently may be an attractive strategy for opti-
mizing the efficacy of CAR T cell therapy (Sadelain et al.,
2017). However, current fixed CAR design limits independent
and inducible activation of different signaling domains or
different T cell subsets to achieve user-defined diverse T cell
response.

New receptor designs have been developed to address some
of the deficiencies (e.g., controllability, flexibility, specificity) in

CD4+ T cells/RR-zipCAR

a-Her2-EE (strong)

leucine zipper that can bind to the leucine zipper
on the zipCAR.

(B) A SUPRA CAR system targeting multiple tumor
antigens using different zipFvs. K562 cells ex-
pressing Her2, Mesothelin, or Axl were co-cultured
in vitro with RR zipCAR expressing CD8+ human
primary T cells (n = 3, mean + SD).

(C) Variables explored for characterization of the
SUPRA CAR system: (1) the affinity between
leucine zipper pairs, (2) the affinity between tumor
antigen and scFv, (3) the concentration of zipFv,
and (4) the expression level of zipCAR.

(D) Effect of concentration of three zipFvs with
leucine zippers (SYN 3, SYN5, and EE) that have
different affinities to RR zipCAR on the IFN-y pro-
duction by primary CD4+ T cells (n=3, mean + SD).
(E) Effect of zipper affinity, scFv tumor affinity, and
zipCAR expression level on the IFN-y production
by primary CD4+ T cells expressing RR zipCAR
(n = 3, mean).

See also Figures S1 and S2.
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current CAR T cell therapies. For
instance, drug-inducible ON and Kill
switches have been developed to regu-
late CAR activity (Di Stasi et al., 2011;
Wu et al., 2015). Also, to afford greater
flexibility in antigen recognition, CARs
have been split such that the antigen
recognition motif is dissociated from the
signaling motif of the CAR. This split
CAR configuration uses a universal re-
ceptor as the common basis for all inter-
actions, allowing a large panel of antigens
to be targeted without re-engineering the
immune cells (Cartellieri et al., 2016;
Rodgers et al.,, 2016; Tamada et al.,
2012; Urbanska et al., 2012). In addition,
to increase tumor specificity, CARs
were developed that allow combinatorial
antigen sensing (Kloss et al., 2013; Lanitis et al., 2013; Roybal
et al.,, 2016) or target two tumor-specific antigens that can
reduce tumor antigen escape rate (Grada et al., 2013; Zah
et al., 2016). All of these features are arguably vital to ensure a
safe and effective CAR T therapy. However, none of these
advanced CARs has incorporated all of these features into one
system. Additionally, the signaling pathways and cell types that
can be activated are also fixed, thus limiting the diverse immune
responses that can be achieved.

To enhance the specificity, safety, and programmability of
CARs, we develop a split, universal, and programmable (SUPRA)
CAR system composed of a universal receptor expressed on
T cells and a tumor-targeting scFv adaptor molecule (Figure 1A).

a-Her2-SYN 5 (weak)

10¢ 105
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The activity of SUPRA CARs can be finely regulated via multiple
mechanisms to limit overactivation. SUPRA CARs can also logi-
cally respond to multiple antigens for improving tumor speci-
ficity. We show that the SUPRA CAR system is effective against
two different tumor models, demonstrating the broad clinical
potential of this system. In addition, we show that SUPRA com-
ponents can be humanized to reduce potential immunogenicity.
Furthermore, we use orthogonal SUPRA CARs to inducibly
regulate multiple signaling pathways or different human T cell
subtypes to increase the range of the immune responses that
can be achieved. Together, the SUPRA CAR system is a
feature-rich system with inducible and logical control capabilities
that can improve the safety and efficacy of current cellular can-
cer immunotherapy.

RESULTS

Design and Characterization of the SUPRA CAR System
The SUPRA CAR is a two-component receptor system
composed of a universal receptor (zipCAR) expressed on
T cells and a tumor-targeting scFv adaptor (zipFv) (Figure 1A).
The zipCAR universal receptor is generated from the fusion of
intracellular signaling domains and a leucine zipper as the extra-
cellular domain. The zipFv adaptor molecule is generated from
the fusion of a cognate leucine zipper and a scFv. The scFv of
the zipFv binds to the tumor antigen, and the leucine zipper binds
and activates the zipCAR on the T cells (Figures S1A and S2).
Unlike the conventional fixed CAR design, the SUPRA CAR
modular design allows targeting of multiple antigens without
further genetic manipulations of a patient’s immune cells (Fig-
ure 1B, left). To test the ability of the SUPRA CAR system target-
ing multiple antigens with the same batch of T cells expressing
the zipCAR, we first engineered human primary CD8+ T cells
to express an RR zipCAR (RR leucine zipper with CD28, 4-1BB
co-stimulatory and a CD3¢ signaling domain; Figure S1A).
Next, we designed three different zipFvs to target three common
tumor antigens (z-Her2, a-Axl, and a-Mesothelin; Figure S1A) by
fusing the corresponding scFvs to an EE leucine zipper, which
binds to the RR zipCAR on T cells. The engineered CD8+
T cells were co-cultured in vitro with K562 myelogenous leuke-
mia cells that express Her2, Axl, or Mesothelin tumor antigens.
The CD8+ zipCAR T cells killed the corresponding tumor cells
when the matching zipFvs were added (Figure 1B, right).

A unique feature of the split CAR design is that it has multiple
tunable variables, such as (1) the affinity between leucine zipper
pairs, (2) the affinity between tumor antigen and scFv, (3) the
concentration of zipFv, and (4) the expression level of zipCAR,
that can be used to modulate the T cell response (Figure 1C).
We first characterized the effect of zipFv concentration and
zipper affinity on T cell activation. We generated three zipFvs
with the same a-Her2 scFv but fused to leucine zippers (SYN5,
SYN 3, and EE) that have different affinity to the RR zipCAR
(Reinke et al., 2010; Thompson et al., 2012). The amount of zipFv
required to activate T cells to half-maximal interferon (IFN)-y
secretion and cytotoxicity inversely correlated with the affinity
of leucine zipper pairs where o-Her2-EE zipFv showed the
lowest ECsq and a-Her2-SYN5 zipFv showed the highest EC5o
value (Figures 1D and S1C). Also, the maximum level of IFN-y
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secretion or killing efficiency correlated with the affinity of leucine
zipper pairs.

We next investigated the effect of scFv-tumor antigen affinity,
leucine zipper affinity, and zipCAR expression levels on the
IFN-y secretion and cancer-killing efficiency by the SUPRA
CART cells (Figures 1E and S1D). We created 12 different zipFvs
(three different leucine zippers with different affinity and four
scFvs against Her2 [G98, C65, ML39, and H3B1] with K4 ranging
from 3.2 x 107" t0 1.2 x 10~'° M) (Chmielewski et al., 2004). We
also generated two batches of T cells with high or low RR zipCAR
expression level using fluorescence-activated cell sorting
(FACS) (Figure S1B). Cells expressing higher levels of zipCAR
exhibited greater cytokine secretion when activated (Figure 1E).
The affinity of scFv to Her2 correlated weakly with cytokine
secretion or target cell lysis (Chmielewski et al., 2004). The affin-
ity between leucine zippers, however, correlated well with
cellular activation regarding cancer cell killing efficiency and
cytokine secretion. As high-affinity scFv CARs often over-acti-
vate and show severe toxicities in clinical trials (Bonifant et al.,
2016; Brudno and Kochenderfer, 2016), the SUPRA platform
can mitigate these toxicities by controlling other factors (e.g.,
zipFv concentration, affinity between leucine zipper pairs) to
regulate T cell activation level. Together, these results demon-
strate the tunable and modular nature of the SUPRA CAR design.

Competitive zipFvs for Tuning SUPRA CAR Activity

As many patients treated with CAR T cell therapy face cytokine
release syndrome, which can be life threatening (Maude et al.,
2014b; Morgan et al., 2010), it is important to prevent CAR
T cell activity when necessary. Thus, we explored the possibility
of inhibiting the SUPRA CAR T cell activation through the addi-
tion of a competitive zipFv that can bind to the other zipFv,
thus preventing zipCAR from being activated (Figure 2A, left).
To test this approach, we screened several competitive zipFvs
with different affinities for the EE zipFv (strong, medium, and
weak) (Figures S3B and S3C). Human CD8+ T cells were trans-
duced with RR zipCAR and co-cultured with Her2+ K562 cells.
Then, EE zipFv (22.5 nM, red) was subsequently added to acti-
vate the T cells. Without the competitive zipFv, the EE zipFv
alone could activate T cells to destroy Her2+ cancer cells (Fig-
ure 2A, right). However, when the competitive zipFv (SYN4,
SYN 47, or SYN 13) was also introduced (90 nM, green), it bound
to the EE zipFv and prevented the EE zipFv from activating the
zipCAR T cells. By utilizing this competitive approach, we were
able to inhibit primary CD8+ T cell activation in vitro with the
strong competitive zipFv (SYN4). Furthermore, we were able to
tune the activation levels with weaker binding zippers (SYN 47
and SYN 13). To understand inhibition dynamics, we varied the
amount of competitive zipFv and timing of its addition.
Increasing the amount of competitive zipFv or delaying compet-
itive zipFv addition did not affect inhibition strength greatly
(Figure S3D).

Logical Operation with the SUPRA CAR System

Antigen escape is a major challenge for targeted cancer thera-
pies (Scott et al., 2012), including adoptive T cell therapies
(Hegde et al., 2013; Perna and Sadelain, 2016). As such, bispe-
cific receptors that can be triggered by CD19 and Her2 or CD19
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and CD20, respectively, have been developed to combat antigen
escape (Grada et al., 2013; Zah et al., 2016). Also, CD22 and
CD123 CARs have been recently developed to increase tumor
specificity (Haso et al., 2013; Ruella et al., 2016). However, as
illustrated in a recent clinical trial with CD22 CAR T cells for pa-
tients relapsed from CD19 CAR T therapy, tumors can still evade
detection by the engineered T cells by losing or downregulating
both antigens (Fry et al., 2018). In such cases, T cells would need
to be re-engineered to target another antigen. Using the SUPRA
CAR platform, however, different antigens can be easily targeted
without further genetic manipulation. To test if SUPRA CAR
could be used to target either one of the two antigens on the
cell surface, we co-cultured Her2/Axl+ K562 cancer cells with
RR zipCAR expressing CD8+ T cells. Then, different zipFv com-
binations were added to the cell mixture (a-Axl zipFv, a-Her2
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Figure 2. Utilizing SUPRA CAR for OFF
Switch Function and Combinatorial Anti-
gens Targeting

(A) (Left) A Schematic diagram of the SUPRA CAR
system with an OFF switch zipFv. Three compet-
itive leucine zippers that can bind to the EE leucine
zipper with different affinities are used to tune the
T cell activation level. (Right) A cytotoxicity plot
demonstrating the effect of competitive zipFvs
(n =3, mean + SD).

(B) A cytotoxicity plot of “OR” gate implementation
of the SUPRA CAR system. Her2+/Axl+ K562
tumor cells were co-cultured with RR-zipCAR-ex-
pressing CD8+ T cells with different zipFv combi-
nations (n = 3, mean + SD).

(C) Using the SUPRA CAR system as cell selector.
Cells either expressed Her2 or Her2 and Axl. Axl
acted as a “safe marker” that can inhibit SUPRA
CAR T cell activity (n = 3, mean + SD, statistical
significance was determined by Student’s t test,
** =p < 0.001).

See also Figure S3.
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zipFv, or both) (Figure 2B). As expected,
the addition of zipFv targeting either
Her2, Axl, or both led to high killing effi-
ciency, illustrating the potential of pro-
gramming the SUPRA CAR system to
combat antigen escape.

Another limitation of targeted tumor
therapy is the difficulty in identifying a
single tumor-specific antigen, which af-
fects both tumor specificity and toxicity.
Receptor systems that can perform
combinatorial antigen detection have
been developed to enhance the speci-
ficity of CAR T cell therapy (Kloss et al.,
2013; Roybal et al., 2016). However,
these receptor systems have a fixed anti-
gen specificity design. Here, we investi-
gated if the SUPRA CAR system can
also be used to increase tumor specificity
through combinatorial antigen sensing
(Figure 2C). In particular, we used the
SUPRA CAR system to target cells that express Her2 only and
spare cells that express both Her2 and Axl, where Ax| served
as a “safety marker.” To achieve our design, we developed an
a-AxI-SYN2 zipFv (green) that binds to a-Her2-EE zipFv (red)
through a complementary zipper on each zipFv; this prevents
the a-Her2-EE zipFv from binding to the zipCAR, thus protecting
the Her2+/AxI+ cells. In contrast, since a-AxI-SYN2 zipFv cannot
bind to Her2-only cells, the a-Her2-EE zipFv will not be blocked
from activating the zipCAR.

To demonstrate such Her2, but not Axl, logical operation, we
first co-cultured RR zipCAR expressing CD8+ T cells with
Her2+/AxlI+ cells and zipFvs (Figure 2C, left). As expected, the
addition of the a-Her2-EE zipFv alone achieved high tumor-
killing efficiency. However, when the a-Her2-EE zipFv was
added after the a-AxI-SYN2 zipFv, the two zipFvs bound to
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Figure 3. In Vivo Activity of SUPRA CAR in SK-BR-3 and Jurkat Xenograft Models

(A) (Left) The tumor burden was quantified as the total flux (photons/s) from the luciferase activity of each mouse using IVIS imaging. Compared to RR zipCAR or
tumor-only control groups, the RR zipCAR + EE zipFv group showed significantly reduced tumor burden, comparable to conventional Her2 CAR (red arrow
indicates injection of engineered CD8+ T cells and highlighted region indicates injection of zipFv [every 2 days at 5 mg/kg for 2 weeks]). (Right) Representative IVIS
images of groups treated with (1) no T cells, (2) conventional Her2 CAR, (3) RR zipCAR, and (4) RR zipCAR with EE zipFv at day 41 (n = 4, mean + SEM).

(B) Representative IVIS images of groups treated with (1) no T cells, (2) RR zipCAR, (3) «-Her2 RR zipFv with RR zipCAR (non-binding), and (4) a-Her2 EE zipFv with
RR zipCAR (complete SUPRA) (day 57, Figure S4B).

(C) Tumor burden as total flux (photons per sec) of each mouse shown in Figure 3B (n = 4, mean + SEM).

(D) In vivo IFN-y cytokine level after 24 hr of initial CD8+ T cells and zipFv injection (n = 4, mean + SD).

(E) (Left) Jurkat tumor cells were injected intravenously on day 0 to immune-compromised NSG mice. At day 3, primary human CD8+ T cells expressing RR
zipCAR were injected once (red arrow) with a-Her2-EE zipFv, which was dosed every day for 6 days at 3 mg/kg (highlighted). The tumor burden was quantified as

(legend continued on next page)
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each other and prevented the activation of the zipCAR, which led
to a significant reduction in cytotoxicity (Figure 2C, right). As a
control, we designed an «-AxI-SYN13 zipFv that did not bind
strongly to the «-Her2-EE zipFv and showed no inhibition of
T cell activity (Figure S3E). When the same SUPRA CAR system
was challenged equally with cells expressing only Her2, the
presence of a-Her2-EE zipFv alone again showed a high cyto-
toxicity rate (Figure 2C, right). Moreover, the addition of a-AxI
zipFvs did not affect the killing efficiency. For both dual- and sin-
gle-antigen target cells, a-AxI-SYN2 zipFv that binds strongly to
a-Her2-EE zipFv or a-AxI-SYN13 zipFv that does not bind
strongly to a-Her2-EE zipFv was first added to the cell mixture.
After unbound a-AxI zipFvs were washed away, a-Her2-EE zipFv
was added to stimulate CD8+ T cell activity (refer to STAR
Methods for further detail). As expected, RR zipCAR engineered
CD8+ T cells showed high activity toward Her2+ cancer cells,
regardless of zipFv combinations, thus demonstrating the poten-
tial of the SUPRA CAR system to increase tumor specificity and
reduce the toxicity of CAR T cell therapy.

Tumor Clearance in a Xenograft Tumor Model

After characterizing the SUPRA CAR system in vitro, we next
tested whether SUPRA CARs can be used to reduce the tumor
burden in a mouse xenograft model. For this experiment, we
injected SK-BR-3 breast cancer cells (Her2 positive) intraperito-
neally into immunocompromised NOD.Cg-Prkdcs™ I12rg™™ "I/
SzJ (NSG) mice. After 2 weeks to allow for tumor establishment,
we injected primary CD8+ human T cells expressing RR zipCAR
or conventional Her2 CAR into the mice. a-Her2-EE zipFv was
subsequently injected every 2 days at 5 mg/kg for 2 weeks.
Tumor growth was monitored by in vivo imaging (IVIS) of the
luciferase signal from SK-BR-3 cancer cells in each mouse
over the course of 41 days. RR zipCAR with a-Her2-EE zipFv
showed robust tumor burden clearance, comparable to the
conventional Her2 CAR. However, T cells expressing RR
zipCAR alone without zipFvs were not able to reduce tumor
burden (Figure 3A).

To verify that the decrease in tumor burden was due to binding
between zipCAR and zipFv, we also tested an a-Her2-RR zipFv,
which does not bind to the RR zipCAR (Figures 3B and S4A). We
set up a similar tumor model with SK-BR-3 breast cancer cells
and injected RR zipCAR expressing CD8+ T cells at day 38 (Fig-
ures S4A and S4B). Both zipFvs (a-Her2-RR or a-Her2-EE) were
dosed every 2 days for 2 weeks at 8 mg/kg. Representative IVIS
images and quantified luminescence from each mouse at day 57
demonstrated a decrease in tumor burden only when the
a-Her2-EE zipFv that binds to zipCAR was injected (Figures 3B
and 3C). We also measured the cytokine release in vivo to verify
that cytokine production is specific to the binding between zipFv
and zipCAR. As expected, the injection of a-Her2-RR zipFv did
not increase IFN-y level in vivo. However, the administration of
the a-Her2-EE zipFv showed a significant increase in IFN-vy after
24 hr of CD8+ T cells and zipFv injection (Figure 3D).

Intraperitoneal xenograft tumor models are frequently used to
evaluate immunotherapy against human ovarian cancers (Geller
et al., 2013; Lee et al., 2002; Lengyel et al., 2014; Shaw et al.,
2004), but demonstrating the efficacy of the SUPRA system
with a blood tumor model could further validate the applicability
of this system against different tumors (e.g., T cell cancers). As
such, we also tested the SUPRA system against a blood tumor
model. We injected modified Jurkat T cancer cells (engineered
to be Her2 positive) intravenously into immunocompromised
NSG mice. After 3 days, we injected primary CD8+ human
T cells expressing RR zipCAR or conventional Her2 CAR into
the mice. a-Her2-EE zipFv was subsequently injected every
day at 3 mg/kg for 6 days. Tumor growth was monitored by
IVIS of the luciferase signal from Jurkat cancer cells in each
mouse over the course of 21 days. RR zipCAR with a-Her2-EE
zipFv showed robust tumor burden clearance, comparable to
the conventional Her2 CAR. However, T cells expressing RR
zipCAR alone without zipFvs were not able to reduce tumor
burden (Figure 3E). Moreover, long-term survival rate was
observed for the group that received both RR zipCAR with
a-Her2-EE zipFv (Figure S5A). We further characterized our
SUPRA CAR system in this blood tumor model by modulating
T cell numbers (from 10 x 10° per mice to 2.5 x 10° per mice)
and lowering zipFv dose to 1 mg/kg (Figures S5B and S5C). At
these reduced T cell numbers and zipFv doses, robust reduction
of tumor burden was still observed. The observed robust activity
of the SUPRA system against different xenograft tumor models
demonstrates the potential of the SUPRA CAR system to combat
many different cancers.

Characterization of the Humanized SUPRA CAR System
In Vitro and In Vivo

To mitigate the potential immunogenicity against synthetic
leucine zippers, we created a new zipCAR and zipFv pair using
zipper domains derived from human FOS and JUN transcription
factors, respectively (Karin et al., 1997; Reinke et al., 2010).
Human primary CD8+ T cells were engineered to express a
FOS zipCAR. An a-Her2-JUN zipFv was used to activate the
FOS zipCAR (Figure S6A). FOS-zipCAR- and RR-zipCAR-engi-
neered CD8+ T cells have comparable in vivo killing efficiencies
against Jurkat T cells that express Her2 (Figure S6A). In addition,
FOS zipCAR can be activated only when a-Her2-JUN zipFv and
Her2-expressing tumor cells are present, as measured by CD69
expression and IFN-y secretion (Figures S6B and S6C). FOS
zipCAR with a-Her2-JUN zipFv can efficiently eliminate leukemia
in vivo as demonstrated in a blood tumor model (Figure S6D).
Together, these results illustrate that the SUPRA components
can be humanized to reduce potential immunogenicity and that
they are as effective as the ones derived from synthetic zippers.

Controlling SUPRA CAR Activity In Vivo
Strategies that enable controlled cytokine production by CAR
T cells in vivo are critical to preventing cytokine release

the total flux (photons/s) from the luciferase activity of each mouse using IVIS imaging. (Right) Representative IVIS images of groups treated with (1) no T cells, (2)
conventional Her2 CAR, (3) RR zipCAR, and (4) RR zipCAR with EE zipFv at day 21 (n = 4, mean + SEM, statistical significance was determined by Student’s t test,

*=p < 0.05, ** =p < 0.001).
See also Figures S4 and S5.
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Figure 4. In Vivo Control of Cytokine Pro-
duction by the SUPRA CAR

(A) In vivo IFN-y cytokine level at 24 hr. In vivo
cytokine level increased in a dose-dependent
manner (the 0 and 8 mg/kg conditions are the same
as groups shown in Figure 3D; n = 4, mean + SD).
(B) In vivo IFN-y cytokine level at 24 hr, demon-
strating a leucine zipper affinity-dependent in-
crease of in vivo IFN-y cytokine (n = 4, mean + SD).
(C) In vivo IFN-y cytokine level demonstrating the
effect of competitive zipFv (the no-zipFv EE con-
ditions are the same as groups shown in B; n = 4,
mean + SD, statistical significance was deter-
mined by Student’s t test, * = p < 0.05, ** =p <
0.001).

See also Figure S4.
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zipFvs with medium-high binding domain
affinity (ML39, H3B1, Kq < 1 X 1078) did
notincrease IFN-y secretion (Figure S4E).
Lastly, we investigated if the SUPRA
CAR could be inhibited in vivo with a
competitive zipFv to reduce cytokine pro-
duction (Figure 4C). As expected, the
group that only received a-Her2-EE zipFv
(4 mg/kg) secreted a high level of IFN-v.
_I_ Moreover, when a competitive zipFv
B (8 mg/kg) that can bind to the activating
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Increasing
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syndrome (Maude et al., 2014b; Morgan et al., 2010). As such,
we explored in vivo cytokine production by SUPRA CAR T cells
in a zipFv dose-dependent manner. We first injected SK-BR-3
breast cancer cells and allowed the tumor to be established (Fig-
ure S4C). After verifying tumor establishment, RR-zipCAR-ex-
pressing CD8+ T cells were injected and mice were dosed with
8, 4, 2, or 0.5 mg/kg of the a-Her2-EE zipFv every other day for
2 weeks (Figure S4C). Again, the tumor burden was monitored
by IVIS of the luciferase signal from SK-BR-3 cancer cells in
each mouse. Increasing zipFv dose beyond 2 mg/kg (e.g.,
4 mg/kg or 8 mg/kg) resulted in faster and more efficient killing
of cancer cells. There were no significant differences between
groups that received 0.5 mg/kg and 2 mg/kg or between groups
that received 4 mg/kg and 8 mg/kg (Figure S4D). However, zipFv
dosage correlated with cytokine release in vivo in a stepwise
fashion, which demonstrates the possibility of using the SUPRA
CAR to finely regulate cytokine release in vivo (Figure 4A).

We also examined if in vivo cytokine production could be
modulated with different leucine zippers (SYN3, SYN5, EE) or
a-Her scFv (G98, ML39, and H3B1) affinity on the zipFv
(4 mg/kg) (Figures 4B and S4E). Indeed, in vivo IFN-y release
correlated with the affinity between leucine zippers (Figure 4B).
The cytokine release also increased as the scFv changed from
low (G98, Ky = 3.2 X 1077) to medium-high affinity (ML39,
H3B1, Kg<1X 10‘8). However, as shown in the in vitro results,
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the no-zipFv control. However, addition
of a control zipFv, which does not bind
to the activating EE zipFv, did not
decrease cytokine release in vivo (SYN13). We did not observe
a significant effect of competitive zipFvs on the antitumor cyto-
toxicity in vivo. However, in vivo cytokine production results
demonstrate that the SUPRA CAR platform affords multiple
approaches to control cytokine production, providing the tools
needed to manage severe cytokine release syndrome and other
potential toxicities that arise from conventional CAR T cell
therapies.

Controlling Different Signaling Domains Using
Orthogonal SUPRA CARs

Currently, only a small number of signaling domains are being
utilized in CAR T cell therapy to regulate T cell responses. More-
over, we lack independent control of different signaling domains
as they are activated simultaneously. However, the repertoire of
co-signaling domains—both co-stimulatory and co-inhibitory
domains—are highly diverse, and it is the activation of different
co-signaling domains that sculpts ultimate T cell function
(Chen and Flies, 2013; Greenwald et al., 2005; Zhu et al.,
2011). One of the key attributes of the SUPRA CAR design is
that multiple orthogonal SUPRA CARs can be designed to con-
trol distinct signaling pathways in the same cell, which provides
highly customizable tuning of T cell signaling and response. To
identify orthogonal SUPRA CARs, Jurkat T cells expressing
different zipCARs were co-cultured with Her2+ K562 target cells
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Figure 5. Controlling Different Signaling Domains with Orthogonal
SUPRA CARs

(A) Design of orthogonal SUPRA CARs that control either CD3¢ or CD28/4-1BB
signaling domains. The RR zipCAR and FOS zipCAR contain CD28/4-1BB
co-stimulatory and CD3{ signaling domains, respectively. a-Her2 zipFv binds
to the FOS zipCAR and activates the CD3¢ domain, whereas the a-Ax| zipFv
binds to the RR zipCAR and activates CD28/4-1BB co-stimulatory domains.
CD69 expression and IFN-vy, IL-2, and IL-4 secretion were measured as
outputs.

(B) Amount of each zipFv was varied to define signaling strength from each
receptor. CD69 expression (left) and IFN-y secretion (right) were measured
(n =8, mean).

See also Figure S7.

and different zipFvs. (Figures S7A and S7B). From the screen, we
identified several pairs of orthogonal SUPRA CARs (Figure S7C).
We then engineered two orthogonal SUPRA CARs to regulate
separate signaling pathways in primary CD4+ T cells: FOS
zipCAR (binds to a-Her2-SYN9 zipFv) that contains only a
CD3¢ domain and RR zipCAR (binds to a-AxI-EE zipFv) that con-
tains CD28 and 4-1BB co-stimulatory domains (Figure 5A). We
chose these signaling domains because they have been used
previously for demonstrating combinatorial antigen detection
invivo (Kloss et al., 2013). To trigger each zipCAR independently,
we co-cultured engineered CD4+ T cells and K562 target cells
that express Her2 and Axl. We then added two different zipFvs

at varying concentrations and measured CD69 expression,
which can be triggered by CD28 activation (Vandenberghe
etal., 1993). Triggering CD3¢ alone increased CD69 expression.
Activating the CD28/4-1BB and CD3¢ domains, however, led to
a further increase in CD69 expression (Figures 5B and S7F). To
confirm this dual antigen-sensing functionality, we also
measured different cytokine (IFN-vy, IL-2, and IL-4) levels that
are known to be regulated by CD28 and 4-1BB signaling (How-
land et al., 2000; Kane et al., 2001; Lucas et al., 1995). For all
cytokines tested, we observed similar synergistic antigen
detection logic effects of these two receptors (Figures 5B and
S7D-ST7F). Surprisingly, the effect of the CD28 and 4-1BB
co-stimulatory signaling was much higher when we increased
the o-Her2-SYN9 zipFv concentration (as CD3Y¢ signaling
strength increased) (Figure S7F).

Controlling Different Cell Types Using Orthogonal
SUPRA CARs

We recognized that orthogonal SUPRA CARs can also be used
to control different T cell subtypes, such as CD4+ and CD8+
T cells (Figure 6A). CD4+ T cells are helper T cells that secrete
a variety of cytokines and regulate the immune responses such
as activation, growth, and memory formation of CD8+ T cells
(Luckheeram et al., 2012). CD8+ T cells are cytotoxic T cells
that can directly kill cancer cells. As the use of both CD4+ and
CD8+ T cells has been shown to enhance the antitumor
response of CAR T cells (Turtle et al., 2016), independent control
of both cell types to induce different T cell reponses could further
improve the effectiveness of CAR T cell therapy. To demonstrate
orthogonal control of both T cell types, we introduced an RR
zipCAR into CD4+ T cells (binds to o-AxI-EE zipFv) and an
orthogonal FOS zipCAR (binds to the a-Her2-SYN9 zipFv) into
CD8+ T cells. All zipCARs here contain CD3¢, CD28, and
4-1BB signaling domains. To trigger each cell type indepen-
dently, we co-cultured both engineered CD4+ and CD8+
T cells with K562 cells that express Axl and Her2 (Figure 6A).
CD69 expression level was upregulated in CD4+ or CD8+
T cells only in response to the addition of a-Ax| zipFv or a-Her2
zipFv, respectively. When both zipFvs were added simulta-
neously, the CD69 level was upregulated for both cell types (Fig-
ure 6B). Furthermore, activating both cell types simultaneously
achieved IFN-y secretion levels similar to the sum of cytokine
secretion levels from two subsets of T cells activated individually
(Figure 6C). Finally, 24-hr co-culture of CD4+ and CD8+ T cells
with Axl+/Her2+ K562 cells led to cytotoxicity against tumor cells
(as measured by K562 population percentage through flow
cytometry) when CD8+ T cells were activated, but minimally for
CD4+ T cells (Hombach et al., 2006) (Figure 6D).

DISCUSSION

SUPRA CAR: The Swiss Army Knife of CAR

There is a great need for a flexible platform that can control T cell
activation with improved precision and tunability to make CAR
T cell therapy safer and more effective. Here, we have developed
a split CAR system with enhanced flexibility, specificity, and
controllability. We demonstrated that our SUPRA CAR system
can target different antigens without having to re-engineer the
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T cells. The activity of the SUPRA CAR system can also be flex-
ibly modulated through multiple mechanisms. In addition, the
SUPRA CAR can be easily designed for combinatorial logic an-
tigen detection and regulate different signaling pathways in the
same cell, as well as different cell types independently. Together,
the SUPRA CAR represents a feature-rich receptor system for
adoptive T cell therapy.

While several split systems have been introduced with
biomolecule-labeled antibodies (Kudo et al., 2014; Ma et al.,
2016; Rodgers et al., 2016; Tamada et al., 2012; Urbanska
et al., 2012) to redirect the specificity of CARs, none of these
systems have demonstrated the same level of flexibility and
functionality as our SUPRA CAR system. Furthermore, some
of the systems require extensive and non-intuitive optimization
of the receptor design. The modular design approach of our
SUPRA CAR platform, however, allows convenient redirection
of target specificity and adjustment to T cell activity. Several
structural parameters, such as the location of the scFv binding
to the antigen, scFv affinity, and extracellular spacing (Hudecek
et al., 2015; Rodgers et al., 2016; Zah et al., 2016), are impor-
tant to the CAR signaling. Given that the leucine zipper design
constrains some of the structure parameters (e.g., the extracel-
lular spacing) of the zipCAR, further investigation would be
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(A) Design of orthogonal SUPRA CARs that control
either CD4+ or CD8+ human primary T cells. The
RR zipCAR and FOS zipCAR control CD4+ and
CD8+ T cells activity, respectively. a-Axl zipFv
binds to RR zipCAR and activates CD4+ T cells.
a-Her2 zipFv binds to the FOS zipCAR and acti-
vates CD8+ T cells.

(B and C) (B) The CD69 expression and (C) IFN-y
measurements showing independent control of
CD4+ and CD8+ T cells with orthogonal SUPRA
CARs (n = 3, mean + SD).

(D) Forward- and side-scatter FACS plots of the
cell mixture after 24-hr co-culture of T cells (both
CD4+ and CD8+, blue) with Her2+/AxI+ K562 tu-
mor cells (orange). Tumor cells are killed efficiently
when CD8+ cytotoxic T cells were activated by the
a-HER2 zipFv (representative of three biological
replicates).

needed to determine the effect of these
parameters on the SUPRA CAR system
activity.

We were able to generate zipFvs tar-
geting three different targets without hav-
ing to individually optimize each zipFv.
Moreover, we showed that SUPRA CAR
components can be humanized by using
leucine zipper domains derived from
human transcription factors to reduce po-
tential immunogenicity. Because these
endogenous leucine zippers are localized
inside the cells, we do not expect cross-
talk to occur between humanized SUPRA
CAR components and human transcription factors. In addition,
although not investigated here, we anticipate that each zipFv
will have a short pharmacokinetic half-life in vivo, similar to an
scFv (Gould et al., 2005), which could allow increased temporal
control, and we expect that its small size will lead to increased
tumor penetration (Carter, 2001). However, the short serum
half-life could also be problematic, as the SUPRA system
requires zipFvs to maintain in vivo T cell activity. Nonetheless,
SUPRA CAR T cells were able to clear tumor burden in vivo
with a zipFv dose comparable to other FDA-approved protein
drugs. Moreover, several well-developed protein engineering
approaches are available (e.g., PEGylation, Fc/Albumin fusion,
glycoengineering) to increase half-life of scFv, which can be
employed to modulate zipFv stability in vivo if necessary
(Kimchi-Sarfaty et al., 2013; Kontermann, 2011; Strohl, 2015;
Szlachcic et al., 2011).

SUPRA CAR Could Enhance the Safety of T Cell Therapy

Controlling cytokine secretion is critical to limiting cytokine
release syndrome in patients. We were able to titrate cytokine
secretion and cytotoxicity with different zipFv doses and config-
urations, demonstrating the tunabilty of the SUPRA system
in vivo. Furthermore, we showed through the use of competitive
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leucine zippers for OFF-switch function that one can significantly
reduce cytokine secretion both in vitro and in vivo. Moreover, this
competition-based strategy can improve target specificity by
directing the competitive zipFv toward a surface marker for
“normal” cells, thus safeguarding them from being targeted by
the zipCAR. We anticipate that to efficiently block the accessi-
bility of zipCAR, the expression level of the cancer cell marker
and the normal cell marker will need to be comparable.

Toward the Synthesis of a Prosthetic Inmune System

A central feature of the SUPRA CAR system is the availability of
orthogonal zippers with varying affinity (Reinke et al., 2010),
providing a valuable resource for engineering facile and com-
plex control of T cell signaling. Most CARs have been designed
as a single receptor controlling all the necessary signaling
domains at the same time at a preset (but undefined) level. In
contrast, we have shown that multiple orthogonal SUPRA
CARs can be utilized to control different signaling domains
(e.g., CD3¢, CD28, 4-1BB), which enable independent and
tunable control of different signaling pathways. Moreover,
each CAR can be paired with zipFvs that target different tumor
antigens or with a different affinity of the leucine zipper, thus
allowing regulatable combinatorial antigen sensing, a useful
feature that has not been achieved in other CAR or receptor
systems (Figure 7A). Furthermore, previous designs for combi-
natorial antigen sensing using two CARs often require precise
control of the expression level of each receptor or careful
choice of scFv affinity to achieve an optimal balance of
signaling strength (Kloss et al., 2013). While useful and novel,
such designs lack the flexibility to combat tumor relapse due
to antigen escape, which will require extensive design of a
different dual CAR system. However, with the SUPRA system,
the zipFv composition can be simply changed, and the signaling
strength from each receptor can be easily tuned by the amount

>

plemented in other cell types, thus setting the
foundation for creating a prosthetic immune
system.

NK

of zipFv, rather than re-engineering
T cells, to meet the challenge of antigen
escape.

In addition to regulating different
signaling pathways, multiple orthogonal
SUPRA CARs can also be used to control
different subsets of immune cells. Current
CAR-based therapy is typically implemented in a cell mixture
(e.g., peripheral blood mononuclear cells) or single subsets of
immune cell types (e.g., CD4+, CD8+, Treg, or NK cells; Glienke
et al., 2015; Klingemann, 2014; MacDonald et al., 2016; Yoon
et al., 2017). Even when two defined T cell subsets (CD4+ and
CD8+) were utilized, they were not regulated independently.
Given that our immune system is composed of many different
cell types with unique effector functions and behaviors in vivo, a
platform that enables independent control of different cell types
could greatly increase the range of responses that can be
achieved by the engineered cells (Figure 7B). As a proof of
concept, we engineered two different T cells subtypes (CD4+
and CD8+) and demonstrated that two orthogonal SUPRA recep-
tors canindependently regulate two cell types. While itis possible
to engineer two cell types with conventional fixed CARs that
target different antigens, our SUPRA system enables the first
orthogonal inducible control of two cell types simultaneously.
We anticipate that the SUPRA system can also be applied to reg-
ulatory T cells and NK cells, along with CD4+ and CD8+ T cells, to
form a prosthetic immune system that allows unparalleled control
for cell-based immunotherapy (Figure 7B).
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

APC Mouse Anti-Human CD69 Clone L78 BD Biosciences Cat#340560
FITC Mouse Anti-Human CD4 Clone M-T477 BD Biosciences Cat#556615
FITC Mouse Anti-Human CD4 Clone RPA-T4 BD Biosciences Cat# 555346
Pacific Blue Mouse Anti-Human CD8 BD Biosciences Cat#558207
Dynabeads Human T-Activator CD3/CD28 Thermo Scientific Cat#11132D
Anti-c-Myc antibody (HRP) ABCAM ab62928
Chemicals, Peptides, and Recombinant Proteins

293fectin Transfection Reagent Thermo Scientific Cat#12347019
XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate Perkin Elmer Cat#122799
N-Acetyl-L-cysteine Sigma-Aldrich Cat#A9165
Lenti-X Concentrator Clontech Cat# 631232
RetroNectin Recombinant Human Fibronectin Fragment Clontech Cat# T100B
Imidazole Sigma-Aldrich Cat# 15513
ProBond Nickel-Chelating Resin Thermo Scientific Cat#R80101
Phosphate-Buffered Saline (10X) pH 7.4 Thermo Scientific Cat#AM9625
NuPAGE LDS Sample Buffer (4X) Thermo Scientific Cat#NP0008
NuPAGE MOPS SDS Running Buffer (20X) Thermo Scientific Cat#NP0001
GelCode Blue Stain Reagent Thermo Scientific Cat#24592
NuPAGE Sample Reducing Agent (10X) Thermo Scientific Cat#NP0009
Lenti-X Concentrator Takara Cat#631232
Critical Commercial Assays

RosetteSep Human CD4+ T Cell Enrichment Cocktail STEMCELL Technologies Cat# 15062
RosetteSep Human CD8+ T Cell Enrichment Cocktail STEMCELL Technologies Cat# 15063
Human IL-2 ELISA Set BD Biosciences Cat# 555190
Human IFN-y ELISA Set BD Biosciences Cat#555142
Bright-Glo Luciferase Assay System Promega Cat#E2610
Pierce BCA Protein Assay Kit Thermo Scientific Cat# 23227
XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate PerkinElmer Cat#122799
GelCode Blue Stain Reagent Thermo Scientific Cat#24590
Experimental Models: Cell Lines

FreeStyle 293-F Thermo Scientific #R79007
K562 cells Art Weiss (UCSF) N/A

K562 cells HER2+Luc+ This paper N/A

K562 cells HER2+AxI+Luc+ This paper N/A

Jurkat NFAT-GFP Art Weiss (UCSF) N/A
SK-BR-3 ATCC ATCC® HTB-30
Experimental Models: Organisms/Strains

NOD.Cg-Prkdcs I12rg'™""™/SzJ (female 4-6 weeks) Jackson Laboratory Cat#005557
Recombinant DNA

pHR-SFFV vector Addgene ID#79121
pPHR-RR zipCAR-mCherry This paper N/A

pHR- SYNZIP CARs-mCherry backbone This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
CMV- zipFvs-6X HIS backbone This paper N/A
pHR-anti-Her2 CAR-mCherry This paper N/A
PB-pCAG-MCS-EF1a-Puro-mCherry vector This paper N/A
PB-pCAG-MCS-EF1a-zeocine-BFP vector This paper N/A
PB-pCAG-MCS-EF1a-Hygromycin-GFP vector This paper N/A

Software and Algorithms

Graph Pad Prism 7 Graph Pad N/A

FlowJo V10 TreeStar N/A

Living Image Perkin Elmer N/A

Other

FreeStyle 293 Expression Medium Thermo Scientific Cat#12338026
RPMI-1640 Lonza Cat#12-702Q
Human AB serum Valley Medical Cat#HP1022
2-Mercaptoethanol (50 mM) Thermo Scientific Cat#31350010
Ultraculture Lonza Cat# 12-725F
DMEM Corning Cat# 10-013
X-VIVO 15 Lonza Cat# 04-380Q
Puromycin Thermo Scientific Cat# A1113803
Zeocin Thermo Scientific Cat# R25005
Hygromycin B Thermo Scientific Cat# 10687010

CONTACT FOR REAGENT AND RESOURCE SHAING

Further information and requests for reagents and resources should be directed and will be fulfilled by Lead Contact, Wilson W. Wong
(wilwong@bu.edu).

EXPERIEMENTAL MODEL AND SUBJECT DETAILS

Source of Primary Human T Cells

Anonymous healthy donor blood was obtained from the Blood Donor Center at Boston Children’s Hospital (Boston, MA) as approved
by the University Institutional Review Board. Primary CD4+ and CD8+ T cells were isolated from anonymous donor blood by negative
selection (described in METHOD DETAILS).

Animal Model Details

All experimental procedures were conducted at the Boston University Medical School Animal Science Center (BUASC) under a
protocol approved by the Boston University Institutional Animal Care and Use Committee. Female immunocompromised
NOD.Cg-Prkdcs 112rg™/SzJ (NSG) mice, 4-6 week of age, were purchased from Jackson Laboratories (#005557). Mice used
in the experiment were healthy and immunocompromised. These animals were not involved in previous procedures and drug or
test naive. These mice were housed in sterile cages at BUASC with 12hr light/dark cycle. Health and immune status of mice were
monitor daily by BUASC husbandry staff. Mice were euthanized during experiment if they showed hunched abnormal posture,
impaired mobility, rough coat, or paralysis.

METHOD DETAILS

zipCAR Receptor Construct Design

zipCARs were designed by fusing different leucine zippers (Reinke et al., 2010; Thompson et al., 2012) to the hinge region of the
human CD8a chain and transmembrane and cytoplasmic regions of the human CD28, 4-1BB, and CD3z signaling endodomains.
They were under SFFV promoter for all primary T cell experiments and under CAG promoter for all Jurkat cell experiments. All
zipCARs contain myc tag to verify surface expression. Furthermore, zipCARs used in primary T cell experiments were fused to
mCherry after CD3z chain to visualize expression. zipCARs used in Jurkat experiments were cloned into the piggyback vector
(System Bioscience), which has been modified by replacing CMV promoter to CAG promoter.
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zipFv Construct Design

The general design of zipFv is as follows. scFv (a-HER2, a-Axl or a-MESO) is linked by a 35-aa glycine/serine linker to leucine zipper.
Constructs were cloned into pSecTag2A vectors (Thermo Fisher) for transient expression. These vectors contain the CMV promoter,
murine lg-k-chain leader sequence, C-terminal c-myc epitope, and a 6X His tag for purification.

Expression and Purification of zipFv

For transient expression of protein, Freestyle 293-F cells (Thermo Scientific #R79007) were transfected with pSecTag2A plasmid
according to the supplier’s protocol. After 4 days of culture, cells were pelleted by centrifugation at 300 x g for 5 minutes, and su-
pernatant protein expression was confirmed by Coomassie gel stain (Thermo Scientific #24592) and western blot (abcam #ab62928).
Proteins derived from transient transfection were purified as follows. Supernatant was passed through columns containing ProBond
nickel chelating resin (Thermo Scientific #R80101). Then, each column was washed four times with native purification buffer (50 mM
NaH2PO4 and 0.5 M NaCl pH 8.0) plus 20 mM imidazole (Sigma Aldrich # 15513), and eluted three times with native purification buffer
plus 250mM imidazole concentrations. Eluted proteins were concentrated to ~2ml and dialyzed into 1 x PBS (Thermo Scientific
#AMO625). After dialysis, protein was verified by western blot and SDS-PAGE gel electrophoresis and protein concentration was
quantified by the Pierce BCA Protein Assay Kit (Thermo Scientific # 23227).

Western Blot and SDS-PAGE Gel Electrophoresis

SDS-PAGE gel electrophoresis was perform via standard protocol. Briefly, protein samples were mixed with NUPAGE LDS sample
buffer (Thermo Scientific #NP0008) and NuPAGE reducing agent (Thermo Scientific). Samples were heated at 90°C for 20 minutes
and run in NuPAGE MOPS SDS running buffer (Thermo Scientific #NP0001). SDS-PAGE gel was stained with GelCode Blue stain
(Thermo Scientific #24590) and images were taken using Gel Doc EZ imager (Biorad). Western blot was performed using iBlot2
gel transfer device (Thermo Scientific #NP0009), following the manufacturers protocol. For detection, «-C-Myc-HRP antibody
(Abcam #ab62928) was used.

Primary Human T cells Isolation and Culture

Normal whole peripheral blood was obtained from Boston Children’s hospital, as approved by the University Institutional Review
Board (IRB) approved consent forms and protocols. Primary human CD4+ and CD8+ T cells were isolated from anonymous healthy
donor blood by negative selection (STEMCELL Technologies #15062 and #15063). T cells were cultured in human T cell medium con-
sisting of X-Vivo 15 (Lonza), 5% Human AB serum (Valley Biomedical #HP1022), 10 mM N-acetyl L-Cysteine (Sigma-Aldrich #A9165),
55 uM 2-mercaptoethanol (Thermo Scientific #31350010) supplemented with 50 units/mL IL-2 (NCI BRB Preclinical Repository).
T cells were cryopreserved in 90% heat-inactivated FBS and 10% DMSO.

Lentiviral Transduction of Human T cells

Replication-incomplete lentivirus was packaged via transfection of HEK293 FT cells (Invitrogen) with a pHR transgene expression
vector and the viral packaging plasmids: pMD2.G encoding for VSV-G pseudotyping coat protein (Addgene #12259), pDelta 8.74
(Addgene#22036), and pAdv (Promega). One day after transfection, viral supernatant was harvested every day for 3 days and replen-
ished with pre-warmed Ultraculture media (Lonza #12-725F) with 2mM L-glutamine, 100U/ml penicillin, 100ug/mL streptomycin,
1mM sodium pyruvate, and 5mM sodium butyrate. Then, harvested virus was purified through ultracentrifugation or Lentivirus
concentrator (Takara #631232). Primary T cells were thawed 2 days before ultracentrifugation and cultured in T cell medium
described above. One day before ultracentrifugation, T cells were stimulated with Human T-activator CD3/CD28 Dynabeads (Thermo
Scientific #11132D) at a 1:3 cell:bead ratio and cultured for 24 hr. After viral supernatant purification, rectronectin (Clontech #T100B)
was used to transduce cells. Briefly, non-TC treated 6-well plates were coated with rectronectin following the supplier’s protocol.
Then, concentrated viral supernatant was added to each well and spun for 90 min at 1200xg. After centrifugation, viral supernatant
was removed and 4ml of human T cells at 250k/mlin T cell growth media supplemented with 100U/ml of IL-2 was added to well. Cells
were spun at 1200xg for 60 min and moved to an incubator at 37°C.

Cancer Cell Lines

The cancer cell lines used were K562 myelogenous leukemia cells (obtained from UCSF), Jurkat T cells (obtained from UCSF), and
SK-BR-3 (ATCC #HTB-30). K562 and Jurkat cells were cultured in RPMI-1640(Lonza#12-702Q) with 5% (v/v) heat-inactivated FBS,
2mM L-glutamine, 100U/ml penicillin and 100ug/mL streptomycin. SK-BR-3 cells were cultured in DMEM(Corning #10-013) supple-
mented with 10% (v/v) heat-inactivated FBS, 2mM L-glutamine, 100U/ml penicillin and 100ug/mL streptomycin. Jurkat, K562, and
SK-BR-3 were electroporated or transfected with PiggyBac Transposon system (System biosciences) to stably express zipCAR or
surface antigens: Mesothelin, AXL, and/or HER-2. Two days after transfection, antibiotic (Puromycin (Thermo Scientific #A1113803),
Zeocin (Thermo Scientific # R25005), or Hygromycin B (Thermo Fisher #10687010)) was added to the medium to select for cells that
express the transgenes. Cell lines were routinely verified by their morphology surface antigens expression using microscope and flow
cytometry respectively.
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Cytokine Release Assays

Cytokine release assays were carried out using IFN-y or IL-2 ELISA Kit (BD Biosciences #555142, #555190). Primary T cells express-
ing zipCAR were incubated with K562 target cells (10 x 10* cells/well) at an E:T ratio of 2:1 with corresponding zipFvs (amount of
zipFvs were titrated to give maximum response). After 24 hr, supernatant was harvested and followed supplier’s protocol to deter-
mine IFN-vy or IL-2 level. In order to determine in vivo cytokine release level, murine blood was drawn submandibularly after 24hr of
initial injection of engineered CD8+ T cells and zipFv. Blood plasma was harvested by centrifuging collected blood for 10 minutes at
3000 x g. In vivo IFN-vy release was measured by Luminex Magpix at BUMC (Boston University Medical Campus) core facility.

Luciferase Cytotoxic T Lymphocyte Assay

Cytotoxicity assays were carried out using bioluminescence previously described (Fu et al., 2010). Briefly, CAR-T cells were
incubated with zipFv and target cells (K562 cells) that were engineered to express luciferase at varying effector to target ratio
(e.g., E:T =8:1, 4:1, 2:1, or 1:1) for 4hr at 37°C. Initially, target cells were seeded at 75,000 or 100,000 cells per well (96-well plate)
and zipFv at varying concentrations were added (amount of zipFvs were titrated to give maximum response). Then, engineered T cells
were added (unless otherwise noted, T cells used in the experiment were not sorted based on the SUPRA CAR expression level). After
~4hrincubation, culture medium was removed to leave 50ul per well, then 50ul of prepared luciferase reagent (Promega #E2610) was
added to each well of the 96-well plate (Corning #3904). Measurements were performed with the SpectraMax M5 (Molecular
Devices). Target cell cytotoxicity was calculated using the following formula: Cytotoxicity = 100 x [(Total Target cell luminescence —
luminescence of remaining cells after lysis) / (Total Target cell luminescence)].

For in vitro cytotoxicity assay shown in Figure 2C, single or dual expressing target cells was first added into each well. In both of the
cases, both cells were equally treated by adding a-Axl zipFv. After ~20 minutes of incubation to allow «-Axl zipFv to bind to target
cells, cells were spun down and washed to remove unbound «-Axl zipFv. Subsequently, a-Her2 zipFv and SUPRA CAR T cells were
added to the washed target cells sequentially. After ~4hr incubation, luminescence from each well was measured as
described above.

Xenograft Mouse Models

Female NSG mice, 4-6 weeks of age, were purchased from Jackson Laboratories (#005557) and maintained in the BUMC Animal
Science Center (ASC). All protocols were approved by the Institutional Animal Care and Use Committee at BUMC. In order to carry
out the intraperitoneal xenograft models, NSG mice were initially injected with 7.5 X 10° luciferized SK-BR-3 intraperitoneally. After
2 weeks or after tumor burden reached ~10'° luminescence (photons/sec), 35 x 10°-CD8+ CAR-T cells were infused intraperitone-
ally along with zipFv. zipFvs were added every two days for 2 weeks (total of 8 times) at specified doses. For blood tumor model, NSG
mice were initially injected with 5 X 10° luciferized Jurkat tumor cells intravenously. After 3 or 5 days, 2.5 to 10 x 105-CD8+ CAR-T
cells were infused intravenously along with zipFv. zipFvs were added every day for 6 or 9 days at specified doses. Tumor burden was
measured by IVIS Spectrum (Xenogen) and was quantified as total flux (photons per sec) in the region of interest. Images were
acquired within 30 minutes following intraperitoneal injection of 150mg/kg of D-luciferin (PerkinElmer #122799).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was determined by Student’s t test (two tailed) unless otherwise noted. All curve fitting was performed with

Prism 7 (Graphpad) and p values are reported (not significant = p > 0.05, * = p < 0.05, ** =p < 0.01, ** < 0.001). All error bars are
represented either SEM or SD.
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Figure S1. Schematic of SUPRA CAR and Effect of Different Parameters on Cytotoxicity, Related to Figure 1

(A) Schematic of zipCAR and zipFv construct designs. zipCAR composes of leucine zipper on extracellular domain and intracellular signaling domains which
contain two costimulatory signaling domains (CD28 and 4-1BB), and CD3¢. zipCAR is fused to mCherry for visualization.

(B) (Left) FACS histogram that shows different CAR expression level of CD4+ T cells used in Figure 1E (Right) Quantified fluorescence value. WT is represented as
gray, high CAR-expressing cells as red and low CAR-expressing cells as blue (n = 1).

(C) Effect of concentration of three zipFvs with leucine zippers (SYN3, SYN5, and EE) that have different affinity to RR zipCAR on cytotoxicity (n = 3, data are
represented as mean =+ SD).

(D) Effect of zipper affinity and scFv affinity on cytotoxicity (n = 3, data are represented as mean).
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Figure S2. Comparison of SUPRA CAR with Conventional «-Her2 CAR and Characterization of zipFvs, Related to Figures 1

(A) (Left) Schematic of SUPRA CAR (EE-RR pair) and a-Her2 CAR. (Right) Forward- and side-scatter FACS plots of the cell mixture after 24 hours co-culture of

T cells (blue) with Her2+ K562 tumor cells (orange) (representative of three biological replicates).

(B and C) The CD69 expression and IFN-y measurement after 24hr of co-culturing with RR zipCAR / a- Her2 CAR and Her2+ K562 target cells (n = 3, data are

represented as mean + SD).

(D and E) Denaturing SDS-PAGE and western blot images of the different zipFvs used in the paper. (Gel images have been cropped for visualization purposes.)

(F)Table of expected protein mass (Da) of different zipFvs.
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Figure S3. Competitive zipFv Screen to Tune SUPRA CAR Activity and Using SUPRA as a Cell Selector, Related to Figure 2

(A) Leucine zippers with different affinities to EE leucine zipper.

(B) EE zipCAR expressing Jurkat T cells were co-cultured with Her2 expressing K562. Then, different zipFvs (a-Her2-SYN2, a-Her2-SYN4, a-Her2-SYN47, or

a-Her2-SYN13) were added. GFP expression was measured after 24 hours to quantify the NFAT promoter activity.
(C) Normalized NFAT promoter activity measured by GFP expression of different zipFvs (n = 2, data are represented as mean + SD).

(D) RR zipCAR expressing CD8+ T cells were co-cultured with Her2 expressing K562. a-Her2-EE zipFv (22.5nM) was added to activate T cells. Then, different
amount of competitive zipFv (90nM, 45nM, and 22.5nM) was added at a different time after EE zipFv was added (n = 3, data are represented as mean).

(E) Cell selector with zipFv (2-AxI-SYN13) that does not bind strongly to a-Her2-EE zipFv (n = 3, data are represented as mean + SD).
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Figure S4. Effect of zipCAR-zipFv Binding, zipFv Dose, and scFv Affinity on Tumor Burden and In Vivo Cytokine Production, Related to
Figures 3 and 4

(A) Diagram showing xenograft study described in Figure 3B. Two different zipFvs were used; a-Her2-EE zipFv that binds to RR zipCAR strongly and a-Her2-RR
zipFv that does not bind to RR zipCAR strongly.

(B) SK-BR-3 breast cancer cells were injected intraperitoneally at day 0 and at day 26 (black arrow) to immune compromised NSG mice. After verifying tumor
establishment, RR zipCAR expressing CD8+ T cells (red arrow) were injected along with a-Her2 EE zipFv or a-Her2 RR zipFv (dosed every 2 days for 2 weeks at
8mg/kg, highlighted). Tumor burden was quantified as total flux (photons/sec) of luciferase activity from each mouse using IVIS imaging (n = 4, data are rep-
resented as mean + SEM, statistical significance was determined by two-tailed Student’s t test, * = p < 0.05).

(C) SK-BR-3 breast cancer cells were injected intraperitoneally at day 0 and at day 26 (black arrow) to NSG mice. Primary human CD8+ T cells expressing the RR
zipCAR were injected (red arrow) with the a-Her2-EE zipFv (injected every 2 days for 2 weeks at varying concentrations, highlighted). Tumor burden was
quantified as total flux (photons/sec) from luciferase activity of each mouse using IVIS imaging (n = 4, data are represented as mean + SEM).

(D) Tumor burden as total flux (photons per sec) of each mouse shown in (C) at day 57 (n = 4, data are represented as mean + SEM).

(E) In vivo IFN-vy release as scFv affinity changes from low (G98) to medium-high affinity (ML39, H3B1) (n = 4, data are represented as mean + SD, statistical
significance was determined by two-tailed Student’s t test, *** = p < 0.001).
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Figure S5. Tumor Clearance of SUPRA CAR In Vivo Using Jurkat Xenograft Model, Related to Figure 3

(A) Kaplan-Meier survival curves of various groups shown in Figure 3E.

(B) Effect of different T cell dose on tumor burden. (Left) The tumor burden was quantified as the total flux (photons/sec) from the luciferase activity of each mouse
using IVIS imaging (red arrow indicates injection of T cells (day 5) and zipFv was dosed daily for 9 days at 4mg/kg). (Right) Representative IVIS images of different
groups at day 20 (n = 4, data are represented as mean + SEM).

(C) Effect of zipFv dose on tumor burden. (Left) The tumor burden was quantified as the total flux (photons/sec) from the luciferase activity of each mouse using
IVIS imaging (red arrow indicates injection of T cells (day 5) and zipFv was dosed daily for 9 days). (Right) Representative IVIS images of different groups at day 20
(n = 4, data are represented as mean + SEM).
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Figure S6. Comparison of Humanized SUPRA CAR with EE-RR SUPRA Pair, Related to Figure 3

(A) Schematic of Humanized SUPRA CAR (FOS-JUN pair) and RR-EE SUPRA CAR. FACS plots of the cell mixture after 24 hours co-culture of SUPRA CART cells
with Her2+ Jurkat tumor cells. Jurkat tumor cells express blue fluoresce protein (BFP) (representative of three biological replicates).

(B and C) The CD69 expression and IFN-y measurements after 24hr of co-culturing with FOS / RR zipCAR and Her2+ Jurkat target cells (n = 3, data are rep-
resented as mean + SD).

(D) (Left) The tumor burden was quantified as the total flux (photons/sec) from the luciferase activity of each mouse using IVIS imaging (red arrow indicates
injection of T cells (day 5) and zipFv was dosed daily for 9 days at 4mg/kg). (Right) Representative IVIS images of groups treated with (1) no T cells, (2) RR zipCAR
(10x10° T cells per mouse), (3) FOS zipCAR (10x10° T cells per mouse), (4) RR zipCAR with a-Her2 EE zipFv (4mg/kg), and (5) FOS zipCAR with a-Her2 JUN zipFv
(4mg/kg) at day 20 (n = 4, data are represented as mean + SEM).
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Figure S7. Orthogonal SUPRA CAR Screen and Controlling Different Signaling Domains Using Orthogonal SUPRA CARs, Related to Fig-
ures 5

(A) Jurkat T cells expressing different zipCARs were co-cultured with Her2 expressing K562 target cells and different zipFvs. GFP expression was used to
measure the interaction between two leucine zippers.

(B) To identify several pairs of orthogonal SUPRA CARs, we chose 18 zipCARs and 30 zipFvs and quantified NFAT promoter activity (n = 2, data are represented
as mean).

(C) Sets of orthogonal SUPRA CARs (n = 2, data are represented as mean).

(D and E) Quantified IL-2 and IL-4 production when dual orthogonal CARs were activated with varying concentration of two zipFvs (n = 2 for IL-2 and n = 3 for IL-4,
data are represented as mean, Related to Figure 5A).

(F) Comparison of quantified CD69 expression, IFN-g, IL-2, and IL-4 production when varying concentrations of two zipFvs were added as shown in Figure 5B,
(D), and (E).
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