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Chimeric antigen receptors (CARs)
are synthetic receptors capable of
directing potent antigen-specific
anti-tumor T cell responses. A recent
report by Wu et al. extends a series of
strategies aiming to curb excessive T
cell activity, utilizing in this instance
a chemical dimerizer to aggregate
antigen-binding, T cell-activating and
costimulatory domains.

Chimeric antigen receptor (CAR)
therapy relies on T cell engineering to
generate tumor-targeted T cells with
enhanced anti-tumor functions [1].
CAR therapy has so far achieved its
most remarkable clinical successes
against CD19-positive hematological
malignancies and is now on the verge
of'being developed for solid tumors [2].
Two safety concerns have, however,
emerged from the CD19 experience,
which should be addressed for CAR
therapy to be broadly applicable. One is
the eventual on-target/off-tumor effect
of CAR T cells on normal tissues. Even
though this concern may be mitigated in
the case of CD19 CAR T cell-induced
B cell aplasia, strategies designed to
reduce or prevent its potential occur-
rence with other targets are needed [2].
The other concern is a severe cytokine
release syndrome (CRS), arising from
large-scale synchronized T cell activa-
tion upon engaging the target antigen in
some CAR T cell recipients [2].

Several innovative strategies have
been recently proposed to address
these safety concerns. These strategies
make use of remote or cell autonomous
controls (Figure 1), utilizing small
molecules, antibodies or synthetic
receptors to regulate T cell activity.
One approach is to activate a latent

suicide switch, such as the inducible
caspase-9 (iCasp9) enzyme, through
the administration of a small molecule
to induce T cell apoptosis [3] (Figure
la). Bifunctional small molecules that
mediate the binding between antigen
and CAR have also been developed to
regulate target engagement [4] (Figure
1b). A variation on this approach uses
antibodies to mediate antigen recogni-
tion on target cells and binding of T cells
expressing a synthetic Fc receptor [5]
(Figure 1b). These designs enable re-
mote temporal control of T cell activity
but do not provide a means to enhance
tumor selectivity of the CAR T cells.
To this end, combinatorial approaches
integrating two autonomous antigen
inputs to control CAR T cell functions
have been developed to spatially dis-
criminate between normal and tumor
cells expressing a common target. One
such approach utilizes synthetic inhibi-
tory receptors, termed iCARs, which
are derived from the PD-1 or CTLA-4
receptors, to protect normal cells based
on the iCAR’s recognition of an antigen
present on the normal cells but not the
tumor cells [6] (Figure 1¢). Another ap-
proach utilizes complementary signals
split between two receptors — a CAR
for T cell activation and a chimeric co-
stimulatory receptor (CCR) providing
costimulation — such that they are both
expressed by the tumor cells but found
alone on normal cells [7] (Figure 1d).
Acting in cell autonomous fashion, the
required co-engagement of the CCR
and the CAR upon recognition of two
independent antigens reinforces tumor
selectivity in vivo [7].

In a recent paper published in Sci-
ence, Wu et al. [8] showed a novel

design incorporating a remote control of
CART cells, whereby a small molecule
is used to dimerize antigen-binding
and signaling domains (Figure le). At
variance with the small molecule-con-
trolled suicide switch, this ON-switch
design represents a positive reversible
regulation, as it does not eliminate T
cells but rather restricts their activities.
The remote control takes advantage of
well-established chemically induced
dimerization (CID) modules developed
in the 1990s, where two proteins bind
only in the presence of a third chemical,
such as a small molecule [9]. One such
widely used CID module is the FKBP
and FRB, ... that heterodimerize in
the presence of rapamycin or its less
immunosuppressive analog AP21976.
The receptor for antigen and a dual-
signaling, costimulatory and activating
domain analogous to that of a second
generation CAR, were independently
fused to FKBP and FRB_,,, so that
AP21976-induced FKBP and FRB_, .
dimerization could aggregate these en-
tities (Figure le). This design controls
intracellular assembly of a signaling
complex without affecting the antigen
binding properties as afforded by the
bifunctional small molecules or antibod-
ies at the interface of T cells and target
cells (Figure 1b). After screening vari-
ous domain configurations in leukemic
Jurkat cells with AP21976-dependent
NFAT activation and IL-2 production
assays, a design that worked with both
the FKBP-FRB_, .. and the gibberellin-
induced GID1-GAI heterodimerization
modules was identified. Single molecule
imaging of ON-switch CAR assembly
in Jurkat cells showed that two molecu-
lar parts are equally constrained to im-
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Figure 1 Building controls into engineered T cells. (a) The small molecule AP1903
can dimerize the suicide switch iCasp9 to induce T cell apoptosis. (b) Bifunctional
small molecule bridging the binding between antigen and CAR or antibody mediat-
ing the interaction between antigen and synthetic Fc receptor can be remote con-
trols of CAR T cells. (¢) iCAR can inhibit CAR function in the presence of an antigen
present in normal cells but not tumor cells. (d) CCR binding to a second antigen in
tumor cells is required for full T cell activation. (e) The small molecule AP21976 can
dimerize two independent signaling entities through an FKBP-FRB module to control
T cell activation. (a, b, e) Strategies employing one remote control (antibody or small
molecule) in addition to one autonomous control (antigen A). (c, d) Strategies with
two autonomous controls (antigen A and antigen B). Negative regulation involves
inducing apoptosis (a) or turning off T cell activation (c) by input 2 while positive
regulation (b, d, e) results in T cell activation by input 2.

mobilized antigens only in the presence
of AP21976. Subsequent characteriza-
tion of the ON-switch CAR in primary
human CD4" T cells showed that both
AP21976 and antigen are required for
the induction of CD69 expression,
a biomarker of T cell activation, the
secretion of both IL-2 and IFNy, and
the proliferation of CD4" cells. Most
gratifyingly, there was a positive cor-
relation between these responses and the
AP21976 dosage, suggesting the pos-
sibility of achieving titratable control
of T cells. Human primary CD8" T cells
with ON-switch CAR in three different
cytotoxicity assays also demonstrated
antigen- and AP21976-dependent
killing of tumor cells, which was also
titratable by AP21976. The killing abil-
ity of ON-switch CAR CD8" T cells
was reversible, as removal of AP21976
abrogated tumor cell lysis.

Wau et al. proceeded to explore in vivo
activity in a mouse xenograft model.
Due to the short plasma half-life and
the high cost of AP21976, the study is
limited to a very short-term protocol
of 39 h. Tumor cells were injected into
the peritoneal cavity 14 h prior to the
injection of the engineered T cells. Four
injections of AP21976 in the subsequent
25 h were required to induce anti-tumor
activity in this intraperitoneal cytotox-
icity assay. Further investigations with
a more relevant protocol allowing for
tumor engraftment and longer term
follow-up of T cell effectiveness will be
needed to establish whether AP21976
can remotely control ON-switch CAR
T cells to reject a tumor.

Wu and coauthors have thus engi-
neered a novel ON-switch CAR design
and demonstrated titratable, reversible
and antigen-dependent T cell functions

controlled by a dimerizing small mol-
ecule. Another group is also conducting
preclinical studies exploring a variant
small molecule-controlled CAR design
for solid tumor rejection [ 10]. However,
there are still challenges to address
before future clinical applications. The
authors pointed out the need to develop
controller chemicals that have clinically
optimized pharmacokinetic properties,
as the half-life of AP21976 is short
and impractical for clinical applica-
tion. Thus, how many injections per
day, for how many weeks or months,
would be required to achieve tumor
rejection? Another unresolved question
is whether a small molecule with opti-
mal pharmacokinetic properties could
effectively curb CRS and off-tumor
reactivity. Overall, this elegant study
provides valuable insights for further
refining spatio-temporal control of cell
therapy and applying it to CAR T cell
technology.
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