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INTRODUCTION: Cell-based therapies have
emerged as a promising treatment modality
for diseases such as cancer and autoimmunity.
T cells engineered with synthetic receptors
known as chimeric antigen receptors (CARs) have
proven effective in eliminating chemotherapy-
resistant forms of B cell cancers. Such CAR
T cells recognize antigens on the surface of tu-
mor cells and eliminate them. However, CAR
T cells also have adverse effects, including life-
threatening inflammatory side effects asso-
ciated with their potent immune activity. Risks
for severe toxicity present a key challenge to
the effective administration of such cell-based
therapies on a routine basis.

RATIONALE: Concerns about the potential for
severe toxicity of cellular therapeutics primarily
stem from a lack of precise control over the

activity of the therapeutic cells once they are
infused into patients. Exogenously imposed
specific regulation over the location, duration,
and intensity of the therapeutic activities of
engineered cells would therefore be desirable.
One way to achieve the intended control is to
use small molecules to gate cellular functions.
Small molecules with desired pharmacologic
properties could be systemically or locally admin-
istered at varying dosages to achieve refined
temporal and spatial control over engineered
therapeutic cells.

RESULTS: We developed an ON-switch CAR
that enables small molecule-dependent, titrat-
able, and reversible control over CAR T cell ac-
tivity. ON-switch CAR T cells required not only a
cognate antigen but also a priming small mol-
ecule to activate their therapeutic functions.

Depending on the amount of small molecule
present, ON-switch CAR T cells exhibited ti-
tratable therapeutic activity, from undetect-
able to as strong as that of conventional CAR T
cells. The ON-switch CAR was constructed
by splitting key signaling and recognition
modules into distinct polypeptides appended
to small molecule-dependent heterodimeriz-
ing domains. The ON-switch CAR design is
modular; different antigen recognition domains
and small-molecule dimerizing modules can
be swapped in.

CONCLUSION: The ON-switch CAR exempli-
fies a simple and effective strategy to integrate
cell-autonomous decision-making (e.g., detec-

tion of disease signals)
with exogenous, revers-
Read the full article  ible user control. The re-
at http://dx.doi. arrangement and splitting
org/10.1126/ of key modular compo-
science.aab4077 nents provides a simple
.................................................. strategy for achieving in-
tegrated multi-input regulation. This work also
highlights the importance of developing opti-
mized bio-inert, orthogonal control agents such
as small molecules and light, together with
their cellular cognate response components,
in order to advance precision-controlled cellu-
lar therapeutics. m
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Titratable control of engineered therapeutic T cells through an ON-switch chimeric antigen receptor. A conventional CAR design activates
T cells upon target cell engagement but can yield severe toxicity due to excessive immune response. The ON-switch CAR design, which has a
split architecture, requires a priming small molecule, in addition to the cognate antigen, to trigger therapeutic functions. The magnitude of
responses such as target cell killing can be titrated by varying the dosage of small molecule to mitigate toxicity. scFv, single-chain variable
fragment; ITAM, immunoreceptor tyrosine-based activation motif.
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There is growing interest in using engineered cells as therapeutic agents. For example,
synthetic chimeric antigen receptors (CARs) can redirect T cells to recognize and eliminate
tumor cells expressing specific antigens. Despite promising clinical results, these
engineered T cells can exhibit excessive activity that is difficult to control and can cause
severe toxicity. We designed “ON-switch” CARs that enable small-molecule control over

T cell therapeutic functions while still retaining antigen specificity. In these split receptors,
antigen-binding and intracellular signaling components assemble only in the presence of a
heterodimerizing small molecule. This titratable pharmacologic regulation could allow
physicians to precisely control the timing, location, and dosage of T cell activity, thereby
mitigating toxicity. This work illustrates the potential of combining cellular engineering with
orthogonal chemical tools to yield safer therapeutic cells that tightly integrate cell-

autonomous recognition and user control.

ell-based therapies have emerged as promis-

ing treatments for a range of disorders, in-

cluding cancer, autoimmunity, and injury

or degeneration (I-6). In contrast to small

molecules and macromolecules, cellular ther-
apeutic agents have the potential to sense inputs,
make decisions, and execute highly complex tasks
(7-9). A recent example is the use of engineered
T cells for adoptive immunotherapy of cancer. Pri-
mary T cells can be isolated and engineered to ex-
press synthetic chimeric antigen receptors (CARs)—
receptors that combine an extracellular, single-
chain antibody domain, which recognizes a specific
tumor-associated antigen, with intracellular signal-
ing domains from the T cell receptor (TCR) and
costimulatory receptors (2-4, 10). In clinical trials,
CAR T cells directed against the B cell antigen
CD19 have proven effective against chemotherapy-
resistant forms of B cell cancers (77-15). Upon
antigen ligand engagement, CAR T cells execute
multiple key therapeutic functions, including pro-
duction of antitumor cytokines and killing of target
tumor cells (Fig. 1A). Antigen binding also stim-
ulates exponential proliferation of the therapeutic T
cells in vivo. Infused CAR T cells can expand by a
factor of >1000, resulting in a highly amplified
response and consequent eradication of a large
number of tumor cells within weeks (I7).
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Such cell-based therapies, however, can also be
associated with severe toxicities (Fig. 1A). Off-
tumor cross-reaction of engineered T cells can lead
to killing of nontumor cells. If such cross-reaction
occurs to cells in the heart, lung, or liver, then the
high doses of CAR T cells that these tissues are ex-
posed to upon initial cell injection can lead to rapid
death (I6). Even with successful tumor targeting,
the rapid rise in the overall T cell activity fueled by
CAR signaling during treatment can also lead to
systemic life-threatening side effects, such as those
caused by release of excessive cytokines. Rapid elim-
ination of large numbers of tumor cells in a short
time frame also can result in tumor lysis syndrome.
Both conditions can trigger multi-organ failure and
require urgent medical intervention. Patient-to-
patient variations in T cell responses and in risks
for toxicity make it challenging to predict the opti-
mal number of T cells to infuse (2). Thus, the engi-
neering of regulatory systems that allow for control
over the dose and timing of T cell function is an
important priority.

One approach is to engineer suicide switches to
eliminate the infused T cells if their toxic effects
begin to get out of control (17, 18). Examples in-
clude a small molecule-regulated caspase that
triggers apoptosis of the T cells (Fig. 1B). Another
approach is to engineer negative regulatory co-
receptors that can override killing responses when
a specific “do not Kkill” ligand is recognized (19).
Although these strategies are important elements
in the toolbox for engineering therapeutic T cells,
they have several drawbacks. The suicide switches
irreversibly abort the complex and expensive treat-
ment, and they may not act fast enough to prevent
cross-reaction during initial cell transfer. Overriding
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inhibitory co-receptors can prevent killing of par-
ticular cells that express a specific ligand, but they
cannot control the timing and intensity of T cell
activity more generally.

We therefore aimed to develop a complemen-
tary strategy for controlling CAR T cells that fo-
cused instead on positive regulation, in which an
exogenous, user-provided signal such as a small
molecule is required for activation (Fig. 1B). This
kind of “ON-switch” would complement the other
classes of control systems and provide important
advantages. Positive regulation could allow for
gradual titration of activity to appropriate ther-
apeutic levels, as well as control of the timing of
activation, thus preventing first-pass toxicities
that could occur immediately upon cell transplan-
tation. Coupled to technologies for localized and
sustained delivery of small molecules (20), an ON-
switch could impart spatial control over the ther-
apeutic effects to mitigate off-tumor toxicities.
Several features would be important for an ON-
switch CAR design: (i) The receptor would still
need to be dependent on specific tumor antigen
recognition for T cell activation; small molecule
alone or antigen alone should not activate. (ii) The
therapeutic activity of the T cell population should
be titratable by varying the concentration of the
small molecule, and at high enough levels this activ-
ity should be comparable to that of conventional
CAR T cells. (iii) The timing of the CAR T cell re-
sponse should be reversibly controllable by addition
or removal of the small molecule.

The engineering goal for an ON-switch CAR
embodies a general problem that evolution has
repeatedly faced: how to convert a signaling mol-
ecule that is gated by a single input into a mol-
ecule that is combinatorially gated by two inputs
(in this case, a receptor that requires both an
antigen and a small molecule for T cell activation).
Natural signaling systems often achieve tight con-
trol over critical processes through this type of
combinatorial regulation. The general ability to
engineer synthetic receptors that function as
Boolean AND-gates responding to two inputs—
one an autonomously recognized disease signal
(ie., tumor antigen), and the other a user-
controlled signal (i.e., small molecule)—would be
broadly useful for engineering safe cellular ther-
apeutic agents of any kind.

One can imagine highly complex regulatory
mechanisms involving precise conformational al-
lostery that could yield a signaling receptor that
functions as a Boolean AND gate. However, very
often, controls that have evolved in living systems
use simpler strategies such as controlled assembly:
An active molecular system can be split into multi-
ple parts, such that it is dependent on multiple
inputs that promote assembly of the intact mo-
lecular system (21). Thus, we focused on construct-
ing split synthetic receptor systems in which the
assembly of an activated complex was dependent
on both binding of a small molecule and antigen
engagement (Fig. 1C). The concept of splitting key
components from the CAR is itself inspired by the
natural process of T cell activation, which nor-
mally requires the coengagement of the T cell recep-
tor (by peptide-major histocompatibility complex)
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