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Introduction

Adoptive transfer of T cells (ACT) that are genetically engineered to express a chimeric
antigen receptor (CAR) specific for a cell surface molecule, or a native T cell receptor
(TCR) that recognizes peptide/MHC complexes can be effective in refractory malignancies
and hold promise in many cancers[1-6]. ACT for solid tumors can be challenging because
many target antigens are expressed on normal tissues, leading to a risk of on target off
tumor toxicity[7-10]. Furthermore, efficacy can be compromised because some tumor
cells may lack antigen expression and escape recognition[11-14], or T cells may become
dysfunctional due to chronic antigen stimulation in the tumor microenvironment[15-18].
Natural signaling pathways in T cells integrate numerous inputs that dictate the functional
response suggesting that synthetic controls that mirror how T cells integrate signals might
better regulate effector functions for safety and efficacy[19,20]. An early cell engineering
approach attempted to improve safety by limiting on target, off tumor recognition using
split chimeric receptors linked to binding domains specific for different tumor antigens. Co-
expressing a suboptimal CAR specific for one tumor antigen with a chimeric costimulatory
receptor specific for a second tumor antigen limited full T cell activation to encounters
with target cells that expressed both antigens[21]. An alternative approach co-expressed an
inhibitory CAR specific for a molecule on normal cells, thereby abrogating signaling if
the normal cell also expressed the target of the activating CAR[22]. These studies served
as proof of principle that T cell recognition could be tuned by integrating multiple inputs
but were not evaluated in rigorous models or developed clinically. Recent advances have
enabled the application of more complex “AND”, “OR” and “NOT” logic gates in T cells
that can act in a cell intrinsic or extrinsic fashion to precisely regulate effector functions
and overcome barriers in ACT (Table 1). The focus of this review will be to discuss these
developments and their promise for controlling therapeutic T cells.
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Multi-specific and universal chimeric receptors to overcome tumor antigen

loss

Engineering T cells to recognize a single molecule on B cell malignancies can lead to

the outgrowth of antigen-negative tumor cells that escape recognition[11,12,14]. Surface
antigen expression on solid tumors can be heterogeneous, and outgrowth of antigen-negative
variants has been observed with CAR and TCR engineered T cells[23-26]. Targeting
multiple antigens with a TCR engineered product is challenging due to the potential for
mispairing of TCR chains and competition for signaling molecules if more than one TCR

is expressed[27,28]. Unlike TCRs, multi-specific CAR T cells that target two or more
antigens can be readily developed. Multiple binding moieties separated by flexible linkers
can be incorporated in a single tandem receptor, different CAR transgenes can be encoded
in a multi-cistronic vector, or CAR T cells recognizing a single Ag can be engineered to
secrete bi-specific T cell engagers that bind to alternative Ag(s) and activate T cells by
binding to CD3[29-34]. It is necessary to optimize the stoichiometry of a tandem receptor
to efficiently recognize more than one target molecule on the tumor and vector size can
reduce gene delivery efficiency. Despite these limitations, such “OR” gated CAR T cells are
being evaluated for B cell malignancies to determine whether depth and durability of tumor
elimination can be improved[35].

Targeting multiple antigens with a single engineered T cell has also been accomplished
using universal receptors. Targeting ligands such as scFvs or antibodies that bind to

tumor cells form a bridge to T cells expressing a receptor capable of binding the
ligand[36]. This was first described using a biotin-binding immune receptor consisting

of dimeric avidin linked via a transmembrane domain to 4-1BB and CD3( signaling
domains in T cells, enabling recognition of tumor cell antigens bound with biotinylated
antibodies[37,38]. Numerous universal receptors were designed to overcome limitations
of the avidin-biotin system, including expression of a high-affinity CD16 4-1BB/CD3(
chimeric receptor that binds Fc fragments and redirects T cell specificity to target cells
bound by monoclonal antibodies[39]; grafting a neoepitope (PNE, FITC or E5B9) onto
tumor targeting monoclonal antibodies that can be recognized by a CAR designed with a
PNE, FITC or E5B9 specific scFv respectively[40-43]; and the Spycatcher/Spytag system
to redirect T cells to tumor cells[44]. An elegant universal strategy for gating of T cell
recognition uses a two-component receptor system designed by linking a leucine zipper
extracellular domain to an intracellular signaling domain expressed in T cells (zipCAR) and
one or more tumor-targeting scFv adaptors (zipFv) constructed by fusing a cognate leucine
zipper and an scFVv[45]. This approach can respond to multiple antigens and could tune

T cell activation strength by titrating administration of scFv adaptors to mitigate toxicity.
Universal receptors provide modular platforms capable of ‘OR’ and possibly ‘AND’ gated
recognition of multiple antigens with a single CAR T cell product and are well suited

for clinical applications in hematologic malignancies to combat antigen loss[46]. These
approaches have the potential to reduce toxicity but the immunogenicity of some universal
CAR approaches may limit T cell persistence. Multi-specific targeting and universal CAR
approaches have already advanced to the clinic and safety and efficacy data is eagerly
awaited.
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Complex cell extrinsic logic gating of T cell recognition using protein

switches

A novel extension of the universal CAR approach uses fully synthetic protein switches
compatible with CAR recognition and capable of complex ‘OR’, ‘AND’, and ‘NOT’ logic
operations. This system uses colocalization-dependent orthogonal proteins (Co-LOCKR)
composed of a structural “Cage” protein with a “Latch” domain that holds a functional
peptide in an inactive conformation until binding of a separate “Key” protein. Key binding
induces a conformational change exposing the peptide for recognition by a universal CAR
[47]. For CAR T cells, Co-LOCKR switches were designed with a caged Bim peptide,
which when exposed, can be recognized by T cells expressing a CAR designed with a Bcl-2
ectodomain linked to CD28/CD3( signaling domains. Cage and Key proteins target cell
surface antigens using scFv or DARPIn recognition domains and T cells are only activated
when Cage and Key are colocalized at the cell surface by binding domains attached to

each Co-LOCKR component (Fig. 1). Using binders specific for Her2, EpCAM and EGFR,
Co-LOCKR targeting could direct ‘AND’ and ‘OR’ gated T cell recognition of tumor cell
lines expressing various constellations of these antigens, and ‘NOT’ logic was achieved with
a Decoy Key linked to EGFR that had a higher affinity for the Cage[47]. Thus, Co-LOCKR
could integrate multiple inputs to instruct T cell specificity in a fashion not yet achieved with
other approaches. This technology has similar limitations to other universal CARs including
immunogenicity of component molecules, the need to optimize synapse formation between
T cell and target cell, and determine appropriate pharmacokinetics for /in vivo applications.
Translation to the clinic of this cell extrinsic strategy requires further development but is
certainly an intriguing approach to provide adaptability and safety in tumor targeting.

Cell intrinsic regulation with SynNotch receptors

An alternative to protein switches is to regulate T cell specificity with chimeric synthetic
Notch (SynNotch) receptors. All cells respond to environmental cues through cell surface
receptors that determine transcriptional and functional responses. Engagement of the
extracellular domain of Notch by cellular ligands results in cleavage of the receptor in

its transmembrane domain and release of the intracellular domain that directs transcription
of Notch regulated genes, making it ideal for generating synthetic signaling circuits in

T cells[48]. The Notch pathway could be altered by either replacing the extracellular
recognition domain or the cleaved intracellular domain[49]. Based on this, the Lim lab
generated diverse chimeric SynNotch receptors that retain the cleavage domain, but replaces
the extracellular domain with a recognition domain specific for a cell surface antigen, and
the intracellular domain with a transcription factor that is released upon ligand binding

and enters the nucleus to initiate transcription of an introduced transgene[50]. In principle,
a SynNotch receptor can release any user-defined transcription factor, linking antigen
recognition with a distinct transcriptional program that controls the cell’s response (Fig.

2). Applications of SynNotch receptors include regulating the expression of a CAR specific
for a second antigen using a Gal4VP64 transcription factor to drive CAR expression. In
this way, T cell effector function depends on recognizing two antigens, thereby limiting

off tumor toxicity. This was demonstrated by engineering T cells to express a SynNotch
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receptor specific for a cell surface GFP antigen and a CD19 4-1BB/C CAR transgene under
control of Gal4VP64. In NSG mice implanted in separate flanks with K562 cells expressing
both surface GFP and CD19, and with K562 cells expressing only CD19, these T cells
controlled the growth of the tumor expressing both GFP and CD19, but not the tumor
expressing only CD19[51].

While expression of a CAR in series with a Notch receptor can impose a two-antigen
requirement, this is not a strict ‘AND’ condition. Both antigens need not be present on

the same cell since the engagement of the SynNotch receptor can drive expression of the
CAR through interaction with one cell, and then target the same or a different cell that
expresses the CAR target. Rather than ‘AND’ gating, SynNotch applies ‘If-then’ logic and a
consequence is less stringent control of CAR-mediated killing of normal tissue, particularly
since once expressed, the CAR has a half-life of 8 hours[51]. This is a limitation when tumor
cells are near normal cells that express the CAR target. Indeed, this design of SynNotch

did not prevent toxicity to normal cells when the tumor cells were adjacent to normal cells
expressing the same CAR antigen[10].

Despite this limitation, combinatorial logic achieved with SynNotch circuits can increase
the types of tumors targeted using CAR T cell therapies. Single antigens cannot distinguish
many solid tumors from healthy tissues and including a second or third antigen requirement
significantly improves the discriminatory power of T cells[52]. Furthermore, targeting a
single antigen can fail to clear tumors with heterogenous antigen expression. An example of
both challenges is seen in T cell therapy of glioblastoma. Mutant EGFRVIII on glioblastoma
is tumor-specific but heterogeneously expressed, while other targets, including ephrin type-
A receptor 2 (EphA2) and interleukin 13 receptor a2 (IL13Ra2), are more homogenous but
also expressed in normal cells. Choe and colleagues demonstrated that a SynNotch receptor
that recognizes the tumor-specific antigen EGFRvIII and induces expression of a tandem
CAR specific for EphA2 or IL13Ra2 can improve targeting. SynNotch T cells controlled
growth of implanted tumors with heterogenous EGFRVIII expression better than T cells
constitutively expressing either an EGFRvIII CAR or the tandem EphA2 IL12Ra2 CAR[53].
SynNotch can also function in parallel for more complex circuits, where the activation of the
first receptor leads to the expression of a second SynNotch receptor that controls the desired
cell function[54].

In addition to precise tumor targeting, intermittent expression of a CAR driven by a
SynNotch circuit may improve T cell function by preventing the development of T cell
exhaustion due to tonic activation of a constitutively expressed CAR[55]. Thus, SynNotch
can add stringency to T cell recognition, potentially expanding the types of tumors treatable
with CAR T cells and improving T cell function by restricting CAR expression. Still, the
logic imposed through SynNotch has limitations, including on-target off-tumor targeting of
nearby healthy tissue and the use of foreign transcription factors. Continued engineering

of SynNotch circuits is likely to resolve these limitations, making this a promising logic
gated approach for next generation T cell therapies. It is anticipated that clinical trials to test
SynNotch logic gating will soon be initiated.
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Logic gating using small molecules

The administration of small molecule drugs to provide temporal, spatial and/or qualitative
control of T cell activity may mitigate severe toxicities of T cell therapy such as graft
versus host disease (GVHD), cytokine release syndrome (CRS) and immune effector cell-
associated neurotoxicity syndrome (ICANS), and improve T cell function. An early iteration
of this was developed to control GVHD after adoptive cell transfer of donor lymphocytes

to treat patients relapsing with EBV-induced lymphoma following allogenic bone marrow
transplantation. Donor lymphocytes were genetically modified to express herpes simplex
virus thymidine kinase and were effectively eliminated by administration of ganciclovir in
patients developing severe GVHD[56]. Small molecule regulation can be applied to TCR
and CAR based cell therapies such that activation requires both an autonomous input (i.e.
antigen recognition) and a user-controlled input (i.e. small molecule ), providing broad
control over T cell function (Fig. 3). This approach was initially conceived to reduce CRS
and ICANS directly related to CAR T cell activation and to limit on-target off-tumor
recognition. An inducible active domain of caspase 9 fused to a mutated drug-binding
domain of FBKP protein was shown to rapidly and efficiently trigger cell-death following
administration of the dimerizing agent AP1903[57-59]. Truncated EGFR (tEGFR), CD20
sequences or a myc-tag were included in TCR and CAR designs to permit antibody-
mediated cellular depletion following administration of respective antibodies[60-65]. These
strategies can be engineered to be somewhat tunable, but eliminate CAR T cells irreversibly
and abrogate any anti-tumor effects of the therapy[66].

More recently, this strategy was employed to control the strength and duration of activation
and preserve T cell anti-tumor functions. Wu et al redesigned the CAR construct as two
membrane anchored subunits that spatially separated the antigen recognition domain from
the CD3( signaling domain and required a small molecule to dimerize these components
into a functional receptor (“ON-switch” CARs).[67] The CAR disassembled in the absence
of the dimerizing agent but rapidly reassembled after administration of the rapamycin
analog AP21967. This system recapitulated an ‘AND’ gate requiring both the presence

of the targeted antigen and the small molecule to confer T cells with anti-tumor activity.
Interestingly, T cell functions were tunable and could be titrated depending on the
small-molecule concentration. Additional versatility of the ON-switch CAR design was
demonstrated by redirecting recognition of a second tumor antigen using a soluble scFv that
also contained an FKBP12 domain and was pre-loaded with rapamycin (termed “plug-in”)
[68]. The plug-in molecule dimerized the membrane-anchored CAR moiety containing the
signaling domains with the soluble scFv, thereby inducing T cell activation. Therefore,

in addition to improving safety, small molecule administration could prevent tumor escape/
relapse mediated by antigen loss. Small molecule dimerization of receptors has also been
used as a rheostat to regulate the number of receptors that are activated, potentially limiting
on target off tumor toxicity[69]. In this approach, two low-affinity CARs specific for

two distinct antigens require heterodimerization for T cell activation, thereby restricting
recognition of two tumor antigens by administration of a small molecule. This approach
increases specificity for the tumor cells over healthy tissues and improves safety of CAR T
cell therapy.
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A recent study described an “ON-switch” strategy applicable to both CAR and TCR
transgenic T cells. In order to create a universal strategy, the signaling cascade common

to both TCRs and CARs relying on phosphorylation of ITAM domains and recruitement
of Zap70 via its SH2 domains following antigen triggering was targeted. This approach
regulates T cell activation by expression of a chimeric protein consisting of a fusion of the
SH2 domains of Zap70 for binding to CD3( and the inhibitory tail of the PD-1 receptor to
inhibit TCR functions, linked to an HCV protease and a degron sequence (SMASh-tag). In
the absence of a protease inhibitor, the HCV protease cleaves a linker between the SMASh
tag and the inhibitory domains preventing protein degradation and therefore the Zap70-PD-1
protein is recruited to the CAR or TCR and inhibits T cell functions. Administration of

an HCV protease inhibitor leads to degradation of the fusion protein and restores T cell
function in a reversible and titrable mannercite,

There are limitations to ON-switch CARs and TCRs. The small molecule needs to be
provided at a sufficient level and duration /7 vivo to maintain CAR expression and anti-
tumor functions. Dosing will depend on the half-life and the biodistribution of the various
dimerizing compounds. The development of synthetic bio-inert candidates with optimized
pharmacokinetics as alternatives to rapalog and rapamycin are also needed to avoid the
immunosuppressive effects of these agents.

CAR expression can alternatively be negatively regulated using small molecules to induce
receptor degradation rather than assembly. One approach capitalizes on the description of
a ligand induced degradation domain (L1D) where a cryptic degron is incorporated into

a mutated variant of FKBP12[70,71]. This mutant possesses a secondary structure that
allows for high affinity and specific binding of an engineered ligand named Shield-1. LID
was fused to the C-terminal end of the CAR construct and addition of Shield-1 induced
exposure of the degradation domain and subsequent proteasomal degradation of the CAR.
CAR expression and T cell functions were linearly proportional to Shield-1 concentration.
Some toxicities following CAR T cell infusion could be controlled in mouse models

with this approach, however maximum reduction of CAR expression following Shield-1
administration and recovery of CAR expression after drug washout were both achieved after
24h suggesting this system might be insufficient to control severe acute toxicities.

Transient inhibition of TCR or CAR signaling or CAR expression might counter T cell
exhaustion in solid tumor models. The concept of providing periods of rest from T cell
signaling to preserve function or prevent toxicities was suggested by studies using the
tyrosine kinase inhibitor dasatinib, which rapidly and reversibly inhibits Lck and Zap70[72—
74].

Activation of CAR T cells could be selectively regulated by fusing a degradation domain
(DD) to the N terminus of the CAR leading to constant degradation of the receptor,

unless Shield-1 was provided to inhibit degradation and restore CAR expression[75]. This
approach could prevent signaling during generation of T cells engineered with a tonically
signaling CAR that drives T cell dysfunction in the absence of ligand binding, preserving
T cell function and preventing the epigenetic changes that occur with T cell exhaustion.
These studies provide compelling proof of principle that small molecule control of T cell
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function and CAR expression can improve the therapeutic window in a variety of clinical
applications. The efficacy and safety of these approaches require well designed clinical trials
that assess safety, biologic and clinical endpoints.

Conclusions

The success of genetically modified T cells in cancer therapy has provided unprecedented
opportunities for novel approaches to regulate cell specificity and function using synthetic
biology. To succeed, these efforts to improve on biology should be grounded in a
fundamental understanding of positive and negative signaling pathways in T cells, synapse
formation, and T cell differentiation states[76—79]. This is a challenging endeavor and the
lack of a complete understanding of cell signaling networks and animal models that fully
recapitulate the barriers in human tumor therapy to test logic gated recognition approaches
remain significant barriers. However, with future advances, the field of synthetic biology
holds promise for improving the safety and specificity of immunotherapy.
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HIGHLIGHTS

. Synthetic antigen receptors that mimic T cell signaling can redirect T cells to
target tumors.

. Achieving selective and complete recognition of tumor cells with T cells can
be challenging.

. Synthetic receptors with cell extrinsic or instrinsic controls provide logic to
cell recognition.

. Customized receptors can precisely instruct T cell function, improve safety

and overcome antigen escape.
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Figure 1. Components and logic-gating operations of the Co-LOCKR system.
A) Schematic of the Cage protein. The Cage protein is composed of a targeting domain

(either an scFv or a DARPInN) linked to a LOCKR molecule designed using Rosetta[80,81].
Co-LOCKR is monomeric and less prone to aggregation because of shorter helices and
improved hydrophobic packing. The Cage contains a Latch that sequesters a Bim peptide.
B) Schematic of the Key protein. The Key protein is composed of a targeting domain (scfv
or DARPIn) and a binding domain specific to the Co-LOCKR protein. The key binds to

the same region than the Latch on the Co-LOCKR molecule but with higher affinity and
therefore outcompetes the Latch while both the Cage and the Key are co-localized at the
surface of a target cell. C) Schematic of the Decoy protein. The Decoy protein is an affinity
tuned Cage that doesn’t sequester Bim and has a stronger affinity for the Key than the
Cage molecule that sequesters Bim, thereby preventing the Key from exposing Bim. D)
Schematic of the Bcl-2 CAR construct that recognizes Bim. E: Co-LOCKR reagents and
Bcl-2 CAR T cells perform AND, AND_OR and AND_NOT logic-gating operations and
tumor cells or healthy tissue. AND operation: The Cage and Key proteins bind to their target
antigens at the surface of the tumor cell, the Key then outcompetes the Latch exposing Bim
for recognition by CAR T cells. AND_OR operations: Two Keys specific for 2 antigens
can independently induce activation of the CAR T cells. AND_NOT operation: The Decoy
protein binds to its target antigen and sequesters the Key thus preventing Bim exposure and
Bcl-2 CAR T cells activation.

Tumor cell

Healthy tissue
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Figure 2. Logic gating using SynNotch receptors.
A) Endogenous Notch signaling: The Notch receptor is activated by the binding of its

extracellular domain to delta family ligands on the surface of interacting cells. Physical
binding results in cleavage and release of the Notch receptor’s intracellular domain, which
is then free to translocate to the nucleus where it can activate transcription of target genes.
B) SynNotch-CAR circuit: The endogenous Notch receptor can be altered to recognize
antigen with a single chain variable fragment (scFV) allowing for user-defined targeting of
binding. The intracellular domain of Notch is replaced with a Gal4 DNA binding domain.

A chimeric antigen receptor under the control of a Gal4 is then expressed only when the
SynNotch receptor binds its antigen (*A’). This serial expression imposes a two-antigen
restriction on T cell activation. First the SynNotch receptor must bind ‘A’ in order to express
an anti-’B’ CAR, then the CAR must bind antigen ‘B’ in order to activate the T cell. The
cell must interact in both A and B to activate. Further inputs can be added by altering

the antigen targeting of the downstream CAR. A tandem CAR activated by SynNotch can
provide ‘OR’ logic gated T cell recognition of either antigen C or D. C) SynNotch in

Series: The SynNotch system can be used to direct T cell function and do so under multiple-
antigen restriction. Expression of two SynNotch receptors in series imposes a two-antigen
requirement on the expression of a particular transcriptional program. Recognition of the
primary SynNotch receptor’s cognate antigen, ‘A,’ leads to transcription factor cleavage and
expression of a secondary SynNotch receptor targeting ‘B.” Binding of B results in cleavage
of a second transcription factor which can control expression of a diverse array of genes that
impact T cell function, including expression of transcription factors, therapeutic antibodies,

cytokines or CARs.
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Figure 3. Desired features of small molecule regulation of T cell functions.
A) Reversible: regulation dependent on small molecule administration should be reversible

and alternate between ON and OFF states based on administration/privation cycles. B)
Tunable: amplitude of T cell functions should correlate to the concentration of the small
compound. C) Specificity: the small molecule should be specifc for its target on T cells.
D) Bio-inert and non-immunogenic: ensures tolerability and repeated administration. E)
Rapid and sensitive: the small molecule should rapidly diffuse after infusion and be highly
sensitive for its target. F) Defined pharmacokinetics: to guide a desired effect, for example
a long half-life is preferred for a prolonged period of active regulation and a short half-life
when rapid and dynamic regulation is preferred.
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Table 1.

Applications of synthetic biology to improve adoptive T cell therapy.
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Challenge

Solutions

Antigen loss or heterogeneity

Multi-specific, universal and ‘OR’ gated receptors that specify constellations of antigens that can be
recognized

Normal tissue expression

‘AND’ and ‘NOT’ gated cell extrinsic or intrinsic controls

Toxicity due to T cell activation

Tune recognition with user controlled small molecule controls

T cell dysfunction

Imposing intermittent rest to receptor signaling through small molecule control or regulated receptor
expression
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