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Abstract

Cell-based immunotherapies, such as T cells engineered with chimeric antigen receptors (CARs),
have the potential to cure patients of disease otherwise refractory to conventional treatments.
Early-on-treatment and long-term durability of patient responses depend critically on the ability to
control the potency of adoptively transferred T cells, as overactivation can lead to complications like
cytokine release syndrome, and immunosuppression can result in ineffective responses to therapy.
Drugs or biologics (e.g., cytokines) that modulate immune activity are limited by mass transport
barriers that reduce the local effective drug concentration, and lack site or target cell specificity that
results in toxicity. Emerging technologies that enable site-targeted, remote control of key T cell
functions — including proliferation, antigen-sensing, and target-cell killing — have the potential to
increase treatment precision and safety profile. These technologies are broadly applicable to other
immune cells to expand immune cell therapies across many cancers and diseases. In this review, we
highlight the opportunities, challenges and the current state-of-the-art for remote control of

synthetic immunity.
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Introduction

Genetically reprogrammed immune cells have
led to tremendous clinical success. T cells, natural
killer (NK) cells and monocytes have been engineered
to target tumors, eliminate infectious pathogens, and
promote tissue regeneration [1, 2]. Adoptive transfer
of engineered T cells bearing chimeric antigen
receptors (CARs) that redirect T cell cytotoxicity
toward cancer cells, for instance, has shown
remarkable efficacy in treating B cell malignancies [3].
This success has inspired the use of immune cell
therapies in other clinical settings, where some have
even emerged as viable treatments for autoimmune
disorders such as allergy and lupus [4, 5]. In treating
solid tumors, however, several challenges remain in
achieving an effective antitumor response. These

include lack of unique and targetable tumor antigens,
low persistence and durability of engineered cells,
inefficient trafficking and infiltration of cytotoxic T
cells into the tumor microenvironment, and
immunosuppression by the tumor microenvironment.
Biologics designed to enhance T cell activity (e.g.,
IL-2) or block inhibitory signals (e.g., aPD-1) affect
both adoptively transferred and endogenous cell
populations, which can result in systemic toxicities
including off-target cell killing. Additional challenges
persist in mitigating adverse effects associated with
strong anti-tumor responses, including cytokine
release syndrome, neurologic toxicity, “on-target,
off-tumor” killing, and anaphylaxis [6].
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Advances in synthetic biology are enabling
powerful new approaches to modulate immunity to
increase the precision of synthetic immune cell
therapies by remote and noninvasive control. Living
cells use diverse biological mechanisms to sense,
process, and respond to their dynamic surroundings.
These biological components - such as ligands,
receptors, and signaling pathways - can be rewired
into complex biocircuitry to sense-and-respond to
multiple inputs, including externally applied stimuli,
based on logical computation [7, 8]. Therefore,
immune cell therapies that are genetically engineered
with remote controlled circuits allow for the
noninvasive and  site-directed activation of
therapeutic programs capable of tuning the potency,
specificity, and safety of engineered immune
responses. This review highlights emerging strategies
for engineered immune cell therapies that are
controlled by exogenous inputs - from light, heat, and
biophysical cues - and endogenous inputs local to the
disease microenvironment, such as dysregulated
protease activity, for synthetic immunity. The focus
will be on adoptive T cell therapies, but the
technologies described have broad applications for
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control of macrophages, NK cells and other immune
cells to potentially increase the precision and safety of
therapeutic interventions against different diseases
(Figure 1).

Synthetic Gene Switches for Remote
Control of Mammalian Cells

Adoptively transferred T cells interact with
cellular and microenvironmental signals at distinct
anatomical sites throughout the body during a
successful antitumor response. Prior to autologous T
cell transfer, patients undergo lymphodepletion to
remove recipient T regulatory cells in the periphery
and improve engraftment of adoptively transferred
cells in the marrow [9]. To proliferate and prolong the
persistence of circulating T cells, patients receive
infusions of cytokines (e.g. IL-2) and/or professional
antigen presenting cells (APCs) such as dendritic cells
(DCs) loaded with tumor antigens that provide
positive stimulatory signals. APC activation occurs
within tumors in tertiary lymphoid centers, as well as
in secondary lymphoid organs such as tumor draining
lymph nodes. Neoantigens that are released by dying
tumor cells are loaded by APCs to expand
the endogenous T cell response via classical
binding of T cell receptors (TCRs) to
peptide-MHC complexes and engagement
of CD28 receptor to B7 (CD80/86)
molecules expressed on the surface of
APCs that trigger costimulatory signals
[10]. Although CARs are not restricted to
antigen recognition on peptide-MHC
complexes, strategies developed to prime
CART cells in vivo demonstrated enhanced
antitumor function [11-13]. Once they reach
tumor sites, engineered T cells experience

an immunosuppressive tumor
microenvironment,  including  tumor
associated macrophages, T regs and

myeloid derived suppressor cells (MDSCs),
and immune checkpoint inhibition through
the PD-1 and CTLA-4 pathways that
represent significant barriers to effective
anti-tumor responses. These major steps
along the tumor immunity cycle occur at
distinct anatomical sites and therefore,
represent unique opportunities  for
site-specific remote modulation of immune
cell therapies (Figure 2). The following
sections will review different approaches
for remote control of cell activity and how

Figure 1. Remote control of immune cell activity. (Top) The isolation of autologous T
cells enables ex vivo reprogramming and expansion of antitumor T cells for adoptive cell therapy.
The magnitude of the immune response (i.e. output) can be titrated by varying the location,
duration, and intensity of the remote-controlled trigger input. (Bottom) Remote triggers
initiate the activation of a synthetic gene circuit to modulate programmed functions.

these strategies synergize with engineered
T cell therapies to augment synthetic
immunity.
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Figure 2. An effective antitumor response requires unique interactions of T cells in different immunological sites. Produced in the bone marrow, T
cells move to the thymus where they mature and differentiate into various subtypes before trafficking to secondary lymphoid organs for priming by DCs. T cells
subsequently enter circulation and transport to diseased sites expressing cognate antigens, where they must overcome immunosuppressive signals to effectively clear

malignant cells.

Small molecule-based triggers

The ability to remotely control the activity of
engineered immune cells after adoptive transfer has
numerous applications [14-16]. During tissue repair,
for instance, distinct patterns of cytokine and
transcription factor expression are associated with T
reg modulation of neutrophil clearance [17],
macrophage polarization [18], and regulation of
helper T cells [19]. Epigenetic landscapes and
chromatin structures have also been linked to T cell
exhaustion, memory, and effector phenotypes [16]. Of
note, others have described a stem-like CD8 T cell
population that is characterized by low checkpoint
molecule expression, high expression of costimulatory
molecule CD28 and high expression of transcription
factor TCF1 [20-22]. Within tumors, these stem-like
CD8 T cells support the antitumor T cell response by
maintaining the ability to proliferate while
simultaneously giving rise to effector cells [22]. These
examples highlight opportunities to modulate
immunity by reprogramming T cell function.
However, it is important to develop strategies that
enable careful management and dynamic control of
engineered cell programs. This section will explore
the use of small molecules as triggers for control of
synthetic immune responses [23, 24].

Small molecules are low molecular weight
organic compounds that can regulate biological

processes through a variety of mechanisms (Figure 3).
Those engineered to modulate the activity of surface
proteins, such as ion channels or TCRs, have been
used to control downstream signaling pathways [25,
26]. For example, Wong and Wong engineered
ZAP70, a cytoplasmic tyrosine kinase that is naturally
recruited to the intracellular domain of TCRs
following stimulation, to be sensitive to small
molecule regulation [27]. Upon administration of the
small molecule 4-hydroxy-tamoxifen (4-OHT) or
3-MB-PP1, the synthetic ZAP70 protein was either
recruited to the TCR to initiate downstream signaling
or inhibited from transmitting signals in a dose
dependent manner. Small molecules can also be used
to dimerize protein fragments that are otherwise
nonfunctional. One of the most widely used dimerizer
pairs is the FK506 binding proteins (FKBP) and FKBP
rapamycin binding (FRB) domain of mTOR where the
small molecule rapamycin induces dimerization of
FKBP and FRB [28]. These dimerizers have been used
to functionalize split Cre recombinase [29], initiate
signaling cascade to induce gene activation [30], and
promote oligomerization of multi-ordered proteins
[31]. Zetsche and colleagues also designed a split Cas
protein for conditional control of genome editing and
transcriptional modulation with rapamycin [32].
Leveraging the versatility of CRISPR-Cas tools is
particularly useful in applications that require control
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over multiple genes (e.g. cytokines and checkpoint
molecules) or manipulation of epigenetic landscapes
(e.g. T cell exhaustion or effector phenotypes) to alter
immune cell function [33, 34]. However, at high doses,
the side effects of small molecules, such as the
immunosuppressive activity of rapamycin [35], may
limit potential use for immune cell therapies. As such,
alternate or synthetic small molecules are actively
being explored [36-38].

Developed in 1992 and inspired by the
Tnl10-encoded tetracycline-resistant operon of E. coli
[39], the Tet-On/Tet-Off system provides another
approach for controlling transcriptional activity. In
the original Tet-On system, administration of the
small molecule tetracycline inhibits binding of the
tetracycline repressor protein (tetR) to DNA-binding
motifs known as tetracycline operators (tetO) found
within  tetracycline-responsive  promoters. This
interaction relieves the suppressive activity of TetR
and allows for transgene expression. Tet-regulated
control of IL-12 expression in cancer-specific T cells
enhanced antitumor immunity in a murine model of
melanoma without the side effects associated with
systemic administration or expression by a constitu-
tive promoter [40]. Several groups have also
demonstrated that the conditional expression of CARs
using the Tet-On system mitigates adverse effects
associated with constitutive expression [41, 42], as
well as T cell exhaustion associated with tonic
signaling via the chimeric antigen receptor [43]. To
improve in vivo efficacy, transcriptional regulators of

lon Channels Regulators

the Tet system (e.g. rtTA) have been optimized to
increase sensitivity to tetracycline, reducing the
potential for drug-associated side effects and
expanding control to tissues characterized by poor
drug delivery profiles [44]. Direct interaction with
genomic DNA using small molecules also enables
control of transcriptional activity [45-48]. Distamycin
A and hedamycin, which are minor groove-binding
intercalating ligands, can non-specifically bind to
TATA boxes and G/C rich regions respectively to
downregulate transcription of downstream genes
[46]. On the other hand, heterocycles comprised of
imidazole, pyyrole, and hydroxypyyrole, may
function as transcription factors that selectively bind
to target DNA sequences with affinities and
specificities comparable to DNA-binding proteins
[47].

As engineered T cell therapies become more
prevalent across the clinic, associated life-threatening
toxicities, such as cytokine release syndrome (CRS),
neurologic toxicity, and “on-target/off-tumor”
recognition [6, 49], underscore the need to develop
strategies to rapidly attenuate responses should the
need arise. In the event of CRS, for instance,
symptoms can arise within minutes after infusion. In
one example, a cancer patient treated with
anti-HER2/neu CAR T cells experienced symptoms of
respiratory distress as early as 15 minutes after
infusion, and quickly developed severe CRS that led
to multi-organ failure and death [50]. The rapid
timescales with which these symptoms can manifest
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Figure 3. Mechanisms of action for small molecule triggers. (Top Left) lon channel activity may be gated by small molecules to regulate signaling pathways
(Top Right) Small molecules can also be engineered as dimerizers to control the functional state of proteins (Bottom) Small molecules can effectively sequester
transcription factors through a steric hindrance mechanism to regulate transcriptional activity.
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highlight the need to integrate tight control over when
engineered cells are active. One approach is to
engineer a permanent OFF, or “kill”, switch within
CART cells using a 4-OHT inducible Cre recombinase
(MerCreMer) [51]. In this system, the Cre recombinase
is fused to two mouse estrogen receptor (Mer)
subunits. In the absence of 4-OHT, the binding of the
Mer subunits to HSP90 sequesters the Cre
recombinase in the cytosol. Upon administration of
the small molecule trigger 4-OHT, HSP90 is displaced
and Cre translocates into the nucleus where it acts on
two genetic loxP sites to permanently excise, invert, or
translocate a genetic element [52, 53]. Alternatively,
CAR expression can be conditionally activated using
small molecules. Such a switch allows for titratable
control of CAR expression, and complete inactivation
with the removal of the drug stimulus [54].

The diversity of distinct small molecule
compounds and the ease of their delivery by injection,
ingestion [55], or inhalation [56], highlight the
potential of using chemical triggers to control
immune cell function. Recent demonstrations include
the activation of TLR signaling pathways [57],
modulation of CAR T cell function [54, 58], and
reversal of T cell exhaustion [59]. A drawback of
small-molecule control is that they are administered
systemically, which limits applications where local
control of immune responses is critical, especially for
mitigating off-target toxicities that have hindered the
success of many immunotherapies [60, 61]. Delivery
can also be challenging to target to disease sites, such
as to malignancies in the brain, or to tumors with
significant extracellular matrix (e.g., pancreatic
adenocarcinomas) [62] due to mass transport barriers.
The next sections will discuss light- and heat-based
systems that can be used to locally target engineered
cells to improve spatial control of immunity.

Light-based gene switches

The use of light as a remote trigger provides
local control of engineered cell activity. Already,
examples of light-triggered systems for macrophage
[63], T cell [63-66], and DC activation [63], as well as
CAR expression [67] demonstrate the potential for
applications in synthetic immunity. For example, He
et al. showed reversible, light-dependent control of
Ca?* influx in multiple immune cells [63]. T cell
stimulation through the TCR in the presence of
costimulatory signals results in an intracellular
calcium increase and subsequent activation of the
nuclear factor of activated T cells (NFAT) signaling
pathway. The NFAT family of transcription factors
are calcium-dependent regulators of T cell activation,
differentiation, and development [68]. Engineered
control of NFAT regulation is a promising approach

for immunomodulation of T cells. Optical regulation
of Ca?* signaling coupled with the addition of phorbol
12-myristate 13-acetate (PMA) to mimic costimulatory
signals, led to T cell activation upon light stimulation
as evidenced by increases in IL-2 and IFN-y
production [63]. Alternatively, the NFAT pathway
can be used to regulate transgene expression using
NFAT promoters. Control of immunomodulatory
genes (e.g., IL-2, IL-15, TNF-a) using these promoters
allows for light-mediated control of T cell activity for
enhanced antitumor efficacy [66]. In another
approach, Allen and  colleagues  utilized
photosensitive dimerizers to confine CAR expression
to cells illuminated by light [67], highlighting a
strategy to potentially mitigate off-tumor activation of
CAR-mediated toxicity. The creation of light-based
switches such as these is made possible by photo-
sensory proteins or domains, such as melanopsin and
CRY2, that undergo conformational changes upon
light stimulation [69, 70]. The focus of this section is
on the application of these light responsive units for
the remote modulation of immune cells.

Opsins, light-gated G-protein coupled receptors
naturally found in animals, can be repurposed to
initiate genetic programs upon exposure to light.
Melanopsin, for instance, has been integrated into
primary human T cells to induce localized production
of cytokines IL-2, IL-15, and TNF-a to promote T cell
mediated killing of solid tumors in response to blue
light (A = ~450-480 nm) [66]. Rhodopsin, on the other
hand, has been reengineered for optical control of
chemokine signaling to direct T cells to recruit T cells
to tumor sites upon illumination with green light (A =
~480-500 nm) [71]. However, the penetration depth of
blue light is limited by tissue scattering and
absorption; as such, groups have developed red light
enabled genetic toggles to achieve deeper penetration.
Similar to melanopsin, the red-light sensitive channel
BphG1-5ir1143 (BphS) has been employed to produce
cyclic di-GMP for downstream signaling [72].
Nonetheless, penetration of light from lasers or
intense pulsed light (IPL) devices remain limited to
superficial targets located within the dermis, a
penetration depth of only several millimeters for red
light [73]. To improve local access, light emitting
diodes (LEDs) can be implanted directly at the desired
site of control. Folcher et al. generated a system in
which a subcutaneously implanted, wireless light was
powered through a mind-controlled induction coil to
activate transgene expression of mammalian cells in
mice [74]. He et al. boosted the penetration depth of
light activated systems wusing lanthanide-doped
upconverting nanoparticles, which convert a
penetrative wavelength (i.e. near infrared or NIR) to a
stimulating wavelength (i.e. blue light), to initiate DC
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mediated activation of CD8+ T cells [63]. These
nanomaterials act as in situ nano-illuminators to
locally activate light-responsive engineered immune
cells.

The use of photocaged molecules provides
another avenue for light-based control systems.
Rather than inducing a chemical signaling pathway, a
molecule capable of altering gene expression is
inactivated by a light-cleavable moiety that is
removed upon light irradiation [75]. An early example
of photocaged control was reported by Cruz et al.
where a non-agonist, photocaged estradiol molecule
was synthesized and delivered to HEK293 cells. Upon
UV light exposure, the estradiol molecule became
functionalized to initiate estrogen receptor (ER)-
mediated transcription [76]. Light-based control was
later expanded to include IPTG for the lac operon,
doxycycline for the Tet-on/off systems, and
rapamycin for FKBP/FRB dimerization under blue
light [75]. Of note, this technique was used to
modulate immunity via TLR signaling. Much like
adjuvants promote DC activation and induce IFN-y to
enhance vaccine efficacy and long-term immunity
[77], DC activation by TLR agonists induces the
expression of costimulatory signals and cytokine
expression patterns to promote the functional
differentiation of CD8+ T cells [78]. Due to the ability
of DCs to shape immunity, a photocaged TLR 2/6
agonist was designed to bind to DCs, such that upon
light stimulation, the freed agonist triggers TLR
signaling to induce T cell recruitment and priming in
illuminated lymph nodes [79].

Light-sensitive systems have also been designed
to impart control over gene expression using
photosensitive dimerizers, such as Cry2/CIB1 [80],
pMag/nMag [81], or GAVP [82]. Similar to small
molecule dimerizers used to induce assembly of a
functional CAR [54], photosensitive proteins could be
used to regulate CAR-mediated killing with the
added benefit of site directed control [83]. Although
photosensitive dimerizers have yet to be integrated
for the regulation of CARs, such a design strategy
would enable reversible control with the potential to
mitigate off-tumor toxicity and T cell exhaustion due
to chronic signaling. The integration of multiple
circuits activated by distinct wavelengths, however,
may be difficult to achieve due to unintended
activation caused by spectral overlap. For this reason,
Miiller et al. developed a model in which PhyB-PIF6,
LOVpep-PDZ, and UVR8-COP1 show orthogonal
dimerization upon red, blue, and UV-B controlled
stimulation, suggesting that a single system can be
developed to respond differentially to three distinct
light stimuli [84].

Additionally, the system termed light-inducible

transcription using engineered zinc finger proteins
(LITEZ) was designed to regulate genomic
transcriptional activation. LITEZ combines blue-light
induced protein dimerization to localize a VP16
transcriptional activator to zinc finger proteins bound
upstream of a gene of interest, and thus allow for
remote activation of endogenous genes [85]. A similar
system was integrated with a dCas9 protein in which
a Cry2/CIB1 dimerization event localizes a strong
transcriptional activator (VP64) to a dCas9 to induce
transcriptional control over genes downstream of
dCas9 binding [86]. Moreover, by using a catalytically
active split Cas9 system, Zhou et al. implemented
similar light induced dimerization peptides to
regulate gene editing by remote blue light control [87].
Several groups have implemented Cas-mediated
multiplex gene regulation to induce or discover
therapeutic cell phenotypes, including the induction
of cell differentiation [88, 89] and the use of genome
wide gain-of-function or loss-of-function screens to
identify new targets to enhance the antitumor activity
of cytotoxic T cells [90, 91]. As such, optogenetic
control of CRISPR-Cas9 tools offer to provide a
multiplexed approach to remotely modulate immune
cell phenotypes directly in vivo.

Light-based methods increase the precision of
immune control by allowing key sites in the body to
be targeted. Similar to chemically inducible systems,
light-activatable constructs can be controlled with
temporal accuracy, but more importantly, they offer
the ability to rapidly modulate cells with remote
spatial control (Table 1). With this, cell activity such
as cytokine secretion [66], CAR expression [83], and
chemotactic T cell migration [71] can be confined to
anatomical sites that require therapeutic intervention.
However, to expand the broad applications of
remote-controlled systems, strategies that improve
penetration depth of the light are necessary to
increase access to tissue. Ongoing development of
gene switches activated by NIR light, whose
characteristic wavelength (A = 600-1000 nm) nearly
doubles effective penetration up to a few millimeters
(~5 mm [83, 92]), is enabling the use of photoinducible
systems at increased depths. These include the de novo
design of NIR responsive proteins to expand the
library of light responsive elements [93] and the use of
upconverting nanoparticles, which enhance the
penetration depth using NIR light to impart control
over the wide array of existing photosensitive
proteins [63, 92, 93]. And yet, many target tissues
remain inaccessible by light. This warrants the need
for strategies that can impart local control of
engineered cells, even at sites difficult to reach by
noninvasive means, such as intracranial malignancies

and deep lymph nodes.

http://www.thno.org



Theranostics 2020, Vol. 10, Issue 8

3658

Table 1. Mechanisms of action for remote controlled triggers [39, 47, 58, 66, 86, 104, 105, 107, 108, 117, 129, 130, 138,

186-188].
Mechanism Methodology Advantages and Caveats
Membrane-bound ion Activation of endogenous NFAT signaling upon
channel (Bai et al.) capsaicin addition through TRPV1
Transcriptional regulator T_et on/off system for transgene regulation in (+) Rapid response
- (Gossen et al.) vivo
o e .
E Induced translocation MerCreMer gene knockouts for regulation of B {Havelabilityiciunhogansl i gers
g (Hobeika et al.) cell development s el
o DNA binding Genome directed regulation using small T
(Ansari et al.) molecule hetreocyclic motifs S nedtaliblodEbition
Dimerizer Functionalized chimeric antigen receptors
(Juillerat et al.) using FKBP/FRB dimerization
Membrane-bound ion Activation of NFAT signaling upon blue light
channel (Zhao et al.) activation through melanopsin
Molecular conformational Photocaged peptides for spatially-controlled (+) Spatial precision to superficial targets
r change (Huse et al.) peptide MHC recognition
[=)] (+) Availability of orthogonal triggers
=g Peptide conformational LOV2 domain for blue light-induced peptide
change (Oide et al.) conformational change (-) Limited penetration depth
Light-induced dimerizer Blue light activated dimerizer for transcriptional
(Polstein et al.) regulation through dCas9 binding
Membrane-bound ion Activation of endougenous NFAT signaling
channel (Stanley et al.) upon temperature change
RNA thermometers (Kort- | Temperature-triggered exposure of ribosome (+) Controlled penetration depth
= mann et al.) binding site
b (+) Multiple heating modalities available
25 Transcriptional regulators Temperature-dependent conformational
(Piraner et al.) change to enable transcription (-) Thermal tolerance
Heat shock promoters Engineered thermal switch for temperature-
(Miller et al.) sensitive transgene expression
Membrane-bound ion Mechanically sensitive Piezo1 channel coupled
T‘g channel (Pan et al.) to microbubbles
= i 5
g Membrane-bound Mechanically-triggered SynNotch receptor () Gonunlied penetration depih
I
g. receptors (Seo et al.) (-) Limited inducible components
o Magnetically-sensitive Magnetic field induction of intracellular calcium
peptides (Long et al.) influx

Heat as a remote trigger

Localized thermal control of tissue temperature
has potential as a noninvasive trigger for immune cell
therapies. Hyperthermia is used in the clinic for
applications such as increasing perfusion of drug
delivery [94], sensitization to radio- and chemo-
therapy [95-98], and thermal ablation of tumors [99].
Pulses of heat can be delivered noninvasively and
with millimeter precision to deep anatomical sites by
several platforms, such as high-intensity focused
ultrasound (HIFU) [100] or magnetic particles in
alternating magnetic fields [101]. Exposure to mild
hyperthermia (~39-42°C) induces the heat shock
response (HSR), a highly conserved molecular
response to cellular stress that leads to transient
expression of cytoprotective genes known as heat
shock proteins (HSPs). Transcriptional induction of
HSPs is primarily mediated by the evolutionarily

conserved transcription factor, heat shock factor 1
(HSF1); upon cellular stress, latent HSF1 monomers
are released from an inhibitory multichaperone
complex [102], enabling it to form homotrimers with
high affinity to DNA. These complexes then
translocate to the nucleus and bind to DNA motifs
called heat shock elements (HSEs) within promoters
of HSPs to drive transcription to levels comparable to
the strongest viral promoters known [103]. Recent
control methods based on heat-induction to modulate
gene expression [104-106] leverage the use of both
endogenous and synthetic components that respond
to changes in temperature, including RNA
thermometers [104], temperature-gated ion channels
[107-109] and transcriptional regulators [105], as well
as highly-inducible heat shock promoters [110-119]
(Figure 4).
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While eukaryotes and prokaryotes have evolved
highly homologous HSRs, the basic molecular
mechanisms that underlie a cell’'s thermosensory
capabilities differs among organisms.
Microorganisms rely on the heat shock response for
sensing and survival, as they lack internal
mechanisms for regulating cellular temperature. For
example, pathogenic bacteria rely on temperature to
sense invasion of the mammalian host to trigger the
expression of virulence genes [104]. These cells exploit
temperature-sensing RNA molecules, called “RNA
thermometers”, in complex secondary structures to
shield the ribosome binding site (RBS) until a
temperature-dependent  conformational  change
exposes the site for translation. While RNA
thermometers are primarily found in prokaryotic
systems, early evidence suggests they may also be
integral mediators of mammalian HSR [120]. Due to
their tunable properties, such as temperature
thresholds and fold-inductions [121], RNA sensors are
attractive candidates for building synthetic thermal
switches [122], despite that the prokaryotic origin of
these bacterial circuit components could potentially
lead to immunogenicity in mammalian systems.

Exploiting the robust mechanism by which
trimerized HSF1 binds to HSEs to drive the
expression of target chaperone proteins, another class
of thermal gene switches use heat shock promoters to
drive transgene expression. Among these, promoters
of the HSP70 family have been widely explored for

heat-inducible transgene expression due to high
inducibility [110-116]. Early work successfully
employed the HSP70B promoter to selectively trigger
expression of reporter and immunostimulatory genes
both in vitro and in vivo in response to exogenous
pulses of heat. Huang et al. demonstrated up to a
1,000-fold induction over background of the reporter
GFP gene when gene expression was controlled by the
HSP70B  promoter  [112]. These constructs
demonstrate a dose-dependent reversible expression
of transgenes, providing tunability that can be
modulated by the intensity and duration of thermal
treatment [110, 112]. Using these constructs,
site-directed control of transgene expression,
including the proinflammatory cytokine IL-12, have
been achieved directly in vivo by multiple heating
modalities such as MRI-guided focused ultrasound
and irradiation with NIR light or magnetic fields in
combination with nanoparticles [112-116, 123]. This
approach provides a strategy for safely controlling
potent genes that are typically toxic when
administered systemically. For example, intratumoral
injections of adenovirus carrying the genetic circuit
for HSP70B-driven expression of the
immunostimulatory cytokine interleukin-12 (IL-12)
cause significant delay in tumor growth only in
heated lesions in a murine model of melanoma [112],
while systemic administration of recombinant IL-12 is
otherwise associated with severe toxicity [124].

HSP promoters respond broadly to different
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types of cellular stress including oxidative stress,
radiation, and heavy metals [119, 125]. To minimize
transcriptional activation by non-thermal inputs,
several groups have explored the use of the HSPA6
(HSP70B’) promoter and fully synthetic constructs
consisting of arrayed HSEs [117-119]. The HSPA6
promoter is closely related to the HSP70 (HSPA1A)
promoter, but is only found in higher mammals,
including humans. A 3 kb HSPA6-derived thermal
switch achieves improved fold-activation in human
keratinocytes when compared to one of HSP70 origin
[119]. Truncation analysis of the wild-type promoter
sequence identified constructs characterized by
improved basal activity and fold-induction [117, 119].
The reduction of non-HSE regulatory regions, such as
hypoxia-response elements (HREs), alters the
response profile to both thermal and non-thermal
cues and enables the development of thermal switches
with improved fold-activation, reduced responses to
orthogonal cell stressors, and negligible basal activity
[126]. In addition to offering enhanced thermal
control, the smaller DNA footprint of these synthetic
constructs makes it much easier to incorporate with
gene therapies and in vivo applications.

Several studies have integrated thermal control
with engineered cell therapies. Miller et al
demonstrated the use of thermal gene switches for
single-gene control in human T cells [117]. To achieve
broad control over cell phenotype, Gamboa et al.
integrated an HSPA6-derived thermal switch with
dCas9 constructs, providing the ability to turn on as
well as suppress multiple target genes (e.g. cytokines,
immune checkpoints) by introducing their cognate
guide RNAs (sgRNAs) [123]. dCas9 expression -
when placed under control of thermal switches - was
modulated by thermal triggers as few as 15 minutes in
duration. Using dCas9 modified with transcriptional
activators, heat activated transcription of multiple
target genes was equivalent to levels that can be
achieved using a strong viral promoter. Additionally,
leveraging spatial targeting by laser heating,
heat-triggered control of engineered T cells as well as
dCas9-mediated target gene modulation was
achieved in vivo [117, 123].

Together, these works represent a sampling of
how heat can be used for remote control of gene
expression. By using heat, local modulation of
transcription can be achieved noninvasively even in
deep tissue, including intracranial malignancies [127].
The potential applications of this approach are
complementary to existing small-molecule and
optogenetic tools (Table 1). In comparison to chemical
or light-inducible constructs, which use split proteins
to achieve rapid formation and dissociation of
functional =~ complexes [128],  transcriptional

modulation using thermal switches is delayed relative
to the input heat pulse since proteins must be
transcribed and translated prior to being functional.
This also means that OFF kinetics are governed by
protein degradation rates, and therefore activity can
be maintained for several days by delivering short
pulses of heat on the order of minutes. The lack of
need for continuous stimulation may facilitate the
design of preclinical animal studies, and aid future
translation. However, because thermal switches may
rely on components of the endogenous heat shock
response, characteristics of heat pulses (e.g.
temperature, duration, frequency) must be carefully
considered. Therefore, further characterization of the
thermotolerant state and cellular responses to heat
shock and may be needed to optimize thermal inputs.

Biophysical Cues

Biophysical cues such as mechanical and
magnetic triggers offer orthogonal approaches to
small molecule, light, and heat triggers for controlling
gene expression [129-132] (Table 1). Mechanically
induced circuits continue to emerge as advancements
in cellular imaging and force-sensing tools provide a
new understanding of cell surface receptors and their
responses to mechanical forces to trigger intracellular
signaling and response [130]. Mechanically sensitive
receptors translate a mechanical force into a chemical
cascade. First discovered in neural cells in 2010, the
surface Piezol receptor triggers downstream
signaling after mechanical stimulation [129, 133]. Pan
et al. demonstrated that T cells engineered with a
Piezol receptor can express CARs following
mechanical stimulation by focused ultrasound in
combination with microbubbles [129]. Microbubbles
amplified the mechanical forces and stimulated the
Piezol receptor to induce a calcium influx and
subsequent NFAT transcriptional pathway. In
rewiring cell circuitry to respond to NFAT signaling
with transgene CAR production, this work
demonstrated mechanically-dependent CAR T cell
killing in vitro [129]. Other receptors, such as the
Notch receptor have also been heavily utilized in
mechanogenetics. Notch receptors were discovered in
the late 1990s for their importance in T cell
development and induce downstream signaling upon
ligand engagement and force stimulation [134].
Leveraging Notch receptors, Seo et al. induced
transgene reporter expression following a mechanical
trigger [130]. Notch receptor-homing
magnetoplasmonic nanoparticles (MPNs) bind to the
engineered cell surface receptor, which is
intracellularly bound to a GAL4 transcriptional
activator. Upon application of a magnetic field, an
external mechanical force leads to intracellular
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peptide cleavage, and thus release of GAL4 to allow
for translocation in the nucleus and subsequent
transgene activation [130].

Besides the use of a magnetic field to induce
mechanical [130, 135] or thermal changes [136], the
direct effect of magnetism can act as a mode of gene
regulation due to the ability of magnetic fields to pass
freely through organic tissue [137]. Cell receptors
comprised of iron-sulfur cluster assembly protein 1
(Iscal) are iron containing magnetoreceptors that can
be found in the plasma membrane. Upon activation
by a remote magnetic field, Iscal polarizes the
membrane and generates a calcium influx to regulate
gene expression [138]. Other groups have coupled a
baculoviral vector (BV) derived from a cylindrical
insect virus with magnetic iron oxide nanoparticles to
generate magnetic gene regulation [132]. Upon
targeted application of a ~1.5T magnetic field,
systemically delivered MNP-BV are endocytosed by
cells and the packaged DNA is delivered. Zhu et al.
showed tissue specific transgene expression in vivo
and utilized these particles to deliver CRISPR-Cas9
system [132] which can be used to edit or regulate

genomic DNA thus providing remote gene
regulation.
Autonomous Systems

T cells sense-and-respond to dynamic

environmental cues to traffic throughout the body,
infiltrate tissues, and survey the microenvironment.
The design of biocircuitry responsive to autonomous
triggers allows engineered cells to be rationally
controlled without the need for external triggers.
Examples of environmental cues include a unique
combination of surface or matrix-bound ligands,
dysregulated enzymatic activity such as proteases,
and biophysical factors (e.g., low pH, or hypoxia) that
are characteristic of tumors compared to healthy
tissue (Figure 5). The emerging autonomous systems
described in this section offer novel strategies to sense
key indicators of disease, complementing remotely
triggered systems. To provide the ability to sense-
and-respond to different target ligands, for instance,
the Notch protein, a highly conserved transmembrane
receptor ~ which  releases an  intracellular
transcriptional domain upon extracellular
engagement, was reengineered as a synthetic Notch
(synNotch) to drive signaling upon recognition of
target extracellular ligands [139]. Similarly, CARs,
which combine the binding affinity of an extracellular
scFv with intracellular signaling domains for
activation, allow T cell cytotoxicity to be redirected
toward target antigens without the requirement for
MHC-restricted antigens [140].

During T cell activation, the surface redox

activity increases, a property which can be used as an
autonomous chemical trigger to control the local
release of potent biologics. Tang et al. designed
nanogels (NGs) comprised of the IL-15 superagonist
crosslinked by reversible thiol bonds to form protein
“backpacks” on the surface of T cells. Upon antigen
recognition and an increase in cell-surface reduction
activity due to TCR activation, IL-15 superagonist is
released locally into the microenvironment to
concentrations eight times greater than are safely
achievable by systemic administration, enhancing T
cell proliferation and increasing tumor cell
cytotoxicity [141]. To increase the precision of tumor
cell recognition, strategies that incorporate two-input
autonomous triggers for logic-gated sensing have
been developed. The scarcity and heterogeneity of
tumor associated antigens (TAAs) has severely
limited the ability to treat solid cancers with
engineered T cells [142]. Many TAAs share expression
with healthy tissue (e.g. HER2, EGFR), leading to
on-target/off tumor toxicities [143]. Furthermore,
targeting specific antigens can render T cell therapies
ineffective against tumors that lack expression of the
target antigen due to antigen loss or heterogeneity
[144]. Strategies that incorporated logic-gated sensing
have demonstrated therapeutic efficacy in preclinical
models. These include OR-gated CARs that mitigate
antigen escape by targeting both HER2 and IL13Ra2
in a mouse model of glioblastoma [145]. Similarly,
AND-gated CARs have been designed to increase the
specificity towards tumor cells in a preclinical model
of human prostate cancer by requiring the presence of
both PSMA and PSCA antigens for T cell activation
[146]. To further minimize “on-target, off-tumor”
toxicities, Federov et al. designed a NOT-gate circuit
with competing CARs to inhibit cytotoxicity when a
healthy antigen is recognized [147].

Cell polarization induced by the tumor
microenvironment can also serve as an autonomous
trigger. Aalipour and co-authors reported the concept
of cell-based “immunodiagnostics” by exploiting M2
polarization of macrophages within the TME, which
upregulated the Arginase 1 promoter by as much as
200 fold in wivo, as a selective trigger to release a
secreted biomarker in adoptively transferred
macrophages as a cell-based diagnostic [148]. Without
TME cues, these engineered macrophages do not
polarize, thereby ensuring detection signals are
tumor-specific. Other TME characteristics, including
low oxygen and acidic conditions (Figure 5), are also
promising targets for autonomous control of
immunity [149]. Hypoxic and acidic conditions
activate promoters upstream of stress proteins, such
as the HIFla [150, 151] and Gas [152], which can be
reengineered as synthetic gene switches. While the
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availability of pH dependent promoters sensitive to
the TME are currently limited to highly acidic
conditions (pH ~2-3) [152, 153], pH-responsive
nanoparticles have been engineered to change their
soluble/insoluble state in response to changes in
external pH levels characteristic of the TME (i.e. pH
~6) thus releasing cargo locally into the extracellular
fluid [154, 155]. Moreover, gold nanoparticles capped
with carboxymethyl chitosan can release cationic
molecules in response to acidic pH [156]. While the
use of hypoxia- and pH-inducible systems has been
heavily explored in nanomedicine [157, 158], these
autonomous cues have yet to be implemented for
direct control of immune cell activity to the
knowledge of the authors. Such approaches remain
promising, as they may provide ways to overcome the
immunosuppressive  milieu of the  tumor
microenvironment [159, 160].

Ligands that are aberrantly overexpressed with-
in the TME can also direct autonomous activation.
TGF-$, for instance, promotes cancer progression by
inhibiting cytotoxic T cell activity [161], yet Chang et
al. designed CAR T cells capable of converting the
immunosuppressive TGF-p signal into a potent T cell
stimulant [140]. Upon stimulation by soluble TGF-p,
the production of proinflammatory cytokines TNF-a,
IL-2, and IFN-y by aTGF-B CAR T cells led to the
expansion - rather than the suppression - of primary
human T cells [140]. In addition to the need for
developing strategies to overcome T cell
immunosuppression, the scarcity of tumor-associated
antigens (TAAs) has led to adverse effects that
severely limit the clinical translation of promising T
cell therapies [142]. Many validated TAAs share

Tumor Microenvironment

Proteases

expression with healthy tissue (e.g., HER2, EGFR),
leading to potentially lethal on-target/off tumor
toxicities [50, 143]. To improve selectivity to tumors,
Han and colleagues masked the extracellular scFv of
an aHER2 CAR with a protease-cleavable domain
specific for a cocktail of tumor-associated proteases.
Upon entering the tumor microenvironment, these
proteases cleave off the peptide mask and expose the
antigen binding domain of the chimeric receptor [61],
ultimately reducing the potential for off-target
engagement of the CAR T cell.

Another strategy for improving the tumor
specificity of engineered T cells is the integration of
Boolean logic with remote triggers, such as light-,
heat-, or small molecule stimuli, to mitigate off-target
gene activation [111, 162-164]. For example, an
AND-gate system requiring thermal and chemical
inputs functions by initiating transcription of a
rapamycin dependent heterodimer pair through a
heat shock promoter [162]. This dual-gated system is
characterized by minimal background activation and
sustained transgene expression that remains silent
upon stimulation by a single stimulus. Similar
systems were developed to incorporate light and
chemical cues instead [67, 163]. For example, by
requiring secondary input to induce CAR expression
[67], the incorporation a light-based AND-gate to an
existing chemically controlled Cre system overcomes
spontaneous recombinase activity characteristic of in
vivo Cre-ERT2 applications [67, 165]. Clinical applica-
tions of remote triggers require robust feedback and,
together, the combinations of autonomous and remote
triggers allow for the integration of diverse and
precise inputs for increased control of cellular activity

Autonomous Triggers
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for synthetic immunity.

Beyond the use of engineered T cells, bacteria
also have potential as autonomous therapeutics to
complement cancer immunotherapies. While the
antitumor activity of cytotoxic T cells can be
dampened by the immunosuppressive TME, the use
of bacteria to deliver potent therapeutic payloads has
the potential to reduce toxicities associated with
systemic administration. The use of bacteria to induce
antitumor responses was documented as early as the
1890’s by Dr. William Coley who observed tumor
regression in a fraction of patients given intratumoral
injections of heat-inactivated bacterial extracts [166].
Remarkably, recent studies have shown that certain
strains of bacteria preferentially colonize and grow in
tumors, thriving on the nutrients of the necrotic core
while masked from immune surveillance by
tumor-induced suppression [167-169]. This ability of
bacteria to autonomously target and colonize tumor
sites after intravenous or oral gavage [170] has raised
the possibility of using microbes as programmable
therapeutic vehicles to promote antitumor activity
through local control of host immune cells. In recent
studies, programming bacteria with quorum-sensing
circuitry allowed bacteria to synchronize growth
cycles to detect heavy metals or pathogen biomarkers
[171], or upon reaching a threshold bacterial density,
release a genetically encoded therapeutic cargo to kill
tumor cells [172]. Chowdhury et al. used bacterial
circuits to release a nanobody that targeted CD47, an
anti-phagocytic receptor that is overexpressed in
several types of human cancers. The authors found
that tumor-localized release of nanobody agonists of
CD47 resulted in enhanced proliferation and
activation of tumor-infiltrating lymphocytes, leading
to durable and systemic antitumor immunity in
syngeneic tumor mouse models [173].

Lastly, an emerging interface is the design of
cell-free programmable biomaterials that augment
synthetic immunity by targeting tumor or immune
proteases as autonomous triggers. Programmable
biomaterials exploit fundamental biomolecular
properties, such as base-pairing specificity of nucleic
acids to perform logic functions [7, 174], solve
mathematical problems, and play games [175, 176]. To
interface with immunity, for example, Dahotre et al.
designed a panel of DNA-barcoded tetramers capable
of detecting antigen-specific T cell populations with
single-cell resolution [177]. Other approaches have
focused on designing biomaterials that sense and
respond to proteases [178], an important family of
enzymes that are dysregulated across human diseases
and used by both innate and adaptive immune cells as
effector molecules. These include the classic
granzyme family of serine proteases released by

cytotoxic T cells to kill target cells. The ability to detect
enzymes, such as the granzyme B protease released by
cytotoxic T cells, has been shown to have diagnostic
value as early urine biomarkers of transplant rejection
[179-181] or as imaging biomarkers of tumor response
to checkpoint blockade immunotherapies [182, 183].
Recently, proteases have been designed into protein
circuits in living cells [184], and as cell-free thera-
peutic biocircuits [185] by treating proteases as two-
state biological bits based on cleavage activity (i.e.,
low or high cleavage velocity). In the latter study, this
allowed the design of a biological analog-to-digital
converter (ADC) to digitize input levels of granzyme
B, and for autonomous drug delivery to selectively
clear blood of bacteria [185]. These emerging
interfaces have the potential to lead to entirely new
approaches for programmable immunity.

Concluding Remarks

The success of CAR T cells to induce durable
remission in patients with B cell malignancies is
creating palpable excitement for engineering
approaches to immunity. Numerous efforts are
underway to address key clinical challenges that
prevent broad application and effectiveness of
immune cell therapies for solid tumors and diseases.
Central to these opportunities is the ability to design
immune cell therapies for noninvasive and remote
control during all steps of an effective response within
the appropriate sites within the body. Remote control
of immunity may leverage external targeting with
cues such as light or heat, or autonomous circuits that
allow cells to sense-and-respond to local environ-
mental signals. Emerging interfaces with seeming
disparate approaches, such as bacterial targeting, may
also lead to new therapeutic approaches for synthetic
immunity. Looking forward, these developments will
require extensive evaluation in preclinical models and
careful selection of a target patient population to
increase potential clinical success.
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