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ABSTRACT

Cell therapy approaches that employ engineered mam-
malian cells for on-demand production of therapeutic
agents in the patient’s body are moving beyond proof-of-
concept in translational medicine. The therapeutic cells
can be customized to sense user-defined signals, pro-
cess them, and respond in a programmable and pre-
dictable way. In this paper, we introduce the available
tools and strategies employed to design therapeutic
cells. Then, various approaches to control cell behav-
iors, including open-loop and closed-loop systems, are
discussed. We also highlight therapeutic applications of
engineered cells for early diagnosis and treatment of
various diseases in the clinic and in experimental dis-
ease models. Finally, we consider emerging technolo-
gies such as digital devices and their potential for
incorporation into future cell-based therapies.

KEYWORDS synthetic biology, cell-based therapy, cell
engineering, therapeutic gene expression, controllable
genetic circuits

INTRODUCTION

Health-and-wellness programs emphasize prevention, early
diagnosis and effective treatment options for disease man-
agement. Early detection can increase the efficacy of treat-
ment, improve quality of life for patients, and also reduce the
economic costs for both patients and health-care systems.
However, current clinical interventions often happen only at
late stages of disease due to a lack of early diagnosis
(Schukur and Fussenegger, 2016). In most cases, patients
consult with their physicians only when symptoms have

already manifested, and as a result doctors have to pre-
scribe drugs that target the disease and its symptoms
instead of being able to prevent its onset. In addition, pre-
scribed drugs often have to be administered following gen-
eral rules, including strict timing intervals, and dosages have
to be adjusted for the weight, age and gender of patients,
which might not necessarily be appropriate for the actual
physiological condition of individual patients (Kojima et al.,
2020). Therefore, in contrast to the traditional “one-pill-fits-
all” approach, next-generation medicine will require person-
alized strategies that allow for autonomous, early detection
and provide options for immediate treatment by delivering
the appropriate dosage of a therapeutic drug based on the
stage of the disease.

Theranostics, a combination of therapeutics and diag-
nostics, employs implantable systems that are designed to
automatically diagnose the patients’ disease status and to
provide the correct treatment for the underlying medical
condition (Kojima et al., 2016). There are two types of ther-
anostic systems—electronic and biological. Both are equip-
ped with sensitive sensors that are able to sense the levels
of disease-related biomarkers and translate them to either a
digital or biological output. The benchmark for electronic
theranostic devices is the artificial pancreas, which can
sense levels of glucose in the blood of diabetic patients and
automatically inject the correct amount of insulin into the
body through an integrated insulin pump (Brown et al.,
2019). Such electronic devices have greatly improved the
quality of life of patients, but their clinical application can be
hampered by their complexity, and their use can also
adversely influence the social life of patients (Slattery and
Choudhary, 2017; Li et al.,, 2020). In addition, electronic
devices have to be periodically refilled with therapeutic
agents. In contrast, biological theranostic systems rely on
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implanted engineered cells, which can sense extracellular
signals and respond according to a pre-defined therapeutic
plan. Furthermore, the cells used in biological systems can
work for extended periods of time if supplied with sufficient
nutrients and energy.

Synthetic biology is the science of redesigning biological
systems using genetic circuits to create useful entities with
novel or improved capabilities (Xie and Fussenegger, 2015,
2018). Synthetic biology-inspired cell therapy strategies rely
on genetically engineered cells, so-called designer cells, to
sense a user-defined input signal, process it, and respond
appropriately with a customizable therapeutic output (Fig. 1A)
(Kitada et al., 2018). Usually, three types of engineered
mammalian cells are used for therapeutic purposes: tissue-
resident committed cells, stem cells and artificial cells. Natu-
rally committed cells are specified for certain biological func-
tions. Equipping these cells with novel synthetic genetic
circuits can improve their functionalities through increased
activity, specificity or efficiency. For example, immune cells
that are engineered to express a synthetic receptor can
combat disease that they were not able to efficiently handle
before (Roybal and Lim, 2017). In contrast to committed cells,
artificial cells are engineered cells that are not naturally
involved in therapeutic responses in the field they are
designed for. Instead, they are often malleable cells that are
equipped with new functionalities. This group includes human
embryonic kidney (HEK) cells, which have, for example, been
engineered to mimic B cell function by sensing high levels of
blood glucose and producing insulinogenic proteins in
response (Xie et al., 2016b). Engineered stem cells form the
third group of designer cells, which can contribute to clinical
treatments either directly by production of therapeutic mole-
cules or by facilitating regeneration of other therapeutic cells.
For example, designer mesenchymal stem cells with inherent
tropism to cancer cells can be used to deliver therapeutic
agents to the tumor niche (Kojima et al., 2018). Alternatively, a
synthetic lineage-control network in designer stem cells
enables them to be differentiated into therapeutic cells (e.g., B
cells) in a cost-effective, robust and reliable way (Saxena
etal., 2016b, 2017).

In this review, we will introduce the synthetic toolbox that
is available for therapeutic cell engineering. We will also look
in more detail at self-sufficient engineered cells that regulate
the production of a therapeutic agent in response to disease
biomarkers autonomously (closed-loop) or in a controllable
manner upon induction with user-provided chemical com-
pounds or physical cues (open-loop). We also discuss
emerging new technologies and their incorporation into next-
generation cell-based therapies.

SYNTHETIC BIOLOGY TOOLBOX FOR CELL
ENGINEERING

Engineering of mammalian cells normally starts with the
design and construction of a functional genetic circuit, which
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is subsequently delivered to appropriate primary cells, an
immortalized cell line, or stem cells (Fig. 1B) (Khalil and
Collins, 2010). Designer cell lines harboring alterations
causing indefinite division are typically used in proof-of-
concept studies. Otherwise, they would need to be protected
from the response of the host’s immune system after trans-
plantation. However, autologous primary cells, which retain
many of the functions seen in vivo but which have a limited
life span, as well as patient-derived stem cells, are very
attractive for translational medicine and can potentially be
transplanted without triggering an immune response (Mau-
risse et al., 2010; Eglen and Reisine, 2011). Compared to
committed cells and stem cells, therapeutic artificial cells are
easy to handle and are more compatible with scale-up pro-
cedures. Genetic materials are usually delivered to mam-
malian cells by chemical (e.g., cationic reagents like
lipofectamine), physical (e.g., electroporation) or biological
(e.g., viruses) approaches (Mansouri and Berger, 2018). The
genetic components can be expressed transiently from
exogenous plasmids or they can be integrated into the
genome of engineered cells to ensure stable expression.
Nowadays, targeted genome editing tools such as CRISPR/
Cas9 can be harnessed to integrate the constructs into a
defined locus in the host genome with high specificity and
precision (Gaj et al., 2016).

In order to design a genetic circuit in mammalian cells,
three main questions have to be considered carefully; what
is the stimulus that will be applied to the cells, how should
the cells process the stimulus, and how should the cells
respond? (Fig. 1C). Inducers are often disease-related
biomarkers, chemical molecules or other remote-controllable
signals, all of which are discussed in detail in the following
sections. To detect the stimulus, cells need to be equipped
with an appropriate sensor system. Sensors are often a
class of biological molecules that are able to detect and
respond to target ligands with high specificity and sensitivity
(Carpenter et al., 2018; Dixon et al., 2021). Typically, inter-
action between ligand and sensor causes a conformational
change in the sensor’s structure, ultimately enabling the
transfer of the input signal from the environment through the
plasma membrane into the cytosol or nucleus of the cell.
Plasma membrane receptors and (cytosolic) switchable
proteins are the most common sensors that are used in
synthetic biology (Scheller and Fussenegger, 2019). Native
receptors have defined functions in their tissue of origin that
can be harnessed to build engineered cells with similar
functionality. For example, melanopsin is a blue-light-sensi-
tive G protein-coupled receptor (GPCR), which is present in
the eyes of animals and regulates their sleep (Mure et al.,
2016), but expression of this receptor in non-retinal cells (e.
g., HEK cells) can enable them to sense light as an input
signal (Ye et al., 2011). Alternatively, chimeric receptors are
engineered receptors comprised of domains from different
proteins. These synthetic receptors can be designed to
either detect a specific ligand for which there is no known
natural receptor (Caliendo et al., 2019) or to enable a novel
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Figure 1. Therapeutic cell engineering. (A) Mammalian cells can be designed to receive a user-defined output, process it, and
response in a programmable, controllable and predictable way. (B) Cell types used in synthetic biology-inspired cell-based therapies
and their properties. (C) Major steps in engineering a therapeutic cell including design of a sensor module, a processing platform and
a response plan. The sensor module consists of various inducers (disease-related biomarkers, chemical molecules and physical
cues) and a range of receptors (native receptors, chimeric receptors, ion channels and switchable proteins) that can be stimulated by
the inducers. Designer cells process the input signal through an endogenous signaling pathway (e.g., the calcium pathway depicted
here) or an orthogonal route to produce a biological response. The response platform can be designed for slow (e.g., transcription of
desired gene) or quick (e.g., fast release of pre-formed therapeutic proteins) action.

signaling pathway to reroute or replace the original. A good a new ligand-binding domain (e.g., single-chain antibodies)
example of chimeric receptor engineering is the GEMS on top of the native erythropoietin receptor (EpoR) to target a
(generalized extracellular molecule sensor) platform, which ligand of choice (Scheller et al., 2018). In addition, activation
makes it possible to establish synthetic receptors by adding of the receptors can be rewired to various signaling
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pathways by replacing the intracellular signal transduction
domain. Similar to plasma membrane receptors, switchable
protein receptors are cytosolic receptors that can be cus-
tomized for activation/inactivation upon interaction with their
ligand (Weber and Fussenegger, 2004).

Activated sensors can either trigger endogenous signal-
ing pathways or orthogonal routes (Xie and Fussenegger,
2018). In the other words, stimulated cells can activate an
endogenous or orthogonal pathway to process an input
signal and link it to a proper response. Plasma membrane
receptors (native receptors, chimeric receptors and ion
channels) often activate endogenous signaling pathways,
triggering a rise of intracellular second messengers that
leads to activation of transcription factors or changes in
cellular metabolism, both of which can be rewired to a
therapeutic effect (Kiel et al., 2010). In contrast, orthogonal
systems are designed to minimize cross-talk between acti-
vated components and endogenous signaling pathways
(McClune et al., 2019). These systems often rely on protein
domains derived from other kingdoms of life. For example,
synthetic orthogonal systems containing DNA-binding pro-
teins from bacteria or yeast (e.g., TetR or Gal4) fused to viral
transcriptional activators (e.g., VPR, VP16, VP64) are com-
monly used to control gene expression in mammalian cells
(Yamada et al., 2020). In contrast to endogenous signaling
pathways that can promote signal amplification through
signal transduction cascades such as the MAPK pathway,
orthogonal systems often work linearly without amplification.
Therefore, orthogonal systems are needed in cases when
either the integrity of endogenous signaling pathways is
crucial for a specific function or when cross-talk with
endogenous pathways would lead to undesired side-effects
(Mukherjee et al., 2017).

The treatment of a disease requires a specific therapeutic
response to be delivered by a cellular implant with the
desired kinetics. Also, the dosage of the response needs to
be designed according to the nature of the targeted disease.
Different therapeutic responses can be achieved by using
different production and secretion processes. Transcription
of the desired (trans-)gene from the respective genomic
locus (Su et al., 2020) or a synthetic expression unit (Xue
et al., 2017), release of pre-formed therapeutics (Zhang and
Tzanakakis, 2019), cellular differentiation (Saxena et al.,
2016b) and cell migration (Park et al., 2014) are examples of
inducible therapeutic responses that have been imple-
mented in designer cells. Transcription-based therapeutic
responses are generally slow (4-8 h after stimulation). Such
prolonged kinetics is suitable for treating diseases that need
lasting, long-term changes (e.g., expression of engineered
receptors on immune cells to combat cancer). In contrast,
there are other diseases where therapeutic proteins need to
be administrated on a time scale of minutes or a few hours
(e.g., insulin in type | diabetes) (Polonsky et al., 1988). Here,
a quick response is essential. Therefore, designer cells
should be engineered in a way that enables them to produce
and store therapeutics internally in advance and release
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them in a burst upon stimulation. In this approach, tran-
scription and translation are done in the uninduced state and
cell stimulation only triggers trafficking and secretion of the
therapeutic agent. Therapeutic proteins can be stored in and
released from either synthetic vesicles (Krawczyk et al.,
2020) or native organelles (e.g., ER or Golgi apparatus)
(Rivera et al., 2000). The dosage of the response can be
fine-tuned through factors such as ligand concentration, time
of induction, and many others.

CLOSED-LOOP-MEDIATED THERAPEUTIC
GENETIC CIRCUITS

Molecular tools for cellular engineering are commonly used
to control the activity or dosage of a therapeutic output (Lim
and June, 2017). Currently, two types of control systems are
available based on closed-loop and open-loop circuits that
allow for precisely timed induction (Wang et al., 2018b). In a
closed-loop system, a disease biomarker triggers a molec-
ular feed-back loop in designer cells, leading to expression
of a therapeutic protein that in turn causes the concentration
of the biomarker to drop, down-regulating the system
autonomously. We here divide closed-loop systems into two
groups depending on whether the biomarker is soluble or
anchored to the plasma membrane.

Membrane-bound biomarkers are normally presented on
the surface of cells (e.g., cancer cells or cells infected with
viruses) (Fig. 2A). In this case, physical cell-to-cell contact is
required for ligand binding and activation of the designer
cells. A well-known example of designer cells in this class is
engineered T cells expressing a chimeric antigen receptor
(CAR) on their membrane (Neelapu et al., 2018). Engineered
T cells with a CAR targeting the cell-surface marker CD19
are approved by the FDA and are currently in use to treat
different types of leukemia (e.g., Kymirah from Novartis)
(June and Sadelain, 2018). A CAR is a chimeric receptor
consisting of an scFv raised against the desired antigen
(biomarker) fused to a transmembrane domain and a T cell-
activating signaling domain on the intracellular side (Rafiq
et al., 2020). Engineering T cells with CARs is an active field
in T cell engineering and different strategies have been used
to increase the efficacy of the engineered cells, including
exchanging or expanding the intracellular signaling domains
and customizing the genes that are activated upon induction
(BiTE (Choi et al., 2019) and TRUCK (Chmielewski and
Abken, 2015)). Researchers were also able to improve the
specificity of the CARs through customizing the input and
output signals. For example, a split, universal, and pro-
grammable (SUPRA) design of CARs enables a single T cell
to bind to different user-defined antigens (Cho et al. 2018).
This allows a universal designer T cell to regulate the strin-
gency of the response according to the selected antigen. To
do this, the extracellular domain of the CAR in the SUPRA
system is split from the remaining part and both (extracellular
and remaining part) are individually fused to a leucine zipper.
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Figure 2. Closed-loop-mediated cell-based therapies. (A) Cell-to-cell mediated control of designer cells. This approach utilizes an
antigen (biomarker) exposed on the surface of the targeted cell, and a physical interaction is needed for activation of the designer cell.
SUPRA is a generalized CAR platform that enables a unique T cell to bind to different user-defined antigens and to trigger an
endogenous signaling pathway upon activation. SynNotch relies on cleavage of a chimeric receptor after cell-cell interaction. The
cleaved intracellular domain of synNotch translocates to the nucleus and initiates transcription of a desired therapeutic gene. Another
cell-contact sensor is based on physical segregation of CD43ex-45int. In the absence of a target cell, CD43ex-45int suppresses an
implemented JAK/STAT pathway. Once the designer cell binds to a targeted cell, CD43ex-45int is segregated from the cell-cell
interface due to the physical force applied to the large extracellular domain of CD43ex-45int. Therefore, the JAK/STAT pathway will be
activated and initiate expression of a therapeutic protein. (B) Metabolite-mediated closed-loop systems. A high level of soluble
biomarker can stimulate designer cells to produce therapeutic agents to balance the level of the biomarker. In an immunomimetic cell,
a TLR platform is used to activate the NFkB pathway and express an antibacterial peptide (lysostaphin) to treat MRSA. The B-cell-
mimetic designer cell is designed to sense a high level of glucose in a diabetic model and to produce insulinogenic proteins (insulin
and hGLP1) through expression of Ca,1.3 on HEK293 cells rewired to a synthetic expression unit. The biomedical tattoo utilizes a
designer cell that enables early disease detection by sensing a high level of calcium, and produces tyrosinase upon activation.
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Tyrosinase mediates production of melanin, a black pigment, in the engineered designer cells.

Expression of the transmembrane-signaling fusion domain
with the extracellular leucine zipper yields a universal
acceptor CAR T cell. This acceptor cell can then be com-
plemented by addition of different scFv-leucine zipper
fusions to form a functional CAR. Another way to increase
the specificity of CAR-T cells is to increase the number of
biomarkers that can be recognized in parallel. This strategy
can be used as a safety layer, and allows engineered CAR T
cells to be activated only when either all specified biomark-
ers are available on a given target cell (AND-gated CAR T
cells) or when only a specific set of biomarkers is available
while another is not (A AND NOT B) (Fedorov et al., 2013;
Kloss et al., 2013). In contrast to the success of CAR-T cell
therapies for hematological malignancies, issues such as
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poor penetrability of T cells into solid tumors, the inhibitory
tumor microenvironment (TME), and potential side effects
have hampered applications to solid tumors. Therefore,
modification of other types of cells with CAR has attracted
great interest as an approach to overcome some of these
hurdles. For example, macrophages transduced with CARs
(CAR-M) can effectively contribute to antitumor responses
and solid tumor eradication (Klichinsky et al., 2020). Other
work capitalized on integrated sensing and activation pro-
teins (iISNAP), which allow macrophages to ignore the self-
defense signaling mechanism that tumor cells use to evade
immune system responses. Specifically, iISNAP-expressing
macrophages recognize the tumor cells’ escape signals as
phagocytic signals (Sun et al., 2017). In addition, natural
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killer (NK) cells engineered with CAR (CAR-NK) show fewer
adverse effects than T cell therapy, and are more amenable
to off-the-shelf manufacturing (Albinger et al., 2021; Schmidt
et al., 2021). Although CAR receptors are only functional in
immune cells, cell-to-cell contact can also be modulated in
other cell types (Fig. 2B). Synthetic Notch (synNotch)
receptors, for example, are chimeric single-pass trans-
membrane receptors with a customized extracellular binding
domain targeting a specific antigen (biomarker) that is fused
to a transmembrane and intracellular signaling domain
(Morsut et al., 2016). In contrast to CAR receptors, activated
synNotch receptors trigger an orthogonal route to activate
expression of a desired gene. In this case, mechanical force
due to physical interaction between the T cell and its target
exposes a hidden protease site in the transmembrane part of
the synNotch receptor. This site can subsequently be
cleaved by proteases, releasing a transcriptional activator
that translocates to the nucleus and initiates transcription of
desired genes. This system has been successfully employed
for pattern formation during embryo development using
engineered non-immune cells (Toda et al., 2018). Designer
non-immune biosensor cells expressing synNotch receptors
targeted to hepatitis B virus antigen could also produce
antiviral proteins in response to virus-like particles (Mat-
sunaga et al., 2020). In addition, expression of synNotch
receptors has been used to increase or alter the specificity of
CAR-T cells by on-target expression of the CAR receptor
upon recognition of additional antigens on cancer cells
(Roybal et al., 2016a) or by secretion of immune mediators
to stimulate the immune system at the site of the tumor
(Roybal et al., 2016b). To expand the targeting capacity of
CAR and synNotch, a universal switchable strategy, called
SNAP, has been developed to retarget engineered T cells to
multiple antigens. In the SNAP-CAR/-synNotch system, the
expression of a SNAP tag self-labeling enzyme on T cell
membranes enables covalent interaction between the
receptor and co-administered benzylguanine (BG)-conju-
gated antibodies (Lohmueller et al., 2020). Then, antibodies
targeted to different antigens can activate the SNAP receptor
and its downstream effector functions.

Another strategy based on membrane-anchored
biomarkers in non-immune cells is co-expression of leaky
chimeric IL4/13 receptors in combination with a signal-
quenching phosphatase (CD43ex-45int) in HEK and MSC
cells (Kojima et al., 2018). Chimeric 1L4/13 receptors trigger
a JAK-STAT pathway, which is hampered by the inhibitory
effect of CD43ex-45int in the absence of membrane-bound
ligand. When these engineered cells bind to a target cell,
however, physical forces are thought to push CD43ex-45int
away from the 1L4/13 receptors, and this removes the sup-
pressive effect on JAK-STAT signaling. JAK-STAT signaling
is further re-routed to express a transgene of choice by a
synthetic expression unit equipped with STAT-binding sites.
This genetic circuit was successfully used in non-immune
mesenchymal stem cells (MSC) to kill cancer cells by
expression of a cell-penetrating fusion protein that converts
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an anti-cancer prodrug to a cytotoxic drug inside the target
cell.

The second class of closed-loop circuits is activated by
soluble biomarkers such as endogenous metabolites
(Fig. 2C). A list of closed-loop systems that have been
implemented in artificial cells and their sensor systems, as
well as their therapeutic applications, is provided in Table 1.
Réssger and colleagues have developed a designer cell that
was able to sense levels of fatty acid in a mouse obesity
model and produce pramlintide, a hormone that suppresses
appetite, in response (Roéssger et al., 2013a). They used a
chimeric intracellular sensor system consisting of PPARa
(peroxisome proliferator-activated receptor) fused to TtgR
(phloretin-responsive repressor). Here, TtgR mediates
binding of the PPARa-TtgR fusion protein to the operator
sequence of a weak constitutive promoter, while PPARa
controls gene expression through recruitment of different
endogenous transcription modulators. In the absence of fatty
acids, PPARa recruits an inhibitory complex to suppress
transgene expression. Conversely, high levels of fatty acid
trigger formation of an activation complex to turn the genetic
circuit “ON”, leading to production of pramlintide. Accord-
ingly, transgene expression can be regulated either by fatty
acid in a self-sufficient closed-loop or by adding phloretin,
the native ligand of TtgR, causing dissociation of inhibitory
PPARa-TtgR from the synthetic promoter in an open-loop
configuration. Pioneering work on closed-loop systems that
are triggered by soluble disease-related biomarkers involved
engineering HEK293 cells to sense high levels of glucose
and respond with production of insulinogenic therapeutic
protein to correct hyperglycemia in experimental mouse
models of type 1 and type 2 diabetes (Xie et al., 2016b).
These [-cell-mimetic designer cells were designed to
express a voltage-gated calcium channel (Ca,1.3), which
links glycolysis to Ca,1.3-mediated calcium influx. Co-
transfection of a synthetic expression unit harboring the
transgene (i.e., insulin and GLP7) under the control of a
synthetic promoter including binding sites for endogenous
transcription factors (i.e., NFAT) allows for expression of the
desired therapeutic protein in response to hyperglycemia.
Artificial beta cells (ABCs) are another example of engi-
neered cells that mimic $-cell function by sensing high levels
of glucose and secreting insulin through a vesicle-fusion
mechanism. A high level of glucose triggers enzymatic oxi-
dation and proton efflux in ABCs, creating a low pH envi-
ronment in the cytoplasm. This low pH associated with
hyperglycemia induces steric deshielding of peptides on
inner small liposomal vesicles (ISVs) containing pre-formed
and stored insulin, and these peptides form coiled-coil
structures with peptides on outer large vesicles (OLVs),
leading to release insulin from the ISVs (Chen et al., 2018).
In addition to soluble metabolites involved in metabolic dis-
ease, Liu and colleagues developed an immunomimetic cell
from non-immune cells, and showed that it is able to sense
bacterial infection and produce an anti-bacterial peptide to
treat methicillin-resistant Staphylococcus aureus (MRSA)
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Table 1. Examples of closed-loop systems implemented in artificial designer cells

Ligand Sensor platform Processor platform Therapeutic response Disease References
Dopamine Human dopamine Endogenous pathway Atrial natriuretic peptide High blood Réssger
receptor 1 (cAMP) (ANP) pressure et al.
(DRD1) (2013b)
Bile acid TGR5 Endogenous pathway Hepatocyte growth Liver injury Bai et al.
(cAMP) factor (HGF) (2016)
Formyl FPR1 Endogenous pathway Autoinducer-2 (Al-2) Anti-infection Sedimayer
peptides (Calcium) therapy et al.
(2018)
TNF and TNFR and IL22R NFkB and JAK/STAT3 IL4, IL10 Psoriasis Schukur
IL22 pathways et al.
(2015)
[Fatty acid] PPARa/TtgR Orthogonal/endogenous Pramlintide Obesity Rdssger
t pathways et al.
(2013a)
Thyroid TRa/Gal4 (TSR) Coactivator/corepressor Thyroid hormone Grave’s Saxena
hormones endogenous proteins stimulating receptor disease et al.
antagonists (2016a)
[Glucose] * Cav1.2 ion channel Endogenous pathway Insulin Type 1 and 2 Xie et al.
(Calcium) hGLP1 diabetes (2016b)
[H 1t TDAGS8 Endogenous pathway Insulin Diabetes Auslander
(cAMP) et al.
(2014)
Uric acid KRAB-HucR orthogonal Urate oxidase Hyperuricemia Kemmer
(mUTS) etal.
(2010)
[Glucose] * Glucose oxidase, Synthetic vesicles Insulin release Diabetes Chen et al.
catalase, containing insulin and (2018)
gramicidin A sensitive to [H]

(Liu et al., 2018). Immunomimetic designer cells were engi-
neered through expression of human toll-like receptors
(TLRs), triggering the NF-kB pathway upon activation. This
endogenous pathway was re-routed to a synthetic expres-
sion unit to express lysostaphin, a bacteriolytic enzyme
highly lethal to Staphylococcus aureus.

Although designer cells are often built to treat various
diseases, there are some examples where closed-loop
genetic circuits in designer cells have also been used for
early diagnosis. In this case, the sensor system in the
engineered cell is rewired to generate an alert signal rather
than to produce a therapeutic protein. For example, a
“biomedical tattoo” was designed, where cells engineered to
sense hypercalcemia, an early marker often associated with
cancer, were altered to produce black melanin (Tastanova
et al., 2018). To develop this designer cell-based biomedical
tattoo, a calcium-sensing receptor (CaSR) was rewired to a
synthetic expression unit that produces tyrosinase upon
activation. In the native context, tyrosinase is produced in
specialized pigment-producing organelles (melanosomes) in
melanocytes, where it catalyzes the oxidation of phenols
such as tyrosine to form melanin, a black pigment, to protect
the body from harmful UV radiation. In non-melanogenic
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designer cells, however, tyrosinase produces melanin in
response to persistently increased blood Ca®" levels.

OPEN-LOOP GENE NETWORK SYSTEMS

Open-loop systems do not have any genetically encoded
negative feedback loop, but often use exogeneous inducers
(chemical compounds and physical cues) instead in order to
activate gene expression (Xie et al., 2016a). Chemical
inducer molecules include organic and inorganic com-
pounds, stimulatory peptides and volatile odorants (Fig. 3A).
For example, Rivera and colleagues have engineered
mammalian cells to enable rapid secretion of insulin after
administration of AP22542, a chemical compound that can
bind the FK506 binding protein (FKBP12) (Rivera et al.,
2000). This strategy relies on expression of a construct
encoding a regulatory domain containing multiple repeats of
FKBP, connected to insulin by a linker containing a furin
cleavage site. In the absence of AP22542, the FKBP-insulin
fusion protein aggregates in the Endoplasmic Reticulum
(ER), blocking efficient trafficking towards the Golgi appa-
ratus. Addition of AP22542, in turn, causes FKBP to disso-
ciate, releasing the fusion protein from the ER and allowing
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Figure 3. Open-loop mediated cell-based therapies. (A) Control of cell behaviors by chemical molecules. The RAPID cell is
engineered to release a pre-formed protein from the ER upon addition of AP22542. A construct encoding a therapeutic gene (insulin
or growth factor) is fused to a modified FKBP and spaced apart with a furin site. This construct aggregates in ER, but can monomerize
in the presence of AP22542 and is trafficked to the plasma membrane, and releases the cleaved therapeutic protein with fast kinetics.
The Aroma cell expresses an olfactory receptor that senses volatile spearmint and produces huwentoxin-IV by activating an
endogenous cAMP pathway. C-STAR was developed based on dimerization of a chimeric receptor upon coffee administration. The
activated receptor harnesses a JAK/STAT3 pathway to express hGLP1 in type-2 diabetes. (B) Physical cues to program designer
cells. The opto-HEK cell contains a melanopsin receptor that allows calcium influx upon blue-light illumination, leading to expression
of hGLP1. A magneto-thermal strategy was used, applying magnetic nanoparticles to stimulate TRPV1 channels. This system
triggers calcium influx into HEK cells, leading to expression of insulin upon stimulation at radio-wave frequency (465 kHz, 23-32 mT).
Ectopic expression of the mechanosensitive Piezo1 ion channel on T cells could also triggers calcium influx and related downstream
transcription factors (e.g., NFAT) upon low-frequency ultrasound stimulation. This system was implemented in order to remotely and
precisely induce expression of anti-CD19 chimeric antigen receptors (CARs) on T cells at tumor sites. Hyperthermal stimulation of T
cells equipped with a synthetic expression unit containing a binding site for heat-shock proteins allowed them to wirelessly induce
expression of CAR at a desired tumor site. Electrostimulation of gecrof8 Cells engineered to express voltage-gated calcium channel
(Cay1.2) coupled to an inwardly rectifying potassium channel (K;2.1) enabled rapid release of pre-formed insulin (within 20 min upon
electrostimulation).

transport to the Golgi. In the trans-Golgi, a furin protease
cleaves off the insulin moiety, which can then be functionally
secreted. In their study, Rivera and colleagues showed that
delivery of insulin is possible within 2 h after induction with
AP22542, which was sufficient to attenuate the disease
symptoms in experimental type-1 diabetes. In addition to
inorganic chemical compounds, edible molecules from our
daily diet can also be used for induction of designer cells. For
example, C-STAR (caffeine-stimulated advanced regulators)
designer cells are engineered cells that can produce GLP1,
a clinically licensed therapeutic protein for type-2 diabetes,

© The Author(s) 2021

upon drinking commercially available coffee (Bojar et al.,
2018). C-STAR cells are based on caffeine-induced dimer-
ization and subsequent activation of chimeric receptors that
trigger the JAK-STAT3 pathway. This genetic circuit was
rewired to a synthetic expression unit containing binding
sites for STAT3 to drive expression of GLP1. This study
showed that administration of coffee in type-2 diabetic mice
implanted with C-STAR cells could improve glucose levels
as well as other associated symptoms of diabetes in the
mice. Odorants are another chemical-based stimulus used
to program therapeutic mammalian designer cells. This was
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demonstrated by engineering designer “Aroma cells” to treat
pain in mice (Wang et al., 2018a). Aroma cells were engi-
neered to express a spearmint flavor-triggered olfactory
receptor (Gg), which enabled them to activate the cAMP
pathway upon administration of a volatile spearmint flavor.
Elevated levels of cAMP were also rewired to transcription of
a therapeutic protein called huwentoxin-IV, which selectively
inhibits the pain-mediating voltage-gated sodium channel
Nay1.7. Despite high induction potential and ease of use,
potential clinical applications of chemical inducers are often
limited by side effects, bioavailability or pharmacodynamics
(Xie and Fussenegger, 2018). Chemical inducers can also
diffuse freely and may cause side effects due to off-target
activity elsewhere in the body. Additionally, it can be hard to
remove the inducer quickly and reliably if required (Beyer
et al., 2015; Mller et al., 2015).

Conversely, traceless physical inducers can provide a
robust, efficient and precise way to wirelessly control cellular
behaviors at a desired time and place. Approaches based on
physical inducers also reduce the likelihood of cross-reac-
tivity and off-target effects, and additionally avoid the need
for invasive access to the tissue or targeted organ. A toolbox
of traceless inducers, including light, magnetic and
mechanical forces, heat and electrical stimulation, is avail-
able for non-invasive, safe, and reliable physical stimulation
to remotely control engineered cells (Fig. 3B). Here we
summarize some of the most important studies that have
implemented physical inducers to program therapeutic
mammalian cells. A list of remote-controllable designer cells
and their applications in translational medicine is provided in
Table 2. In optogenetics, light serves as an input signal to
stimulate a genetic circuit in designer cells (Kolar and Weber,
2017). Light has unique features, such as high spatiotem-
poral resolution as well as excellent tunability and ease of
reversibility to control cellular behavior (Miller et al., 2018).
An optogenetically engineered artificial mammalian cell was
developed by introducing a genetic circuit containing a light-
sensitive receptor and a synthetic promoter driving expres-
sion of a therapeutic protein in HEK cells. These opto-HEK
cells were engineered to express melanopsin, a blue-light-
sensitive Gg-linked GPCR, which triggers the calcium
pathway leading to production of GLP1 from a synthetic
expression cassette (Ye et al., 2011). It was shown that blue-
light illumination improved blood glucose hemostasis in an
experimental mouse model of type-2 diabetes implanted with
opto-HEK cells. Mechanical perturbation is another traceless
physical approach to program designer cells through the
introduction of mechanosensitive ion channels or receptors
(Zhu et al., 2020). Such a mechanogenetics strategy can
include acoustically mediated shear stress generated
through compression and stretching (Dufort et al., 2011). For
example, expression of the mechanosensitive ion channel
Piezo1 triggered calcium influx in T cells upon low-frequency
ultrasound stimulation, triggering expression of anti-CD19
chimeric antigen receptors (CARSs) in tumor sites remotely
and with precise timing (Pan et al., 2018). Magnetogenetics
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also provides a facile wireless approach to remotely program
designer cells based on externally applied magnetic fields
(Christiansen et al., 2020). Stanley and colleagues have
developed a magneto-thermo strategy using activated
magnetic nanoparticles to stimulate a thermosensitive ion
channel (TRPV1) to trigger calcium influx (Stanley et al.,
2012). In their work, a rise in local temperature produced by
magnetic fields at radio-wave frequency (465 kHz, 23-32
mT) was used to produce and release insulin from a syn-
thetic calcium-responsive expression unit in engineered
HEK cells. In thermogenetics, a change in temperature can
be used to stimulate designer cells. So far, engineered cells
have been designed that are directly controlled by either low
temperature (cooling, hypothermia) or high temperature
(heating, hyperthermia) (Miller et al., 2018; Bai et al., 2019).
For instance, raising the temperature normally induces cel-
lular stress, resulting in activation of related transcription
factors, such as heat-shock proteins. Using a synthetic
thermal promoter based on the heat-shock protein 70B’
promoter (HSPA6 promoter), engineered T cells could be
non-invasively induced at the tumor site using heat (Miller
et al., 2018). Electrogenetics is another traceless technique
that employs electrical pulses to directly program the
behavior of designer cells. More recently, an electro designer
cell was developed through ectopic expression of a voltage-
gated circuit including a voltage-gated calcium channel
(Cay1.2) coupled to an inwardly rectifying potassium chan-
nel (Kj2.1) (Krawczyk et al., 2020). Implementing this
genetic circuit could mediate an influx of calcium into the cell
upon electrostimulation, and the resulting elevated cytosolic
calcium concentration triggered expression of a transgene
from a synthetic expression unit. In order to develop an
engineered cell with faster kinetics, a similar voltage-gated
circuit was introduced into a pancreatic B cell line, termed
ElectroP Cells, to release pre-formed insulin within 20 min upon
electrostimulation. Stimulated geco3 cells encased in a
subcutaneously implanted electronic device rapidly reversed
hyperglycemia in an alloxan-induced type-1 diabetic mouse
model.

CONCLUSIONS AND PERSPECTIVE

Disease targeting with engineered designer cells to produce
on-demand therapeutic agents is moving beyond proof-of-
concept, and cancer treatment with CAR-T cells is the
pioneering application (Yip and Webster, 2018). Emerging
new technologies in molecular biology, materials sciences
and digital devices, especially in the fields of designer cell
development, manufacturing and implantation, are expected
to rapidly advance cell-based therapy in the future by
delivering increased safety, efficiency, and specificity.
Strategies at the molecular biology level are being devel-
oped to engineer cells for delivery of biological cargos to
mammalian cells with maximum efficiency and minimum
cytotoxicity along with reduced associated risks (Marx,
2015). Although there are relatively reliable methods to
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Table 2. Examples of remote-controllable designer cells

Inducer Sensor platform Processor Therapeutic Disease References
platform response
Light Human melanopsin Calcium GLP1 T2D* Ye et al. (2011)
pathway
Opto-CRAC Calcium IL12 and TNFa Cancer He et al. (2015)
pathway expression
LightOn Orthogonal Insulin T1D** Wang et al.
pathway (2012)
FRL-v2 Endogenous/ GLP1 T2D Shao et al.
orthogonal (2017)
Magnetic field Thermo-sensitive channels Calcium Insulin T1D Stanley et al.
(TRPV1) pathway (2012)
Mechanical Mechanosensitive ion Calcium CAR Cancer Pan et al.
disturbance channels (Piezo1) pathway (2018)
Temperature TRMPS8 ion channel Calcium Insulin, T1D, Bai et al. (2019)
Pathway mActRIIBECD- Muscle
hFc*** atrophy
Electrical Voltage gated channels Calcium Insulin secretion T1D Krawczyk et al.
stimulation (Cav1.2/Kir2.1) pathway (2020)

*T2D; type-2 diabetes.
**T1D; type-1 diabetes.

***mActRIIBECD-hFc; modified, activin type IIB, receptor ligand trap protein.

deliver DNA, delivery of large constructs (e.g., multiple
genetic circuit) to cells is still challenging (Mansouri et al.,
2016). In addition, integration of genetic circuits into the
genome of the host is another process that needs careful
control. The fast-growing field of genome editing and its
applications that use programmable nucleases, such as
CRISPR/Cas9, have made it possible to integrate desired
components into the genome of individual cells with high
precision (Maggio and Gongalves, 2015). For example,
synthetic gene circuits can be integrated at a safe-harbor
locus (e.g., AAVS1) to prevent transgene silencing and to
ensure robust long-term performance (Papapetrou and
Schambach, 2016). Manufacturing of engineered cells on a
sufficient scale for clinical requirements is another challenge
in cell-based therapy. In general, scale-up is easier for arti-
ficial cells, which are more compatible with bioreactors, than
for primary cells or stem cells. Activation of immune system
responses upon cell transplantation in patients is also a
major concern. Human-derived genetic circuits can reduce
possible immunogenic responses upon cell implantation
(Israni et al., 2021). Therefore, increased use of humanized
genetic circuits in engineered cells can potentially minimize
the risk of immune system responses. Safety switches that
allow the user to turn the synthetic genetic network “OFF”
are crucial for any clinical application. In addition, genetically
modified patient-derived cells can be used to reduce possi-
ble host immune responses. Cell encapsulation is another
strategy to enable implanted designer cells to evade immune
system responses. New cell encapsulation strategies that

© The Author(s) 2021

ensure long-term transplantation of designer cells need to be
developed through materials engineering (Desai and Shea,
2017; Bose et al., 2020). Furthermore, miniaturized bio-
compatible materials for encasing designer cells are of
special interest for optogenetics- and electrogenetics-medi-
ated cell therapies. Incorporation of digital technologies such
as wearable electronic devices can also foster personalized
cell-based therapy (Kim et al., 2019). Wearable smart devi-
ces such as smartphones and smart watches are either
equipped with health-related biosensor systems or can be
wirelessly connected to specialized medical sensor devices.
Therefore, smart devices provide a reliable sensor platform
to serve as a receiver unit that senses the biomarker level
and transfers the data to the patient (Sim, 2019), enabling
the patient to activate designer cells through chemical
compounds or physical cues (e.g., light) in order to regulate
the level of therapeutics to be administered (Mansouri et al.,
2021b, a). In addition, digital devices can potentially collect
daily health-related data and analyze them through installed
artificial algorithms or machine-learning models. The pro-
cessed physiological information can be integrated with
other health-related data through the internet of things (10T)
and finally transferred to a clinician for continuous monitoring
of a patient’s status (Steinhubl et al., 2015). Furthermore,
programming of designer cells for on-demand release of
therapeutics at the right time would allow the physician to
control the therapy remotely (Sim, 2019).

In this review, we have introduced the principal design
parameters for genetic circuits in mammalian cells, in order
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to enable the cells to sense a user-defined ligand, process it,
and respond in a customized way. Challenges remain in
engineering of cells for therapeutic purposes, but the field of
synthetic biology is rapidly progressing and further
improvements in applications for early detection and thera-
peutic interventions can be expected in the near future.
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pled receptor; HEK, human embryonic kidney; hGLP1, hGLP1
human glucagon-like peptide-1; HSP, heat-shock promoters; IL,
interleukin; 10T, Internet of things; JAK/STAT, Janus kinase/signal
transducer and activator of transcription; MRI, magnetic resonance
imaging; MSC, mesenchymal stem cell; NFAT, nuclear factor of
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RF, radio frequency; scFV, single-chain variable fragment; SUPRA,
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