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Cell-based biosensors (CBBs) are genetically engineered
living cells used to detect analytes with high sensitivity and
specificity in a cost-effective and noninvasive manner. Naturally,
cells sense external stimuli in their environment as a means to
adapt and survive. By connecting natural transcriptional re-
sponses to expression of colorimetric, fluorescent, or biolumi-
nescent reporter genes, CBBs can continuously sense
biomolecules and report this information. Advances in synthetic
biology have accelerated the development of CBBs toward
clinical applications. Whole-cell biosensors have been developed
by using either bacterial or mammalian cells, including laboratory
strains and commensal bacteria from the human microbiota.'” By
rewiring signaling pathways in these natural systems, new diag-
nostic and therapeutic systems have been built to sense bio-
markers associated with inflammatory, immunologic, and
metabolic disorders, some of which have already progressed
into clinical trials to gain regulatory approval.’

Why living cells? Using biology to sense biology captures the
benefits of natural biosensors. For robustness, cells are consid-
ered robust to harsh environments and act as a buffering system
to preserve functionality of the actual sensor components (eg,
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receptors and transcription factors), even in extreme conditions,
such as low pH, high temperature, or osmotic stress. For sensi-
tivity, biosensors are designed to detect molecules in a biologi-
cally relevant concentration range. For specificity, sensor
components have highly specific recognition sites that detect an-
alytes at the molecular level and can distinguish between iso-
mers. Signal transduction is also generally orthogonal,
allowing for precise distinction of similar biological signals in
complex environments. For evolvability, sensor properties can
be improved through directed evolution compared with chemi-
cal systems that are restrained to screening approaches. For
continuous sensing, cells continuously sense their environment
without the need for interrupted or periodic sampling. For non-
invasiveness, given their size at the micron scale, CBBs can be
deployed in difficult-to access environments, where they can
be used to follow the progression of a disease and detect labile
compounds that would otherwise be metabolized or inactivated
in biological samples currently used for clinical testing, such as
serum, urine, or feces.

All these qualities make CBB development an attractive
avenue for next-generation diagnostic and therapeutic ap-
proaches. Personalized medicine is intended to be targeted to
the individual and reduce systemic high-dose side effects. In
personalized medicine, biosensors are particularly relevant for
diseases in which signaling pathways are dysfunctional and can
be retuned through synthetic genetic networks (ie, genetic
circuits) to restore a healthy homeostatic state, as in patients
with inflammatory, allergic, and immune diseases. Biosensors are
uniquely suited for complex and difficult-to-access sites for
surveillance and delivery of therapeutic agents (eg, in the gut;
Fig 1).

Here we provide an overview of the advances in CBBs applied
to immunology, inflammation, and allergy. First, we present a
description of current state-of-the-art implementations of bacte-
rial and mammalian sensors and conclude with our insights on
using synthetic biology for future biomedical applications.

IMPLEMENTATIONS OF CBBs
Bacterial sensors

Natural systems that sense biomarkers of inflammation, such as
nitric oxide,” thiosulfate,’ and tetrathionate,”*® have been adapted
for CBBs. For tetrathionate and nitric oxide CBBs, sensing events
were recorded by genetic memory circuits, causing permanent
activation of gene expression through bistable toggle switches
or permanent modifications to the biosensor genome. Particularly,
the tetrathionate biosensor was built in a commensal murine Es-
cherichia coli strain, which is specifically suited for collecting in-
formation during passage through the gut. On excretion, data were
recovered from a simple colorimetric assay directly from the stool
samples and tested in both infection-induced and genetic mouse
models of inflammation over the course of 6 months.®
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For real-time detection of compounds within the body, an
ingestible micro-bio-electronic device was developed to detect
bleeding during gastrointestinal transit.” As a proof of concept,
probiotic Escherichia coli Nissle 1917 was engineered to bio-
luminesce in the presence of heme as a proxy for gastrointestinal
bleeding. The CBBs were packaged in a capsule alongside mini-
aturized luminescence readout electronics, such that bacterial
sensing events are communicated to electronics through light,
and the data are wirelessly transmitted to an external device. By
using this platform, gastrointestinal bleeding was successfully de-
tected in the porcine stomach. Other inflammatory CBBs, such as
thiosulfate sensors,” were also incorporated in the ingestible
micro-bio-electronic device to demonstrate the modularity of
the platform. The possibility to monitor compounds in situ as
they are produced could aid in the elucidation of underlying
mechanisms of disease and to improve disease management of
chronic disorders.

Perhaps the greatest potential of CBBs is their integration in a
sense-and-respond genetic circuit, such that detection of a disease
biomarker can trigger therapeutic production. Phenylketonuria is
a rare genetic disease that causes phenylalanine (Phe) to
accumulate in the body, leading to neurotoxicity. To treat this
metabolic disorder, E coli Nissle 1917 was engineered to produce
enzymes that metabolize Phe only in anoxic conditions in the
gut.” This strain has been shown to reduce the blood Phe concen-
tration by 38% in treated compared with untreated mice, and, in
healthy cynomolgus monkeys, the engineered bacteria prevented
increases in serum Phe levels after a high-protein diet. Current
clinical trials are being performed to gain regulatory approval,
which, if successful, would become the first approved synthetic
biology—based medical treatment. As the field of CBB develops,
complex sensors will be able to integrate multiple signals in a
sense-and-respond platform to noninvasively detect disease and
trigger the production of therapeutics at the precise concentration
necessary to restore homeostasis.

Mammalian cells

Human CBBs have been implemented to build a nonintrusive
personalized allergy profiler. A synthetic mammalian designer
cell was engineered to detect histamine production from baso-
phils isolated from patients’ whole-blood cell samples on allergen
exposure. The biosensor, which is localized in the membrane,
reports different levels of extracellular basophil-derived
histamine through a redesigned synthetic signaling pathway
that produces a fluorescent or secreted enzymatic output.
Real-time detection of histamine allowed for scoring of a
collection of potential allergens based on the magnitude of the
IgE-dependent allergic reaction.” The system was validated on
blood from donors with a clinical history of allergy and
demonstrated strong concordance with the current gold standard
skin prick test and comparatively greater sensitivity and a wider
dynamic range.

To complete the sense-and-respond scheme, Chassin et al’
developed a system that can sense extracellular cytokines (IL-4
and IL-13) expressed on on allergic reaction to trigger dose-
dependent expression of an IgE inhibitor (designed ankyrin repeat
protein [DARPin] E2_79). DARPin E2_79 is an engineered anti-
body mimetic protein that is highly specific for IgE and able to
block formation of IgE-FceRI receptor complexes, interfering
with the onset of an allergic responses. Tested in whole-blood
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FIG 1. Bacterial CBBs allow for noninvasive molecular profiling in complex
and difficult-to-access environments ideally suited for medical applica-
tions, such as continuous disease monitoring of biomarkers associated
with inflammatory, immunologic, and metabolic disorders and personal-
ized treatment in situ.

cell cultures, they showed that cells engineered with IL-4/IL-13
sensors can produce sufficient DARPin E2_79 to inhibit the
allergic reaction. In concert with the histamine detector CBB,
the cytokine sensor can be used to monitor the efficacy of the anti-
allergic response. By using this system, engineered cells could be
implanted in patients to continuously monitor cytokine and
immunologic profiles and produce immunomodulatory therapeu-
tics to stymie allergic responses.

Human cells have been engineered to detect TNF-a and 1L.-22
as biomarkers of a psoriasis flare. When both signals are detected,
a genetic circuit triggers expression of the therapeutic cytokines
IL-4 and IL-10. These microencapsulated cells have been
implanted intraperitoneally into mice topically treated with
imiquimod to induce skin inflammation as a model for human
psoriasis. Skin surface morphology and histochemical analysis of
skin sections confirmed that healing had been achieved, demon-
strating the successful expression of cytokines at physiologically
relevant levels.'”

FUTURE PERSPECTIVES

Whole-cell biosensors are still in their infancy. Currently,
CBBs offer many advantages compared with conventional means
of detection, such as specificity and robustness to harsh environ-
ments, among others. However, challenges in the design and
implementation of CBBs, as well as in the regulation of
genetically engineered organisms, must be overcome for the field
to reach its full potential.

As the field matures, an array of biosensors of clinically
relevant biomarkers will be available, and robust genetic
circuits will be developed to integrate and process multiple
signals in living cells. We envision that this technology would
allow us to complete the molecular profiling needed for the
personalized medicine era in a safe and noninvasive way.
Living cell therapeutics could be equipped with sense-and-
respond genetic circuits (with detection and response all in
one) to detect a subtle homeostatic imbalance and correct it by
producing the right dose of drug. The applications of this
future technology are far-reaching, ranging from restoring
intestinal dysbiosis to allergy relief to treatment of autoim-
mune diseases.
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