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Summary

SUMMARY
Synthetic biology is a promising multidisciplinary field, bringing together experts from
a broad scientific area, ranging from cell biology to engineering with the ambition to
build naturally non-existing elements for various applications, including the
development of novel approaches for a better healthcare management in the future.
Currently, disease treatment strategies are typically based on diagnosis of phenotypic
changes, which are often the result of an accumulation of asymptomatic metabolic
defects in the human body. These defects occur when the tight regulation of
physiological processes in cells and tissues is disturbed, which can be caused by genetic
alterations, loss of protein functions, or changes in the environment. Such disturbances
may result in the development of serious disorders that are often associated with
aberrant physiological levels of certain biomolecules (e.g. metabolites, cytokines,
growth factors) that lead to the typical pathogenic states, however, simultaneously serve
as biomarkers for precise detection and specification of disease types. Clinical
interventions often occur at late stages of disease pathogenesis due to the lack of early
recognition of these physiological disturbances, resulting in disease treatment rather
than prevention.
Hence, there is an essential need in developing advanced therapeutic tools that
are able to couple therapeutic intervention to early diagnosis. For this purpose, advances
in the synthetic biology field have recently enabled the design of complex gene circuits
in mammalian cells that can functionally integrate and interface with the host
metabolism to autonomously detect disease-specific biomarkers and coordinate the
production and delivery of therapeutic(s) in a self-sufficient and automatic fashion,
thereby restoring the physiological balance and preventing disease progression. In this
thesis, we provide a comprehensive overview of currently available synthetic gene
networks that have been designed for restoring physiological balance in chronic
diseases. In addition, we focus on the design of a sophisticated synthetic gene circuit
that was developed for the treatment of psoriasis.
Psoriasis is a chronic, recurrent autoimmune skin disease, associated with
increased serum levels of proinflammatory cytokines and reduced levels of antiinflammatory mediators, resulting in excessive inflammation that causes skin-tissue
damage. The synthetic gene circuit operates as a cytokine converter by detecting two
psoriasis-associated proinflammatory cytokines using sequentially linked receptor4
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based synthetic signaling cascades, processing their level with AND-gate logic, and
triggering the corresponding expression of anti-inflammatory cytokines. The cell-based
cytokine converter device specifically prevents disease progression and successfully
treats established psoriasis, thereby restoring skin tissue morphology in mice with
psoriasis-like skin inflammation. In addition, these implants were tested for their ability
to sense and respond to pathophysiological levels of the proinflammatory cytokines in
patient’s whole blood samples.
Furthermore, we present the characterization of the whole blood culture system
(WhBC-system) for the validation of cell-based synthetic gene networks. In a coculture setting using encapsulated designer cells and human whole blood, we
demonstrate that upon microencapsulation transgenic mammalian cells retain their
viability and ability to integrate and interfere with signals in the blood
microenvironment without affecting primary immune cells contained in whole blood.
The WhBC-system can therefore be used as a valuable complementary assay to
animal models, providing patient-centered assessments that may speed up preclinical
research and advance personalized cell-based therapies.
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ZUSAMMENFASSUNG
Die synthetische Biologie ist ein vielversprechendes und interdisziplinäres Gebiet,
welches Experten aus einem breiten wissenschaftlichen Spektrum zusammenbringt.
Das gemeinsame Ziel ist es, neue, natürlich nicht existierende Elemente für
verschiedene Anwendungen, einschließlich der Entwicklung innovativer Methoden für
verbesserte klinische Behandlungen, zu erstellen. Die derzeitig gängigen Strategien zur
Behandlung

von

Krankheiten

basieren

auf

der

Diagnose

phänotypischer

Veränderungen, die oft aus der Akkumulation asymptomatischer physiologischer
Defekte im menschlichen Körper resultieren. Diese Defekte treten auf, wenn die präzise
regulierten physiologischen Prozesse menschlicher Zellen und Gewebe gestört werden.
Solche

Störungen

können

durch

genetische

Veränderungen,

Verlust

von

Proteinfunktionalitäten oder durch Umwelteinflüsse verursacht werden. Oft führt dies
zu anomalen physiologischen Werten bestimmter biologischer Moleküle (wie z.B.
Stoffwechselprodukte, Zytokine und Wachstumsfaktoren), die typischen pathogenen
Zuständen zugeordnet werden können und folglich als messbare biologische Parameter
(Biomarker) für die genaue Erfassung und Beschreibung von Krankheitsarten dienen.
Klinische Eingriffe finden aufgrund mangelnder Früherkennung physiologischer
Störungen allerdings häufig in fortgeschrittenen Stadien des Krankheitsverlaufs statt.
Somit muessen Krankheiten behandelt anstatt vorgebeut werden.
Daher besteht großer Bedarf an der Entwicklung fortschrittlicher Methoden,
die es ermöglichen, therapeutische Eingriffe direkt an die Früherkennung von
Erkrankungen zu koppeln. Fortschritte in der synthetischen Biologie haben in jüngerer
Zeit die Konzeption von komplexen biologischen Schaltkreisen in Säugerzellen
ermöglicht. Diese können funktional integriert werden und als Schnittstelle mit dem
Stoffwechsel des Wirtes fungieren, um autonom krankheitsspezifische Biomarker zu
erkennen und die Produktion und Bereitstellung von therapeutischen Faktoren in einer
autarken und automatisierten Art und Weise zu koordinieren. Das Ziel dabei ist,
schließlich das physiologische Gleichgewicht des Trägers wiederherzustellen und das
Fortschreiten von Erkrankungen zu verhindern. In dieser Arbeit stellen wir einen
umfassenden Überblick über die derzeit verfügbaren synthetischen Gennetzwerke vor,
die für die Wiederherstellung des physiologischen Gleichgewichts bei chronischen
Krankheiten entwickelt wurden. Ferner konzentrieren wir uns auf das Design eines
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anspruchsvollen synthetisch-biologischen Schaltkreises, der für die Behandlung von
Schuppenflechten konstruiert wurde.
Schuppenflechte

(Psoriasis)

ist

eine

chronisch

wiederkehrende

Autoimmunerkrankung der Haut, die mit erhöhten Blutkonzentrationen von
entzündungsfördernden (proinflammatorischen) Zytokinen und einem Mangel an
entzündungshemmenden (anti-inflammatorischen) Zytokinen verbunden ist, welche zu
übermäßiger Entzündung führt, die schließlich die charakteristischen Schäden im
Hautgewebe verursacht. Der in dieser Arbeit gezeigte synthetische Schaltkreis agiert
hierbei als Zytokin-Wandler. Durch das Detektieren zweier Psoriasis-assoziierter
proinflammatorischer Zytokine mit nacheinander verknüpften, rezeptorbasierten
synthetischen Signalkaskaden wird der Krankheitszustand wahrgenommen. Diese
verarbeiten die Zytokinwerte mittels einer UND-Gatter Logik, und leiten schließlich
die entsprechende Expression von anti-inflammatorischen Zytokinen ein. Die
genetischen Komponenten des Zytokin-Wandlers, die in verkapselten Säugerzellen
eingebaut und in Mäusen mit einer Psoriasis-ähnlichen Hautentzündung implantiert
wurden, konnten sowohl die Entwicklung der Krankheit verhindern als auch bereits
etablierte Schuppenflechte erfolgreich behandeln und damit die Gewebestruktur der
Haut wiederherstellen. Darüber hinaus wurden diese Implantate auf ihre Fähigkeit
geprüft, pathophysiologische Konzentrationen proinflammatorischer Zytokine in
Blutproben von Patienten zu erfassen und darauf zu reagieren.
Zusätzlich stellen wir die Charakterisierung von Blutkultursystemen (whole
blood culture system, WhBC-system) als Mittel zur Validierung von synthetischen,
zellbasierten Schaltkreisen vor. In dieser Studie zeigen wir, dass genetisch veränderte
Zellen, die mit Blutproben zusammen kultiviert wurden, durch eine Verkapselung
überleben und in der Lage bleiben mit der Blutumgebung zu interagieren ohne dabei
primäre Immunzellen im Blut zu beeinträchtigen.
Das hier entwickelte Blutkultursystem kann somit als wertvolle Ergänzung zu
herkömmlichen

Tiermodellen

herangezogen

werden,

um

patientenbezogene

Einschätzungen zu ermöglichen, mit denen die präklinische Forschung beschleunigt
und das Entwickeln individueller, zellbasierter Therapien voran getrieben werden kann.
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CONTRIBUTIONS OF THIS WORK
This PhD thesis focuses on the design of synthetic biology-inspired gene networks that
are able to link early development of systemic, chronic autoimmune disorders to
immediate production and release of therapeutic(s) to prevent disease progression in a
personalized fashion (Chapter I). In two original research articles, we describe the
design of a mammalian cell cytokine converter that processes the levels of two
psoriasis-associated proinflammatory cytokines with AND-gate logic and triggers the
corresponding expression and release of clinically validated anti-inflammatory/psoriatic cytokines (Chapter II). Furthermore, in a technical report we present a novel
approach utilizing whole blood culture systems for ex vivo validation of designer cellbased treatment strategies (Chapter III).
CHAPTER I: ‘Engineering of synthetic gene circuits for (re-)balancing
physiological processes in chronic diseases’
In this introductory chapter of the presented thesis, we provide a comprehensive
overview of synthetic gene circuits that were constructed to restore homeostasis in
diseases with complex and recurrent dynamics, such as chronic diseases. We thereby
focus on prominent examples of ligand-responsive synthetic gene circuits and highlight
those that couple physiological levels of endogenous disease-specific biomarkers with
the coordinated expression of therapeutic substrates.
We first introduce the principles of designing synthetic circuits that are based
on ligand-responsive transcription factors. We further elaborate on the exploitation of
cell surface receptors for the detection of signals that are cell-impermeable by
functionally rewiring intracellular signaling cascades to the expression of therapeutic
transgenes. Finally, we discuss the approaches of cell-based therapies to deliver gene
networks using autologous primary cells and encapsulated immortalized cells, their
hitherto therapeutic success, the challenges, and the necessary future efforts with a
mindset towards clinical applications.
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CHAPTER II: ‘Implantable synthetic cytokine converter cells with AND-gate
logic treat experimental psoriasis’
Psoriasis is a common chronic relapsing-remitting inflammatory disorder of the skin
characterized by the typical red, raised skin lesions covered by silvery white scales.
Although the cause of the yet incurable disorder remains largely obscure, previous
studies suggest that genetic predisposition as well as the exposure to distinct external
stimuli may contribute to disease induction.
The development of psoriasis results from an erroneous crosstalk between
keratinocytes and tissue-resident dendritic cells in the dermis, leading to the recruitment
of various immune cells from the adaptive and innate system (TH1, TH17 and TH22;
macrophages, neutrophils, and dendritic cells) to the skin, where they produce and
release proinflammatory cytokines. The excessive release of these cytokines in the
tissue subsequently recruits more immune cells from the blood stream, thereby
perpetuating disease progression. Important for the scope of this work, the systemic
levels of tumor necrosis factor (TNF) and interleukin 22 (IL22) have been consistently
reported to be upregulated in patients with active psoriasis. In addition, IL22 was
previously shown to synergize with other proinflammatory mediators, in particular
TNF to drive psoriasis-promoting activities, such as proliferation of keratinocytes.
Therefore, a combination of these two cytokines may serve as a specific set of
biomarkers for psoriasis.
In this work, we describe the design of a synthetic gene circuit in mammalian
cells that functions as a cytokine converter by measuring the levels of circulating TNF
and IL22 using sequentially-linked receptor-based synthetic signaling cascades,
processing the levels of these psoriasis-associated biomarkers with AND-gate logic to
trigger the expression of anti-inflammatory, clinically validated interleukin 4 (IL4) and
interleukin 10 (IL10). Mammalian cells containing the cytokine converter components
were encapsulated and implanted into animals with experimental psoriasis, where they
specifically prevented the onset of psoriatic flares, stopped established psoriasis,
improved skin lesions, and restored normal skin-tissue morphology. Importantly, the
implants of microencapsulated cytokine converter designer cells were insensitive to
stimulated bacterial and viral infections as well as psoriatic-unrelated inflammation.
Furthermore, the cytokine converter designer cells were responsive to blood samples
from patients with psoriasis in whole blood culture systems, suggesting that the sensordevice is able to operate in a clinically relevant cytokine range.
9
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CHAPTER III: ‘Human whole-blood culture system for ex vivo characterization
of designer-cell function’
The ex vivo whole blood culture system (WhBC-system) is a simple and reproducible
method that was established to test responses of primary immune cells towards any
given stimulus, such as environmental hazards, infectious agents, and drugs. A
particular advantage of this technique is that cells maintained in whole blood cultures
contain their own natural environmental milieu with blood-borne factors on a cellular
and humoral basis, thereby approximating the state of circulating blood cells in vivo.
Therefore, the WhBC-system might be the most appropriate milieu in which to study
ex vivo cell activation upon stimulation with mitogens or chemical compounds in blood
derived from healthy donors or patients suffering from systemic, immune cell-related
diseases, such as psoriasis. Hitherto applications of the WhBC-system were restricted
to studies on immune cell responses to exogenously applied stimuli.
We envisioned using this method to validate synthetic gene networks,
developed for the treatment of systemic disorders, such as autoimmune diseases.
Currently, synthetic gene networks operating in designer cells are validated in vitro and
in vivo using available mouse models. However, there are several major setbacks in
using animal models, including 1) the lack of appropriate animal models mimicking
pathologies as observed in humans and 2) ethical concerns in utilizing animals for
research purposes. Therefore, the WhBC-system can be considered as an attractive
complementary assay to animal models that can be used to validate designer cells in
patient-derived whole blood, thereby simulating the actual pathological state of
circulating cells to resemble an individual, natural, and targeted environment.
In this chapter, we report the development of the WhBC-system as a tool for
synthetic biology, with a focus on the utilization of alginate-encapsulated designer cells
to tape immune cell communication, thereby allowing the designer cells to record,
integrate, and interfere with the signals whenever deemed necessary. We provide
information on the viability and the functionality of cells in co-culture, comprising
primary immune cells and transgenic mammalian cells and demonstrate that genetically
modified microencapsulated designer cells are able to detect, produce, and secrete
proteins to the blood environment. For a future of personalized medicine and designer
cell-based therapies, the use of the WhBC-system may provide estimations about
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patient-specific physiological dynamics, which could be the key for a customized
therapy.
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Introduction – ‘Engineering of synthetic gene circuits
for (re-)balancing physiological processes in chronic
diseases’
Lina Schukur and Martin Fussenegger

published in
WIREs Systems Biology and Medicine 8: 402-22 (2016)
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Chapter I

Abstract
Synthetic biology is a promising multidisciplinary field that brings together experts in
scientific disciplines from cell biology to engineering with the goal of constructing
elements that do not occur in nature for use in various applications, such as the
development of novel approaches to improving healthcare management. Current
disease treatment strategies are typically based on the diagnosis of phenotypic changes,
which are often the result of an accumulation of asymptomatic metabolic defects in the
human body. These defects occur when the tight regulation of physiological processes
is disturbed by genetic alterations, protein function losses, or environmental changes.
Such disturbances can result in the development of serious disorders that are often
associated with aberrant physiological levels of certain biomolecules (e.g., metabolites,
cytokines, and growth factors), which may lead to specific pathogenic states. However,
these aberrant levels can also serve as biomarkers for the precise detection and
specification of disease types. Clinical interventions are often conducted during the late
stages of disease pathogenesis because of a lack of early detection of these
physiological disturbances, which results in disease treatment rather than prevention.
Therefore, advanced therapeutic tools must be developed to link therapeutic
intervention to early diagnosis. Recent advances in the field of synthetic biology have
enabled the design of complex gene circuits that can be linked to a host's metabolism
to autonomously detect disease-specific biomarkers and then reprogrammed to produce
and release therapeutic substances in a self-sufficient and automatic fashion, thereby
restoring the physiological balance of the host and preventing the progression of the
disease. This concept offers a unique opportunity to design treatment protocols that
could replace conventional strategies, especially for diseases with complex and
recurrent dynamics, such as chronic diseases.
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Introduction
Living cells harbor a wide range of biological molecules that are logically connected to
complex dynamic networks to drive essential processes, thereby enabling the cells to
survive diverse environmental challenges and execute specific physiological functions.
Cells control these biological processes by receiving and processing intra- and
extracellular information via sensors that translate the input signals into an appropriate
response to regulate various processes, such as protein synthesis, cell growth and
differentiation, and programmed cell death. The coordinated action of these
interconnected biological molecules allows every cell to perform essential survival
functions as well as specialized functions that help maintain the stability of
physiological processes within the body. Disturbances to the regulation of endogenous
networks, such as through genetic alterations or protein function losses, can have severe
consequences for the survival of the organism. In humans, the accumulation of
dysregulated networks can result in abnormal expression profiles of specific
biomolecules and uncontrolled cellular functions, which can lead to the development
of chronic diseases, such as cancer, autoimmune diseases, and metabolic disorders (e.g.,
diabetes). Although little is known about the pathophysiology of chronic disorders, they
are characterized by recurrent, complex, and persistent disease dynamics. For example,
chronic autoimmune inflammatory diseases, such as rheumatoid arthritis or psoriasis,
are linked to abnormally increased blood levels of inflammatory cytokines caused by
the activation of immune cells by otherwise harmless stimuli (Davidson and Diamond
2001; Partsch et al. 1997). These disease-specific expression profiles can serve as
biological indicators of pathophysiological processes and are therefore referred to as
biomarkers. However, our limited knowledge of the complex pathophysiology of
chronic conditions does not allow for the development of targeted therapies that could
eliminate the cause of the disease, thereby rendering these diseases incurable with the
available treatment approaches.
Current treatment strategies are typically based on therapeutic interventions by
drug administration after diagnosis. This conventional approach has several inherent
limitations that complicate the healthcare of patients suffering from chronic diseases.
First, this conservative approach requires continuous drug administration at regular
intervals. In addition, the required drug dosage is often determined by parameters that
are not related to the disease, such as body weight and gender (Pai 2012), rather than
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by the actual physiological conditions of the patient. Furthermore, chronic conditions
are often diagnosed and treated at later stages of disease pathogenesis; thus, the diseases
are treated rather than prevented. Therefore, novel methodologies that can perform
early disease detection and provide immediate treatment by delivering the appropriate
amount of a therapeutic drug based on the disease state must be developed.
Synthetic biology is an interdisciplinary field that aims to design naturally nonoccurring elements or re-construct available biological systems to generate novel tools
for research and therapeutic applications (Lienert et al. 2014). Because of the
availability of genomic data and functional characterizations of naturally occurring
biomolecules, including DNA- and RNA-regulatory sequences, ligand-binding
proteins, and protein interaction networks, synthetic biologist have created many
synthetic building blocks that can be functionally assembled to form synthetic circuits
and programmed to perform specific cellular tasks through the control of ligands
(Auslander and Fussenegger 2013; Lu et al. 2009). The repertoire of synthetic gene
circuits available today includes genetic toggle switches (Gardner et al. 2000),
oscillators (Elowitz and Leibler 2000), band-pass filters (Greber and Fussenegger
2010), and logic gates (Guet et al. 2002). These synthetic gene circuits have been used
for various applications, such as reprograming living cells to control T cell proliferation
(Chen et al. 2010), recognize and kill cancer cells (Nissim and Bar-Ziv 2010; Xie et al.
2011), or treat recurrent metabolic (Auslander et al. 2014; Kemmer et al. 2010; Rossger
et al. 2013a; Rossger et al. 2013b; Ye et al. 2011) and autoimmune diseases (Saxena et
al. 2016; Schukur et al. 2015a).
The intriguing ability of reprogramed cells to precisely sense various
extracellular signals and specifically respond via complex intracellular pathways to
continuous changes in the cellular microenvironment offers an attractive tool for the
design of sensor-effector cell-based devices for the treatment of chronic diseases. The
responsiveness of these synthetic gene circuits can either be linked to the presence of
exogenous signals, such as small molecules, or to endogenous signals (disease-specific
biomarkers that are associated with the pathogenic state). The latter represents a better
strategy because the use of exogenous ligands to regulate the expression of the
therapeutic output would require regular adjustments of appropriate input signals,
which is similar to the conventional strategy of changing the dosage regimen.
Therefore, the development of sensor-effector cell-based devices capable of interacting
with the host’s physiological condition in real time and coordinating the level of
16
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disease-associated biomarkers with the corresponding expression of therapeutic
output(s) could address the unmet medical need for early detection and immediate
intervention, which would finally offer a strategy to prevent disease progression.
In this review, we discuss prominent examples of ligand-responsive synthetic
gene circuits that have been developed for therapeutic applications and highlight
examples that link the presence of endogenous disease-relevant biomarkers to the
expression of therapeutic outputs. We first present the principles of designing synthetic
gene circuits that are based on ligand-controllable transcription factors (TFs) that can
detect cell-permeable ligands. We then introduce the approach of rewiring intracellular
signaling cascades to the expression of therapeutic outputs and focus on the two major
classes of cell surface receptors for the detection of cell-impermeable input signals: 1)
G protein-coupled receptors, and 2) receptor tyrosine kinases and cytokine receptors.
Finally, we discuss cell-based therapy approaches using gene networks, evaluate the
therapeutic success and challenges associated with these networks, and detail future
investigations that must be performed to produce clinical applications.

GENE CIRCUITS AS PROSTHETIC NETWORKS
Synthetic biology has recently enabled the design of complex gene circuits capable of
functionally integrating and interfacing with the host’s metabolism to autonomously
monitor disease-associated metabolites, process off-level concentrations and
coordinate the appropriate therapeutic response in an automatic and self-sufficient
manner (Heng et al. 2015). These systems, which are also known as prosthetic
networks, have significant potential to meet the medical requirements for early disease
detection and therapeutic interventions to maintain physiological balance. Advances in
therapeutic network design for biomedical applications has resulted in a plethora of
highly sophisticated prosthetic networks. Optimal results in the design of these gene
circuits can be achieved by introducing into cells naturally evolved building blocks that
present the highest affinity to their ligands. Below, we highlight several available tools
that can be used to construct gene circuits capable of sensing specific stimuli and
responding in a trigger-controllable manner.

17
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Ligand-controlled synthetic transcription factors
Transcription factors (TFs) are key cellular components that control gene expression,
and their activities influence various cell processes, such as differentiation,
proliferation, apoptosis, or metabolic activities (Rosenfeld et al. 2005). Among
numerous other functions, TFs regulate gene expression by recruiting co-activators to
trigger (ON state) or co-repressors to inhibit (OFF state) the transcription of a specific
gene by forming multiprotein complexes capable of binding a specific DNA sequence
(Ptashne 1986). Taking advantage of these regulatory modules, synthetic biologists
have developed multiple controllable TF-based gene circuits that typically consist of a
protein complex composed of 1) a DNA-binding domain (DBD) that allows docking
on a specific DNA sequence, which is linked to an adjacent promoter positioned
upstream of the gene of interest, and 2) a recruited or covalently fused regulatory
domain (RD: activator or repressor). The DNA binding affinity of the protein complex
can be regulated by a ligand-binding domain (LBD), which renders the DBD incapable
or capable of binding to DNA in the presence or absence of the ligand (Auslander and
Fussenegger 2013).
A large set of TF-based gene circuits have been generated using natural
proteins, such as the classical tetracycline repressor (TetR) proteins. When bound to
their ligands, TetR-like proteins undergo an allosteric modification in their DBD. Thus,
the DNA binding affinity to the cognate operator site can be influenced and regulated
by the addition or withdrawal of the specific ligand. To function as synthetic
transcription factors, the TetR-like proteins are typically fused to transactivator
domains, (e.g., VP16 or the human p65 and E2F4) to induce gene expression or to
transsilencer domains (e.g., KRAB) to inhibit gene expression (Weber and Fussenegger
2010).
The versatility of these systems enable the modular construction of genetic
networks that are integrated into living systems, such as mammalian cells, and can be
externally controlled by the addition or withdrawal of ligands. Early inducible synthetic
transcription factors have been designed to respond to small molecules, such as
antibiotics. However, the use of antibiotics for biomedical applications is associated
with several safety issues, including the development of resistance. Therefore, other
controllable TF-based gene circuits have been designed that are capable of responding
to metabolites (Gitzinger et al. 2009; Hartenbach et al. 2007), food additives (Gitzinger
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et al. 2012; Xie et al. 2014), and pathological molecules (Kemmer et al. 2010). To date,
a number of sophisticated gene networks have been developed that can precisely
reprogram cellular behavior according to endogenous or exogenous signals, which
indicates that these networks have the potential for use in biomedical applications.
One of the pioneering examples of prosthetic gene networks is a transcription
factor-based gene circuit that was developed to restore uric acid homeostasis (Kemmer
et al. 2010). Elevated levels of uric acid can cause hyperuricemia, a condition that is
frequently associated with tumor lysis syndrome or gout (Karis et al. 2014). Hence,
Kemmer et al. constructed a sensory unit (mUTS) composed of a uric acid-responsive,
Deinococcus radiodurans-derived HucR repressor that was fused to the transcriptional
silencing domain KRAB, and the activation of this unit led to the inhibition of output
production by binding to the cognate operator site (hucO8) (Fig. 1a). In the presence of
uric acid, mUTS (KRAB-HucR) is released from hucO8, thus allowing for the
expression of a secretion-engineered urate oxidase from Aspergillus flavus that
eliminates uric acid by converting it into the more soluble and renally secretable
allantoin (Fig. 1a). By incorporating the human uric acid transporter (hURAT1) into
the system, the sensitivity of the intracellular device to uric acid was increased. The
entire synthetic device was integrated into mammalian cells that were encapsulated and
implanted into mice suffering from acute hyperuricemia, thus representing a mouse
model based on urate oxidase deficiency. Mice containing these implants showed a
strong reduction in pathological uric acid concentrations in the blood down to the subpathological level, suggesting that the uric acid-responsive synthetic gene network
could maintain uric acid homeostasis in the bloodstream (Kemmer et al. 2010).
A similar class of synthetic ligand-induced transcription factors is based on the
fusion of a DBD that constitutively binds its cognate DNA sequence to a ligandsensitive regulatory domain, which regulates the recruitment of transcription coactivators or co-repressors depending on the presence or absence of the ligand. Based
on this approach, a synthetic gene circuit was recently designed to tackle Graves’
disease (Saxena et al. 2016), an autoimmune disorder caused by the presence of
autoantibodies that stimulate the constitutive release of thyroid hormones (THs) by
binding to thyroid-stimulating hormone receptors (TSHR) on the thyroid glands
(Franklyn 1994). The otherwise tightly controlled thyroid hormone homeostasis is
disrupted by the presence of these autoantibodies, thus leading to hyperthyroidism
(Franklyn 1994). To restore thyroid hormone homeostasis, the authors of this study
19
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developed a synthetic mammalian gene circuit that constantly detects elevated TH
levels and drives the expression of the therapeutic output TSHR antagonist (TSHAntag)
that competes with stimulating autoantibodies to bind to TSHR, thereby preventing the
activation of the thyroid glands (Saxena et al. 2016). The synthetic thyroid hormoneresponsive circuit was designed by fusing the DBD of the Saccharomyces cerevisiaederived regulatory protein GAL4 (GAL4DBD) to the ligand-binding domain of a human
nuclear receptor for thyroid hormone (thyroid hormone receptor α (TRα)) (TRαLBD)
(Fig. 1b). In the absence of THs, the constructed thyroid-sensing receptor (TSR)
(GAL4DBD-TRαLBD) is expected to bind to its cognate promoter and repress gene
expression by recruiting endogenous co-repressors. However, when TH levels increase,
the TSR interacts with co-activators to trigger output expression (Fig. 1b). Thus,
encapsulated mammalian cells containing the synthetic gene circuit successfully
restored thyroid hormone homeostasis in animals with experimental Graves’ disease
(Saxena et al. 2016).
In a similar approach, Rössger and colleagues addressed obesity, a
pathophysiological condition that is observed in industrialized countries and in
developing countries and is associated with an increased risk of other medical
conditions, such as stroke, certain cancers and type 2 diabetes (Rossger et al. 2013b).
Obesity is caused by disturbances in the metabolic system that typically occur because
of excessive food energy intake in combination with reduced physical activity and a
genetic predisposition, which lead to hyperlipidemia, a condition characterized by
increased systemic levels of fatty acids. One solution for the treatment of obesity
involves the reduction of food intake by suppressing appetite and promoting satiety. To
this end, Rössger et al. designed a synthetic intracellular lipid-sensing receptor (LSR)
that links increased levels of fatty acids to the expression of an appetite-suppressing
peptide hormone (pramlintide). The receptor is a fusion protein that consists of a ligandbinding domain of the human nuclear peroxisome proliferator-activated receptor α
(PPARαLBD) and a bacterial DNA-binding repressor (TtgR) that is responsive to the
plant metabolite phloretin, which is widely used as a cosmetic additive. The LSR
contains a dual-input sensitivity to fatty acids (via PPARα) and phloretin (via TtgR)
(Fig. 1c). The therapeutic transgene pramlintide was placed under the control of the
TtgR-specific promoter. In the absence of both inputs (fatty acid and phloretin), LSR
is bound to DNA via TtgR (OTtgR) and the PPARα domain associates with a corepressor complex to inhibit gene expression (Fig. 1c (i)). In the presence of PPARα20
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specific fatty acids, a co-activator complex is recruited to trigger gene expression (Fig.
1c (ii)). Independent of the presence or absence of fatty acids, the administration of
phloretin triggers the dissociation of TtgR from its cognate DNA-binding site (OTtgR),
which retains transcription silencing even in the presence of fatty acids (Fig. 1c (iii)).
This unique feature of the synthetic TF-based circuit provides a potential safety switch
through the TtgR domain to override the activation of the lipid-dependent promoter and
the expression of the appetite-suppressing therapeutic peptide hormone pramlintide,
thereby allowing the process to be shut off in case of undesired side effects. When
transplanting mammalian cells containing the LSR-device into obese mice, the
regulated expression of pramlintide resulted in a significant reduction in food
consumption, blood lipid levels, and body weight. This proof-of-concept study that
directly monitored pathologic metabolites in the blood system and assessed their link
to the concentration-dependent expression of protein pharmaceuticals is an attractive
approach for tackling obesity.
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Figure 1. Ligand-controlled transcription factor-based gene circuits. (a) Synthetic
gene circuit to restore uric acid homeostasis (Kemmer et al. 2010). Increased levels of
uric acid in the bloodstream are detected by the sensor component (mUTS), a synthetic
transcription factor that consists of the uric acid-responsive HucR fused to the
transsilencer domain KRAB (KRAB-HucR). In the absence of uric acid, mUTS
represses the expression of the output by binding to hucO8. In the presence of uric acid,
mUTS is released from hucO8 to allow for the expression of smUOX, which is released
into the bloodstream to convert uric acid into the more soluble and renally secretable
allantoin. (b) A synthetic thyroid hormone-responsive gene circuit for the treatment of
Graves’ disease (Saxena et al. 2016). Thyroid hormone is detected by the synthetic
thyroid hormone-sensing receptor (TSR), which is a fusion protein that contains the
yeast GAL4 DNA-binding domain (GAL4DBD) that constitutively binds its cognate
operator site (upstream activating sequence, UAS) and the ligand-(thyroid-)binding
domain of the human thyroid hormone receptor (TRαLBD). In the absence of thyroid
hormone, the TSR is associated with a co-repressor complex, which leads to inhibited
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expression of the output. In the presence of thyroid hormone, TSR is associated with a
co-activator complex to induce the expression of the output effector thyroid-stimulating
hormone receptor antagonist (TSHAntag), which is released into the circulation to restore
thyroid hormone homeostasis in mice. (c) Synthetic gene circuit for the treatment of
obesity (Katrin et al. 2013b). A lipid-responsive sensor (LSR) was constructed by
fusing the ligand-binding domain of the human PPARα (PPARαLBD) to the phloretinresponsive repressor (TtgR). (i) In the absence of fatty acids, PPARα-TtgR bound to
TtgR-specific operator sites (OTtgR) inhibits gene expression by associating with a corepressor complex. (ii) In the presence of fatty acids, PPARα-TtgR associates with a
co-activator complex to induce the expression of the appetite-suppressing peptide
hormone (pramlintide). (iii) Independent of the presence or absence of fatty acids, the
addition of phloretin leads to the dissociation of PPARα-TtgR from DNA, thereby
inhibiting the expression of pramlintide.

Dimerization-regulated gene expression
An alternative to the synthetic TFs described above are synthetic two-hybrid systems,
which were initially designed as a tool for investigating protein-protein interactions
(Chien et al. 1991; Fields and Song 1989). The design principle of the two-hybrid
system was inspired by the nature of the Saccharomyces cerevisiae regulatory protein
GAL4, which consists of two different functional domains that can be separated into an
N-terminal DNA-binding domain (DBD) and a C-terminal activation domain (AD).
The basic idea was to split these two domains and fuse them to proteins (DBD and AD
of GAL4 to proteins of interest X and Y, respectively) that could spontaneously
dimerize, thereby leading to the reconstitution of a fully functional GAL4 protein to
activate target gene expression (Bruckner et al. 2009).
Taking advantage of this approach, Nissim and colleagues designed a split
transcription factor to target cancer cells (Nissim and Bar-Ziv 2010). The circuit utilizes
two fusion proteins: 1) a bacterial DocS domain fused to the viral VP16 transactivation
domain and 2) a bacterial Coh2 domain fused to the yeast GAL4DBD. When both fusion
proteins (DocS-VP16 and Coh2-GAL4DBD) are expressed, DocS and Coh2 dimerize to
form a transcriptional complex that is capable of activating the expression of a suicide
gene (herpes simplex virus type-1 thymidine kinase (HSV-TK1)), which is regulated
by a synthetic promoter that contains GAL4 binding sites. The expression of DocSVP16 and Coh2-GAL4DBD was controlled by the activity strength of synthetic
promoters (CXCL1, SSXI, and H2A1) in various cancer cell lines. The activity of these
cancer-related promoters was in turn regulated by endogenous transcription factors
present in the cell, thus allowing for cancer cell-dependent response functions. This
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construction enabled the discrimination between different cells based on their diverse
transcription patterns and resulted in a tunable response.
Further efforts have combined this design strategy with ligand-induced
dimerization domains in which the reconstitution of functional transcription factors
depends on small molecules, hormones (Braselmann et al. 1993; Collingwood et al.
1997), rapamycin (Ho et al. 1996; Liberles et al. 1997), plant hormone abscisic acid
(ABA) (Liang et al. 2011), and blue light (Kennedy et al. 2010; Wang et al. 2012b),
thereby allowing for extracellular ligand-induced target gene expression.
However, the focus has recently shifted from TetR-like- and GAL4-based
transcription factors, which target a specific DNA sequence, towards programmable
TFs based on zinc finger (ZF) domains, transcription activator-like effectors (TALEs),
clustered regulatory interspaced short palindromic repeats (CRISPR), and CRISPRassociated protein 9 (Cas9) (Gaj et al. 2013). The primary reason for this shift is that
ZF, TALEs, and CRISPR systems can be designed to bind to any desired DNA
sequence; thus, they are capable of targeting endogenous genes (Gaj et al. 2013). ZFs
are the best-studied domains; however, they present limitations because of their
complex design process, whereas CRISPR and TALEs have more straightforward
designs and are easier to use (Gaj et al. 2013). When fused to a transcription regulator
(activator or silencer), these modules can function as transcription factors to control
gene expression. However, the initial efforts at controlling the function of these
transcription factors were limited to ZF, with the transcription factors designed as split
ZF-based components that could be reconstituted to functional transcription factors by
chemically induced dimerization (CID) (Beerli et al. 2000). Recently, TALE- and
CRISPR/Cas9-based transcription factors have also been designed to function in a
trigger-controllable fashion using homo- or heterodimerization domains. TALE-based
transcription factors have been successfully designed to respond to hypoxia (Li et al.
2012), hormones (Mercer et al. 2014), and light (Konermann et al. 2013). For example,
Konermann et al. used the light-sensitive cryptochrome 2 (CRY2) protein and its
binding partner CIB1 ( Kennedy et al. 2010), which formed dimers in the presence of
blue light. In addition, the system consisted of two independent components, with the
first component containing a customizable DNA-binding domain that was based on
TALEs and fused to CRY2 (TALE-CRY2), and the second component including the
interacting partner of CRY2, CIB1, which was fused to the transcription activator
domain VP64 (CIB1-VP64). Upon exposure to blue light, CRY2 and CIB1
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heterodimerize and thereby recruit the effector domain (VP64) to the target promoter
to induce gene expression. However, in the absence of blue light (the inactive state),
the TALE-CRY2 fusion protein binds the promoter region of the target gene, whereas
CIB1-VP64 remains free within the nuclear compartment. Light-sensitive dimerization
domains represent an attractive tool because they act in a rapid and reversible manner
and do not require additional exogenous chemical cofactors. Inspired by this system,
CRISPR/Cas9-based transcription factors were recently constructed so that their
functions could be controlled by blue light (Nihongaki et al. 2015; Polstein and
Gersbach 2015). The authors of these recent studies fused the Cas9 domain to the CIB1
(Cas9-CIB1) and the CRY2 domain to the VP64 (CIB1-VP64).
Using intracellular dimerization domains to regulate gene expression increases
the specificity of synthetic transcription regulators that depend on the presence of two
domains. However, the range of ligands that can be used to control these systems is
restricted to cell-permeable input signals, such as diffusible small molecules or physical
permeable light photons. For this purpose, cell surface receptors represent an attractive
approach because they are able to respond to stimuli present in the extracellular
environment, are located at the interface between intracellular and extracellular milieus,
and play a crucial role in cell fate decisions through the wiring of intracellular
transduction events. Efforts to use these proteins to create sensor-effector devices that
allow the sensing of extracellular input signals and link the signals to intracellular
responses, such as the production of therapeutic proteins, will be discussed in the
following sections.

Rewired signal transduction cascades
A basic property of living systems is the ability to respond to extracellular signals by
eliciting an internal response, which often leads to changes in gene expression and
cellular phenotypes. Certain chemical signals, such as steroids or thyroid hormones,
can penetrate the cell membrane to bind and activate specific receptors that are located
in the cytoplasm. However, other signals, such as growth factors or cytokines, are cell
membrane impermeable and therefore recognized by receptors expressed on the cell
surface. When bound to their ligands, these cell surface receptors become active and
translate signals through a series of consecutive intracellular biochemical events, such
as protein phosphorylations, thereby resulting in the modification of final regulatory
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molecules that are frequently transcription factors that lead to a signal-specific cell
response. This process is also referred to as a signal transduction cascade. Because of
their pivotal role in connecting cell responses to external stimuli, cell surface receptors
represent attractive sensory modules for the design of prosthetic networks.
Synthetically modifying cells to differentially respond to specific extracellular
signals can be achieved by rewiring native intracellular signal transduction pathways
or introducing new biological modules that may be combined to resemble a complete
synthetic pathway (e.g., the transplantation of pathway modules with known functions
to another cell type or species) (Kiel et al. 2010). Progress in this field has resulted in
the development of numerous sensor-effector devices capable of linking the presence
of extracellular stimuli (for instance pathophysiological metabolites) to a desired
cellular response (the expression of therapeutic proteins) (Heng et al. 2015). Below, we
highlight important achievements in rewiring intracellular signaling pathways using
cell surface receptors.

G protein-coupled receptors (GPCRs)
GPCRs are the largest family of transmembrane proteins in humans and responsible for
mediating cellular responses to various extracellular signals, such as hormones,
neurotransmitters, ions, and photons (Heng et al. 2014), by coupling the binding of
ligands to the activation of downstream signaling pathways (Heng et al. 2014). GPCRs
contain seven transmembrane α-helix domains that span the cell membrane by
alternating intracellular and extracellular loops with an extracellular N-terminal and
intracellular C-terminal domain (Kobilka 2007). The location of the ligand binding
domains for many GPCRs has been determined. For instance, peptide hormones or
proteins bind and activate their respective receptors by binding to the N-terminal
domain, whereas small organic compounds bind within the transmembrane segments
(Kobilka 2007). Upon binding to their cognate ligand, activated GPCRs undergo a
conformational change resulting in the activation of G proteins, which further act on
their downstream effectors and thereby initiate a unique intracellular signaling
response. However, GPCRs have also been found to induce signaling in a G proteinindependent manner by interacting with arrestins, GPCR kinases, or other GPCRs
(Rosenbaum et al. 2009).

26

Chapter I

Because of their responsiveness to a vast number of endogenous ligands (e.g.,
lipids, proteins and peptides, ions, glycoproteins, hormones, neurotransmitters) and
exogenous ligands (e.g., photons, therapeutic drugs, odorants), GPCRs represent ideal
sensory receptor modules of synthetic gene networks (Urban and Roth 2015). In
addition, their role in various cellular processes has led to a growing interest in
designing GPCRs with modified functionalities and ligand-binding properties.
For instance, based on the knowledge gained from structural, functional, and
ligand-binding analyses, researchers have designed GPCRs that respond to synthetic
ligands by modifying the ligand-binding site of the native receptor; this process resulted
in the first generation of mutant GPCRs, which are referred to as receptors activated
solely by synthetic ligands (RASSLs) (Conklin et al. 2008). Although these receptors
were initially created as a basic research tool to investigate how specific cell signaling
and communication pathways influence cellular behavior, they can potentially be
incorporated as functional modules within synthetic gene networks. However, because
the original endogenous GPCRs often show minor sensitivity to the synthetic ligand,
this class of mutant GPCRs is often associated with a lack of specificity.
To address this issue, the next generation of modified GPCRs, referred to as
designer receptors exclusively activated by designer drugs (DREADDs) (Urban and
Roth 2015), was created by conducting random mutagenesis of a specific wild-type
GPCR. These mutant receptors are activated by synthetic ligands that do not have a
binding affinity to other endogenous receptors (including GPCRs). The first DREADD
mutants were human muscarinic acetylcholine receptors, which were engineered to be
activated by clozapine N-oxide (CNO), a biologically inert metabolite of clozapine.
Importantly, these mutant receptors cannot be activated by acetylcholine, the native
ligand of the muscarinic receptor. The three commonly used DREADDs available today
share the same point mutation that allows for increased CNO sensitivity and acts in
parallel with insensitivity to acetylcholine, with hM3Dq activating G protein-αq-,
hM4Di activating G protein-αi-,, and rM3Ds activating G protein-αs-signaling (Urban
and Roth 2015).
Although CNO-inducible DREADDs were recently designed to mediate the
migration of a variety of cell types, including neutrophils and T lymphocytes (Park et
al. 2014), DREADDs are primarily applied within the field of neuroscience, where they
are broadly used to enhance or inhibit the activity of neural cells in a trigger (CNO)inducible manner (Dell'Anno et al. 2014; Vazey and Aston-Jones 2014). However, one
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of the primary limitations observed with the use of DREADD technology for neural
manipulation is the slow response, which is on the order of minutes, whereas the
required response for neural activities is on the order of milliseconds.
Compared with modifications that are performed within the receptor region to
control the function of GPCRs (as seen with RASSLs and DREADDs), other
approaches are based on the utilization of native GPCRs as sensory modules for the
design of synthetic gene networks.
In this approach, a human dopamine-sensitive receptor (a GPCR) is used as a
sensor for the detection of elevated serum levels of dopamine and functionally rewired
via downstream signaling pathways to synthetic promoters that regulate the expression
of a therapeutic output (Rossger et al. 2013a). As a neurotransmitter, dopamine is a key
endogenous molecule that coordinates communication between neurons in the brain to
control behaviors associated with reward-driven learning. Natural rewards, such as
food or sexual arousal, can trigger a dopamine release. In addition to their effect in the
brain, dopamine levels in the blood have been found to increase in relation to
corresponding brain activities that are associated with reward-driven learning (Rossger
et al. 2013a). Capitalizing on this correlation between reward-triggered brain activities
and dopamine levels in the blood, a synthetic sensor-effector network was designed that
links serum dopamine surges to reward-associated responses. In particular, the human
dopamine receptor D1 (DRD1) is activated by its cognate ligand (dopamine), which in
turn triggers G protein-αs to catalyze the conversion of ATP to the second messenger
cyclic adenosine monophosphate (cAMP). Increased levels of the cAMP second
messenger activate protein kinase A and cause phosphorylation and activation of the
cAMP-responsive element binding protein 1 (CREB1). Activated CREB1 functions as
a transcription factor to drive the expression of a therapeutic protein for the treatment
of hypertension (or high blood pressure), a chronic medical condition that is associated
with metabolic diseases, such as diabetes and obesity, and can lead to an increased risk
of developing myocardial infarction, stroke, or chronic kidney diseases (Baradaran et
al. 2014) (Fig. 2a). In the synthetic circuit, the dopamine-induced intracellular
activation cascade was rewired to synthetic promoters containing CREB1-specific
cAMP-responsive elements (CRE) to regulate the expression of a powerful vasodilator,
atrial natriuretic peptide (ANP), which attenuates high blood pressure. Transgenic
mammalian cells containing the dopamine-responsive circuit were microencapsulated
and implanted in an animal model of hypertension. A systemic dopamine surge in mice
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was triggered by sexual arousal; thus, when hypertensive animals were exposed to
sexual arousal, systemic levels of ANP and dopamine increased, whereas hypertonic
systolic blood pressure reached a normal level (Rossger et al. 2013a), suggesting that
encapsulated designer cells can be controlled by brain activities to produce and deliver
therapeutics (ANP) in diseased animals.
This type of synthetic gene network based on rewiring GPCR-induced signaling
pathways has been further constructed for the treatment of diabetic ketoacidosis, in
which low pH levels were used as an input signal (Auslander et al. 2014). Low pH
levels are generated through a lack of glucose intake by muscle, liver, and adipose
tissue, which is provoked by the loss of function of insulin-producing β cells within the
pancreas, leading to the development of type I diabetes. The lack of insulin-mediated
glucose delivery as an energy source results in uncontrolled lipolysis in adipose tissue
of type I diabetic patients, which results in the increased production of ketone bodies
in the liver. When excess acidic ketone bodies accumulate in the blood, acid-base
homeostasis maintained by the CO2-bicarbonate buffering system is disrupted. This
condition is referred to as diabetic ketoacidosis and can lead to cerebral edema, coma,
and even death (Gosmanov et al. 2014). Auslander et al. constructed a prosthetic
network that utilizes a pH-sensing receptor TDAG8, which is a GPCR that can be
stimulated by extracellular proton levels produced through diabetic ketoacidosis to
trigger a G protein-αs response that results in an intracellular cAMP surge. TDAG8regulated intracellular signaling via cAMP was functionally rewired to a synthetic
promoter regulated by CREB1-responsive elements to drive the expression of
secretion-engineered insulin (furin-cleavable proinsulin 1) (Fig. 2b). The synthetic pHsensing circuit was implemented into mammalian cells, which were encapsulated and
subsequently implanted into mice with type I diabetes. Mice containing the implants
showed restored glucose homeostasis and attenuated diabetic ketoacidosis through
insulin production by the prosthetic gene network (Auslander et al. 2014).
Receptor tyrosine kinases and cytokine receptors
Receptor tyrosine kinases (RTKs) and cytokine receptors are another class of cell
surface receptors that are responsible for translating the presence of extracellular
growth factors and cytokines into an intracellular response. Cytokines and growth
factors are a series of proteins that function as extracellular signaling molecules to
regulate various cellular processes, such as cell proliferation, differentiation, survival,
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death, migration, and cycle control as well as the production of certain effector
molecules via binding to specific cell surface receptors that are expressed on target
cells. As key regulators of critical cellular processes, when the activity, abundance, or
cellular distribution of cytokines and growth factor receptors is altered, serious
disorders have been observed, such as cancers, diabetes, or inflammatory diseases; thus,
cytokines and growth factor receptors are attractive targets for the development of
therapeutic agents (Levitzki 2013).
Receptors of cytokine and growth factors typically contain two or more
transmembrane protein domains that span the cell membrane, which are called receptor
chains. Each receptor chain contains an extracellular component that engages the ligand
(cytokine or growth factor), an anchored transmembrane-spanning domain, and a
cytoplasmic domain that interacts with intracellular molecules upon activation of the
receptor to initiate an intracellular signaling cascade, which involves a series of
phosphorylation events that results in a cellular response, typically by regulating gene
expression.
These receptors can be classified as receptors with intrinsic enzymatic activity
within the cytoplasmic domain of the receptor chains (RTK) and receptors without
enzymatic activity (cytokine receptors).
RTKs contain an intrinsic protein tyrosine kinase (TK) within the cytoplasmic
region and are activated by binding to their specific ligands (Lemmon and Schlessinger
2010). Growth factors and hormones are two especially important categories of ligands
for RTKs that include, but are not limited to, vascular endothelial growth factor
(VEGF), epidermal growth factor (EGF), fibroblast growth factor (FGF), insulin, and
platelet derived growth factor (PDGF). In general, the activation of RTKs is initiated
by ligand-induced oligomerization of receptor monomers; however, certain RTKs
(such as insulin receptor or insulin-like growth factor (IGF1) receptor) are expressed as
connected oligomers on the cell surface even in the absence of their ligand (Lemmon
and Schlessinger 2010). Whether the inactive state of the receptor is monomeric or
oligomeric, its activation still requires the bound ligand, which causes a structural
modification within the receptor that in turn drives an intracellular signaling cascade.
The first step in RTK signaling is the autophosphorylation of the receptors by the
intrinsic tyrosine kinase activity contained within the cytoplasmic region.
Phosphorylated tyrosines on the receptors serve as docking sites for the recruitment of
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cytoplasmic signaling molecules, which are then phosphorylated to further activate the
respective signaling pathway.
Compared with RTKs, cytokine receptors do not contain an intrinsic kinase
domain as part of their structure. Instead, the cytoplasmic domain of these receptors is
non-covalently associated with cytoplasmic signaling kinases, such as janus kinase
(JAK) family members, which include JAK1, JAK2, JAK3, and TYK2 (Heldin 1995).
Ligand binding to cytokine receptors induces a conformational change within the
receptor and results in the activation of the associated JAK, which in turn
phosphorylates the tyrosine residues of the receptors. Subsequently signal transducers
and activators of transcription (STAT) proteins are recruited to a specific binding motif
within the receptor, and the STATs are then phosphorylated by JAKs and dissociate
from the receptor chain to form homo- or heterodimers that translocate into the nucleus
and act as transcription factors.
Although the vast majority of cytokine receptors activate protein tyrosine
phosphorylation, certain receptors are associated with other enzymatic activities. For
example, the tumor necrosis factor receptor (TNFR) is a member of the cytokine
receptor family and interacts with serine-threonine protein kinase, which is known as
receptor interacting protein kinase (RIP), an enzyme that catalyzes the phosphorylation
of serine or threonine residues within proteins. The subsequent intracellular events
ultimately lead to the activation of the protein nuclear factor κB (NFκB), which in turn
translocates into the nucleus to function as a transcription factor of target genes. In its
inactive state, NFκB is located in the cytoplasm and forms a complex with inhibitory
IκB (inhibitor of κB) proteins. Upon activation of TNFR by its ligand TNF, a sequence
of phosphorylation events results in the phosphorylation of IκB, which leads to
proteasome-mediated IκB degradation, thereby rendering NFκB free to translocate into
the nucleus.
Cytokines and growth factors play pivotal roles in manipulating cellular
processes through binding to the receptors on target cells. In healthy individuals, the
levels of these circulating biomolecules and the activation of their cognate receptors are
tightly regulated. However, disruptions in the regulation system lead to abnormal levels
of circulating signaling molecules and may cause severe disorders. Therefore, major
efforts have been focused on understanding the mechanisms involved in disease
pathogenesis to develop targeted therapeutics that interfere with either the receptor
activation pathway or the circulating signaling molecules (Geering and Fussenegger
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2015). However, because these receptors and their cognate ligands are responsible for
a variety of physiological processes, their blockade often results in serious side effects.
Alternatively, synthetic biology-inspired approaches utilize these receptors as
sensory modules for the design of prosthetic networks by functionally rewiring the
intracellular signaling cascades, which are initiated upon receptor activation by the
cognate ligand, to synthetic promoters that control the expression of a specific gene.
Culler et al. constructed a network that triggered apoptosis in immortalized
mammalian cells upon the induction of the intracellular NFκB signaling cascade, which
was triggered by the activation of TNFR by its ligand TNF (Fig. 2c). Target genes that
are activated by the transcription factor NFκB have been found to directly contribute to
the pathogenesis of several diseases, particularly cancer and inflammation. Capitalizing
on the pathological role of NFκB, Culler et al. functionally rewired TNFR-induced
NFκB activation to the expression of a suicidal gene, thereby inducing cell death in
response to TNF (Culler et al. 2010). These authors constructed a RNA-based device
composed of specific aptamers designed to recognize nuclear NFκB. The aptamers
were then placed into key intronic regions near an alternatively spliced exon that
contained a stop codon. The alternative exon was part of a three-exon, two-intron
minigene that was fused upstream to the output gene encoding the herpes simplex virusthymidine kinase (HSV-TK). In the presence of the input signal (nuclear NFκB that
binds to the specific aptamers), the alternative exon containing the stop codon was
excluded to allow for the expression of the output gene (Culler et al. 2010). By linking
the translocation of NFκB to the nucleus, which is the final event of the NFκB signaling
cascade, to the activation of a synthetic device, the authors successfully constructed a
network that could interface with native intracellular pathways to control cell behavior.
Recently, a sophisticated gene circuit was constructed that linked the presence
of two psoriasis-associated biomarkers to the expression of two anti-psoriatic effector
proteins (Schukur et al. 2015a).
Psoriasis is a chronic recurrent autoimmune skin disease associated with
increased serum levels of proinflammatory cytokines and reduced levels of antiinflammatory mediators (Griffiths and Barker 2007). This imbalance in pro- and antiinflammatory mediators results in excessive inflammation that ultimately leads to
skin/tissue damage. In patients with active psoriasis, the levels of TNF and interleukin
22 (IL22) in the blood were consistently reported to be upregulated and are therefore
considered to be reliable and specific disease biomarkers (Mussi et al. 1997; Wolk et
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al. 2006). In this study, the authors engineered a prosthetic network in mammalian cells
that operates as a cytokine converter by quantifying psoriasis-associated TNF and IL22
levels using sequentially linked receptor-based synthetic signaling cascades, processing
the levels of these proinflammatory cytokines with AND-gate logic and triggering the
corresponding expression of the anti-inflammatory therapeutic proteins interleukin 4
(IL4) and interleukin 10 (IL10) (Fig. 2d). The sequentially activated cascade was
initiated by functionally rewiring a TNF-triggered TNFR signaling cascade via NFκB
to a synthetic NFκB-responsive promoter that controlled the expression of the receptor
for IL22 (IL22 receptor alpha subunit, IL22RA). IL22RA heterodimerizes with the
endogenous IL10 receptor beta subunit (IL10RB) on HEK-293T cells in the presence
of the ligand IL22, thereby constituting a functional cytokine receptor complex that
enables the IL22-mediated activation of the JAK/STAT3 signaling cascade. Activation
of the JAK/STAT signaling cascade results in the phosphorylation of overexpressed
STAT3 protein, which then translocates into the nucleus to function as a transcription
factor to drive the expression of the output genes IL4 and IL10, which were placed
under the control of synthetic STAT3-responsive promoters. Consecutive connections
of the TNF- and IL22-responsive signaling cascades provide AND-gate logic
integration of proinflammatory cytokines to ensure that IL4 and IL10 are exclusively
expressed in the presence of both inputs (TNF and IL22), thereby increasing the
specificity of the sensing part of the device.
Encapsulated mammalian cells containing the cytokine converter gene network
were implanted into mice with psoriasis. When proinflammatory TNF and IL22 were
increased in the bloodstream of the mice containing the implants, the synthetic circuit
was turned on to convert these cytokine signals into an anti-inflammatory cell response
(production and release of IL4 and IL10), thereby leading to the attenuation of the
disease in mice and the prevention of skin damage. This is a proof-of-concept study
that demonstrates a prosthetic network that processes extracellular disease-specific
signals with AND-gate logic in a preclinical setting. Furthermore, the cytokineconverter designer cells were responsive to blood samples from patients with psoriasis
in a whole-blood co-culture setting (Schukur et al. 2015b), suggesting that the sensor
device is capable of operating in a clinically relevant cytokine range. This work is
described in more details in Chapter I.
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Figure
2.
Rewired
intracellular
signaling
cascades.
(a) Synthetic dopaminetriggered signaling cascade to
attenuate high blood pressure
(Rossger et al. 2013a). The
human dopamine-responsive
G protein-coupled receptor
(dopamine receptor 1, DRD1)
is activated by extracellular
dopamine to trigger the
endogenous cAMP-dependent
pathway, thereby resulting in
the activation of cAMPresponsive element binding
protein 1 (CREB1). Activated
CREB1 binds to specific
operator-site cAMP-response
elements (CRE) to drive the
expression
of
the
antihypertensive
arterial
natriuretic peptide (ANP). (b)
A synthetic pH-controlled
signaling cascade to restore
glucose
homeostasis
(Auslander et al. 2014). The G
protein-coupled
receptor
TDAG8 is activated by
extracellular proton levels to trigger the pH-adjusted activation of the intracellular
cAMP-dependent signaling cascade, which is rewired to the expression of secretionengineered insulin (furin-cleavable proinsulin I) in response to pH-changes resulting
from diabetic ketoacidosis. (c) Rewired NFκB-triggered signaling cascade for diseasetargeted cell death (Culler et al. 2010). Extracellular tumor necrosis factor (TNF) binds
and activates its receptor TNFR to trigger an intracellular signaling cascade that results
in the translocation of NFκB into the nucleus to regulate the expression of the output
transgene. A RNA-based device is composed of specific aptamers designed to
recognize nuclear NFκB proteins. These aptamers are localized at key intronic regions
near an alternatively spliced exon that contains a stop codon, which was part of a threeexon, two-intron minigene fused to the suicide gene (herpes simplex virus-thymidine
kinase, HSV-TK). The binding of TNF to TNFR induces the NFκB signaling pathway,
which in turn regulates the exclusion of the alternatively spliced exon containing the
stop codon, thereby linking activated intracellular proteins to reprogrammed cell death.
(d) Synthetic cytokine converter for the treatment of the autoimmune disease psoriasis
(Schukur et al. 2015). A synthetic gene network that consists of sequentially
interconnected signaling cascades quantifies the level of proinflammatory psoriasisassociated cytokines TNF and interleukin 22 (IL22), processes their level with ANDgate logic and coordinates the adjusted production of the anti-inflammatory cytokines
interleukin 4 (IL4) and interleukin 10 (IL10). TNF binds its cognate receptor (TNFR)
to trigger endogenous NFκB-mediated expression of human IL22 receptor alpha
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subunit (IL22RA). In the presence of IL22, IL22RA heterodimerizes with endogenous
human IL10 receptor beta subunit (IL10RB) on mammalian HEK-293T cells to trigger
an intracellular JAK/STAT signaling cascade that results in the translocation of STAT3
into the nucleus, which activates STAT3-responsive promoters and drives the
expression of IL4 and IL10. Expressed therapeutic IL4 and IL10 are released into the
blood circulation to reduce the ongoing inflammation and restore the skin's
morphology.

CELL SOURCES FOR DELIVERING SYNTHETIC GENE CIRCUITS
Cell-based therapies have emerged as a promising treatment strategy for a range of
diseases with complex dynamics (Fischbach et al. 2013). Compared with state-of-theart therapeutics that consist of small molecules or biologics (e.g., recombinant
hormones, soluble receptors, and antibody-based drugs), whole cells have the unique
ability to perform complex biological functions and are able to adapt their behavior to
their surroundings (Fischbach et al. 2013). As part-sensor/part-effector devices, cells
can translate the presence of various signals, e.g., pathogenic metabolites, into a
specific cellular response. Therefore, the use of cells provides limitless opportunities
ranging from the detection of signals and dynamic control of intracellular processes to
the regulation of cell fate decisions. By capitalizing on advances in engineering
synthetic gene circuits, cells can be genetically modified to perform a specific task upon
demand. These engineered cell-based devices are currently built using mammalian
cells. We discuss in more detail human-derived immune cells (T lymphocytes) (Park et
al. 2011) and immortalized cells encapsulated in hydrogel-based microcontainers
(Fischbach et al. 2013).

Engineering primary T cells
CD8+ T lymphocytes (or cytotoxic T cells) are cells of the immune system capable of
detecting abnormal cells, such as carcinogenic cells that express a specific antigen via
the T cell receptor (TCR), and destroying these cells upon activation. Patient-derived
primary T cells can be isolated and engineered to express synthetic chimeric antigen
receptors (CARs), which are recombinant proteins that activate the T cells upon
recognition of a specific antigen on the tumor cell and are independent of major
histocompatibility complex (MHC)-mediated presentation (Fig. 3a) (Srivastava and
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Riddell 2015). CARs are composed of an extracellular tumor-associated antigenbinding domain typically derived from an antibody, a transmembrane domain to anchor
CARs on T cells, and an intracellular signaling domain that includes a CD3ζ activation
chain of the native T cell receptor complex that induces T cell activation upon antigen
binding (Srivastava and Riddell 2015). Although these first-generation CARs induced
T cell effector functions in vitro, they were largely limited by poor antitumor efficiency
in vivo (Magee and Snook 2014). Subsequent iterations of these chimeric receptors
resulted in the second- and third-generation CARs that are capable of linking the CD3ζ
chain to intracellular signaling domains of CD28 or a variety of TNF receptor family
molecules, such as 4-1BB (CD137) and OX40 (CD134), to augment the potency of
tumor-targeted CAR-modified T cells (Sadelain et al. 2013).
Advances in CAR technology have led to dramatically improved antitumor
efficiency in clinical trials (Grupp et al. 2013; Kochenderfer et al. 2012; Louis et al.
2011). Recent clinical studies reported complete remission of highly resistant, rapidly
progressive CD19+ B cell malignancies in a substantial fraction of patients who had
received infusions of T cells that were genetically modified to express anti-CD19 CARs
(Grupp et al. 2013; Kochenderfer et al. 2012). Compared with most cancers in which
tumor-specific antigens are not well defined, in B cell malignancies, CD19 represents
an attractive and widely accepted tumor-associated antigen because its expression is
restricted to normal and malignant B lineage cells (Wang et al. 2012a). However, for
the design of CAR-based therapies for the treatment of other types of cancer that may
not be associated with a truly tumor-specific antigen, it is important to increase the
target specificity to avoid on-target, off-tumor effects. Associated efforts have resulted
in the development of AND-gate CARs, which are only activated when bound to two
different cell-surface antigens (Kloss et al. 2013).
In general, the activation of CAR-modified T cells via binding to target antigens
results in the enhanced proliferation of T cells and induced expression and release of
cytokines, such as TNF, interleukin 6 (IL6), and interferon gamma (IFNγ), which act
in combination to eradicate tumor cells. Although the increased potency in the designed
CARs has shown promising clinical efficacy, it has also increased the risk of severe
toxicities because of the lack of control of T cell activation, which leads to the excessive
release of proinflammatory cytokines. This process is known as cytokine release
syndrome, and it can induce life-threatening complications (Maude et al. 2014). In
addition, the immediate elimination of large numbers of tumor cells over a short time
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may result in tumor lysis syndrome, which can lead to organ failure (Wu et al. 2015).
Therefore, the control of T cell functions is a key design aspect that has been addressed
in previous studies, such as by the co-expression of a conditional suicide gene in the
CAR-modified T cells that eliminates transduced T cells by inducing small moleculedependent apoptotic signaling pathways, thereby leading to cell death (Gargett and
Brown 2014). However, this approach is irreversible and mitigates the complex and
costly treatment.
Alternatively, a recent study suggested the design of an inducible CAR-based
system that allows for the control of T cell activation by the exogenous addition of
small molecules and also retains antigen specificity (Wu et al. 2015). In this study, Wu
et al. designed an “ON-switch CAR” based on a split synthetic receptor system in which
the antigen-binding domain only assembles with the intracellular signaling domain in
the presence of a small molecule that enables heterodimerization, thereby yielding an
activated receptor complex (Wu et al. 2015). This novel concept with AND gate logic
information processing, which requires antigen binding and an additional signal (e.g.,
small molecules) to induce cell activation, represents a promising strategy for precisely
controlling the dosage and timing of T cell activation for future applications.
For this promising field to move from clinical trials to clinical applications,
certain parameters must be considered and optimized, such as tumor specificity and
sensitivity and CAR-related safety issues (Srivastava and Riddell 2015). These
improvements will require a deeper understanding of the molecular mechanisms
underlying the ability of synthetically constructed receptors to direct effector functions
and cell fate decisions in engineered T cells. In addition, improvements to the design
of CARs can be achieved by applying recent insights into the activation of T cells by
their native receptors (Srivastava and Riddell 2015). Engineering synthetic CARs that
are safe and effective for cancer therapy will be ideally guided by our knowledge of T
cell activation processes and tumor microenvironments to ultimately realize the full
potential of this new therapeutic strategy.

Encapsulated mammalian cells
As an alternative to primary T cells, which are autologous cells that can be
reprogrammed and retransferred into the host organism, engineered complex gene
circuits can be implemented into xenogeneic immortalized cell lines. Compared with
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autologous cells, immortalized cell lines are easier to handle, commonly used in cell
biology laboratories with established protocols for their maintenance, and, most
importantly, enable the production of almost any protein of interest. However,
xenogeneic cells that are transferred into a host organism can be recognized by the host
immune system, which will eventually result in their inactivation and destruction. One
approach to protecting these cells from immune-mediated destruction is the
administration of immunosuppressive drugs, which is associated with severe side
effects (Auslander et al. 2012a). A more favorable strategy to overcoming this problem
is the microencapsulation of the engineered cells inside semi-permeable membranes
that enable the diffusion of nutrients and the therapeutic molecules of interest (e.g.,
growth factors, cytokines, small molecules) while protecting the cells from a potential
attack by the immune system (Fig. 3b) (Auslander et al. 2012a; Wieland and
Fussenegger 2012). Within these microcapsules, engineered cells are still capable of
delivering a wide range of therapeutics through the semi-permeable membrane. This
membrane is composed of synthetic and naturally derived biomaterials (Drury and
Mooney 2003), such as alginate, a commonly used, well-characterized and naturally
derived biomaterial for cell encapsulation procedures (Heng et al. 2015). The
applicability of encapsulated cells was first demonstrated by Lim and Sun in a proofof-principle study, wherein the authors generated implantable alginate-poly(l-lysine)
microcapsules containing pancreatic islet cells that naturally secrete insulin for the
treatment of diabetes (Lim and Sun 1980). Following this study, research has focused
on developing highly pure biomaterials with increased biocompatibility and reduced
toxicity. Previous studies have demonstrated that the islet cells contained in alginate
capsules remain viable for several months and are capable of producing therapeutic
drugs over a prolonged period of time (Soon-Shiong 1999).
The combination of advances in synthetic biology with the promising approach
of microencapsulated cell implantation enables the field of synthetic biology to take an
immense step forward in the development of cell-based implants that can be remotely
controlled by user-defined external stimuli or programmed to self-sufficiently measure
pathogenic metabolites within the host and coordinate adjusted responses in real time.
A large set of examples could be provided to demonstrate the efficiency of encapsulated
designer cells to restore the regulation of physiological processes and prevent disease
progression (Auslander et al. 2014; Rossger et al. 2013a; Rossger et al. 2013b) in
preclinical settings. Furthermore, the applicability of microencapsulation is not limited
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to the delivery of protein therapeutics but has also been shown to allow for the delivery
of whole cells (Kemmer et al. 2011).
Although alginate-based hydrogels have been validated in human clinical trials
(Lam et al. 2013), they are still characterized by poor mechanical properties and an
increased risk of leakage. Therefore, scientists have developed semi-permeable plastic
containers (Agulnick et al. 2015) that have been validated for cell-based therapies in
human clinical trials. Despite continuous advances to implant designs and biomaterial
properties, the field of cell-based therapy presents a major limitation that must be
addressed before its potential can be realized in future human applications: the
relatively short lifetime of active cells within these implants.

Figure 3. Disease targeting with cell-based therapies. (a) T cells are isolated from
patients and then genetically modified with chimeric antigen receptors capable of
binding tumor-associated antigens on targeted tumor cells. After a period of in vitro
expansion of the engineered T cells, the cells are re-infused into the same patient, where
they are expected to bind to their target antigens on tumor cells, become active and
induce tumor-killing processes. (b) Synthetic gene circuits can be designed to respond
to disease-specific input signals through input-adjusted expression and the release of
therapeutic outputs. These circuits can be uploaded into mammalian cells that are
encapsulated inside semi-permeable hydrogels, which protect the engineered cells from
destruction by the immune system but allow for the diffusion of nutrients and
therapeutic molecules. These microcapsules are intraperitoneally injected into animals
to validate the therapeutic potency of the constructed synthetic gene networks.
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CHALLENGES AND OPPORTUNITIES
Although in its infancy, synthetic biology has produced advances that have evolved
into promising therapeutic modalities for the treatment of a wide range of chronic
conditions with recurrent dynamics (e.g., metabolic diseases (Kemmer et al. 2010;
Rossger et al. 2013a; Rossger et al. 2013b; Stanley et al. 2015; Ye et al. 2011), cancers
(Nissim and Bar-Ziv 2010; Xie et al. 2011), and autoimmune diseases (Saxena et al.
2016; Schukur et al. 2015b)). Engineered synthetic prosthetic networks within living
cells are especially suited for such purposes because the autonomous detection and
monitoring of changes in the levels of endogenous disease-associated biomarkers can
be directly linked to the expression of the therapeutic output. Moreover, certain
therapeutic molecules have relatively short half-lives in the bloodstream and therefore
require almost continuous administration, which represents a major setback with regard
to patient compliance and treatment economics and severely limits the applicability of
these molecules and often obviates their success in clinical trials. This problem is
adequately addressed by the use of prosthetic networks that are integrated within living
cells and can exploit the cellular machinery to operate in a self-sufficient manner and
continuously synthesize the therapeutic molecule, thereby allowing for the use of these
potent molecules as a viable therapy. Furthermore, this modality would overcome one
of the major limitations found in today’s clinical healthcare practice: continuous drug
dosage adjustments that are not determined according to the true pathophysiology or
the disease state but rather according to the body weight, gender, or the age of the
patient, thereby leading to frequent side effects. Hence, modern medicine is
experiencing the emergence of a new era of disease treatment; in addition to small
molecules and biologics, cell-based therapies might become the next pillar of medicine
(Fischbach et al. 2013).
Although the design of such sensor-effector cell-based devices has great
potential for future clinical applications (Kojima et al. 2015), it is still at the stage of
proof-of-principle, which is primarily because of several safety issues that remain to be
addressed. For instance, the specificity of these devices is limited by the lack of welldefined biomarkers, which is related to the typically complex biological profiles of
disease states. Certain biomarkers have been associated with specific diseases, such as
cancer-related antigens, which are aberrantly expressed by cancer cells but not
particularly specific and can also be detected within healthy cells. Therefore, the
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currently available drugs for the treatment of cancer do not only target cancer cells but
also healthy cells, which are inevitably damaged.
One approach to increasing the specificity of device sensors is through the
detection of multiple disease-associated biomarkers. Efforts to increase the specificity
of these sensors include the design of two-input-dependent or multi-input-dependent
output expression, which has been recently demonstrated using AND gate-regulated
CAR systems (Kloss et al. 2013) in which T cell activation is only induced in the
presence of two signals. Other examples include the design of an anti-psoriatic AND
gate circuit that is regulated by serially rewiring the induction of two intracellular
signaling cascades to the production of the therapeutic outputs (Schukur et al. 2015a)
and multi-input AND gate-regulated circuits to influence stem cell differentiation
(Lienert et al. 2013) and to combat cancer cells (Nissim and Bar-Ziv 2010; Xie et al.
2011). By increasing the number of input signals that regulate the expression of a
therapeutic output, sensors can be designed to be more disease specific. Nevertheless,
further efforts to define disease-specific biomarkers must be conducted in parallel to
improve the sensitivity and specificity of future therapies.
Another major concern in the design of prosthetic gene networks is that all
reported studies have used immortalized cell lines, which are associated with inherent
safety issues. An alternative cell source that has previously demonstrated clinical
efficacy is the isolation of patient-derived primary T cells that can be engineered with
synthetic modules, such as CARs, and retransferred into patients (Srivastava and
Riddell 2015). However, progress in the use of these primary T cells has been hampered
by a lack of readily available human T cells. Current approaches to this therapy require
the generation of large numbers of genetically modified T cells from each patient,
which is labor intensive and hinders the ease and broad application of this technology.
To this end, the rapidly progressing field of stem cell biology and cellular
reprogramming has focused on inducing pluripotent stem cells (iPSCs) from terminally
differentiated cells (Yu et al. 2007), which represents a promising alternative to the
isolation of autologous T cells and could potentially provide an unlimited cell source
for cell-based therapies.
Furthermore, to construct synthetic gene circuits capable of functioning for long
time periods, it is important to bypass transient transfection methods and move towards
stable genomic integration. The fast growing field of genome editing and its
applications that use programmable nucleases based on ZF nucleases (ZFNs), TALE
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nucleases (TALENs), and CRISPR/Cas9 have made it possible to specifically integrate
multiple components into the genome of individual cells (Gaj et al. 2013). These
nucleases share the common fundamental activity of creating site-specific doublestrand breaks inside the genome, which allow for gene deletion, mutated sequence
corrections, and intact gene insertion. Among the TALEN and recently developed
CRISPR/Cas9 systems, only ZFNs have advanced to clinical trials as a gene-editing
platform for the treatment of human immunodeficiency virus (HIV) infections (Tebas
et al. 2014). The novel technology in which specific gene sequences can be modified
over long-term periods is an important tool for the treatment of genetic diseases because
it targets a specific locus within the genome and does not induce random gene
integrations and insertional mutagenesis (Cong et al. 2013). However, the critical
aspects of whether this technology presents a lack of toxicity and oncogenic risk must
be validated before the field can move forward to the clinic(Lombardo and Naldini
2014).

CONCLUSIONS AND PERSPECTIVES
Current treatment strategies are based on the administration of small molecules or
biologics that interfere with the patient’s metabolism to restore dysregulated functions
upon disease diagnosis. Therefore, physicians and patients are only able to discover
illnesses based on symptoms followed by confirmation of diagnosis derived from
medical tests on patients’ biological samples. Hence, diseases with complex dynamics,
such as metabolic disorders, autoimmune diseases, and cancers, require the design of
novel therapeutic strategies that allow for disease prevention rather than post-damage
care. Therefore, prosthetic gene networks, such as sensor-effector cell-based devices
that operate with near-digital precision (Auslander et al. 2012b) in a self-sufficient and
ligand-controllable manner, are attractive alternatives to addressing this unmet clinical
need. A plethora of regulatory gene circuits that are based on transcription factors,
synthetic cell surface receptors, or functionally rewired intracellular signaling cascades
have been constructed to enable the precise detection of a specific signal and its
translation into a cellular response. Input signals can either be disease-relevant
biomarkers or exogenously introduced user-defined stimuli. The latter approach
follows various strategies, such as the administration of small molecules (Liang et al.
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2011; Xie et al. 2014) or the exposure to light (Ye et al. 2011) or radio waves (Leibiger
and Berggren 2015).
Compared with small molecules, which are limited by their bioavailability and
associated with cytotoxic and pharmacological properties, physical stimuli, such as
light and radio waves, provide non-invasive and non-pharmacological cell stimulation
in vitro and in vivo as well as rapid and tight control because they direct genes into
active or inactive states. Synthetic gene circuits have been designed to respond to the
exposure of light and radio waves through the production of glucagon-like peptide 1
(GLP-1) (Ye et al. 2011) or insulin (Stanley et al. 2015), respectively, which restore
blood glucose levels in diabetic mice. With the emergence of remote-controlled gene
circuits, the construction of synthetic gene circuits that interface with human brain
activities and mental states to modulate the expression of a therapeutic output may be
possible in the future. In a recent proof-of-concept study, Folcher et al. explored the
possibility of using brain waves as the input signals to control the expression of a
transgene (Folcher et al. 2014). The mental state-specific brain waves were processed
by an electroencephalography (EEG)-based brain-computer interface (BCI), which
programmed wireless light-inducible implants that contained designer cells engineered
for near–infrared (NIR) light-controllable expression of the output gene. In this
approach, gene expression was influenced by three mental states: biofeedback,
concentration, or meditation. In the future, therapeutic gene expression could be
adjusted to disease-related brain activities, such as those associated with pain, epilepsy,
or neurodegenerative disorders.
Finally, the autonomous detection of disease-associated markers has been
demonstrated in multiple preclinical studies (Auslander et al. 2014; Kemmer et al.
2010; Rossger et al. 2013b) and optimized towards multi-input and multi-output
circuits for recurrent disease conditions (Schukur et al. 2015a), thereby allowing for the
early detection of disease-relevant markers and immediate controllable interventions in
which the therapeutic dosage is coordinated with the disease activity. This concept
opens the door to novel disease-preventive therapies, which are attractive to both
academic and industrial research.
In conclusion, synthetic gene circuits capable of resetting physiological control
and restoring homeostasis are currently at the proof-of-concept stage. Their application
is limited by various aspects, but especially by safety issues related to the cell source
or the gene delivery methodology. In synthetic biology circuit design, we have reached
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a point at which regulatory networks are available; therefore, further research should
be focused on methods of implementing these circuits in a stable, efficient, and safe
manner. In addition, the length of time that these cell-based devices can retain
functionality when inserted into a living organism remains unclear. Thus, research in
this area should include ideas and perspectives towards developing these sensors for
real-world applications. Finally, we envision the emergence of future therapeutic
concepts related to early disease detection and therapeutic interventions in a time scale
that is sufficient to prevent disease occurrence and is capable of circumventing late
clinical interventions.
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One sentence summary: An implantable designer cell device which senses
psoriasis-associated proinflammatory cytokines TNF and IL22 and coordinates
production and systemic delivery of the anti-inflammatory/psoriatic cytokines IL4
and IL10 attenuates psoriasis in mice.

Abstract
Psoriasis is a chronic inflammatory skin disease characterized by a relapsing-remitting
disease course and correlated with increased expression of proinflammatory cytokines,
such as tumor necrosis factor (TNF) and interleukin 22 (IL22). Psoriasis is hard to treat
because of the unpredictable and asymptomatic flare-up, which limits handling of skin
lesions to symptomatic treatment. Synthetic biology-based gene circuits are uniquely
suited for the treatment of diseases with complex dynamics, such as psoriasis, because
they can autonomously couple the detection of disease or biomarkers with the
production of therapeutic proteins. We designed a mammalian cell synthetic cytokine
converter that quantifies psoriasis-associated TNF and IL22 levels using serially linked
receptor-based synthetic signaling cascades, processes the levels of these
proinflammatory cytokines with AND-gate logic, and triggers the corresponding
expression of therapeutic levels of the anti-inflammatory/psoriatic cytokines IL4 and
IL10, which have been shown to be immunomodulatory in patients. Implants of
microencapsulated cytokine converter transgenic designer cells were insensitive to
simulated bacterial and viral infections as well as psoriatic-unrelated inflammation. The
designer cells specifically prevented the onset of psoriatic flares, stopped acute
psoriasis, improved psoriatic skin lesions and restored normal skin-tissue morphology
in mice. The antipsoriatic designer cells were equally responsive to blood samples from
psoriasis patients, suggesting that the synthetic cytokine converter captures the
clinically relevant cytokine range. Implanted designer cells containing synthetic gene
circuits that dynamically interface with the patient’s metabolism by detecting specific
disease metabolites or biomarkers, processing their blood levels with synthetic circuits
in real time, and coordinating immediate production and systemic delivery of protein
therapeutics may advance personalized gene- and cell-based therapies.
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Introduction
Psoriasis is a common chronic relapsing-remitting inflammatory skin disease
characterized by itchy red scaly skin lesions (1) and is associated with an increased risk
of immune-mediated diseases, such as Crohn’s disease and ulcerative colitis (2, 3), as
well as certain cancers (liver and pancreatic) (4), metabolic disorders (obesity and
diabetes) (5, 6), and cardiovascular diseases (7). The causes of psoriasis remain largely
elusive. However, psoriasis is generally considered a genetic disease (8) that is
triggered and influenced by environmental factors, infections, medications, and
lifestyle (9, 10).
Psoriasis results from an inflammatory cascade in the dermis involving
erroneous crosstalk between keratinocytes and tissue-resident dendritic cells, which
recruit immune cells from the adaptive [T helper cells (TH1 and TH17)] and innate
(neutrophils, macrophages, and dendritic cells) systems to the epidermis (11), where
they secrete proinflammatory cytokines, such as tumor necrosis factor (TNF) and
interleukin 22 (IL22) (11, 12). IL22 synergizes with other proinflammatory cytokines
(13), in particular TNF (14), to drive psoriasis-promoting activities, such as the
proliferation of keratinocytes (14, 15). Additionally, TNF amplifies the biological
effects of IL22 by increasing the expression of the IL22 receptor and promotes the
differentiation of TH17 and TH22 cells (12), which are predominant actors in inflamed
psoriatic skin (16). Because blood TNF and IL22 levels have been consistently found
to be up-regulated in patients with active psoriasis (17, 18), the combination of these
cytokines may serve as a specific set of biomarkers for this disease (14).
Currently, no cure is available for psoriasis. Although many strategies can help
to control the symptoms, psoriasis remains challenging to treat because of its chronic,
recurrent nature (19). Therapeutic antibodies targeting proinflammatory cytokines
(infliximab, adalimumab, and ustekinumab) and small-molecule drugs targeting
lymphocytes (methotrexate and cyclosporine) are effective but have been associated
with recurrent infections and immunogenicity (20, 21). Phase 2 clinical trials using
immunomodulatory cytokines IL4 (22) and/or IL10 (23) showed rapid improvements
in psoriasis patients at well-tolerated doses. However, the short half-lives of these
cytokines in the bloodstream require almost continuous administration (IL4, 0.2 to 0.5
µg/kg per day; IL10, 8 µg/kg per day), which represents a major setback for patient
compliance and treatment economics (24, 25).
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To make immunomodulatory cytokine therapy possible, we designed and
engineered human cells that sequentially detected elevated TNF and IL22 levels from
a psoriatic flare and, in response, produced therapeutic doses of IL4 and IL10. We
implanted these designer cells in mice and demonstrated that the antipsoriatic cytokineconverter network could improve skin lesions and restore dermal tissue morphology.
Although we apply synthetic circuits to psoriasis, such cell-based implants engineered
with sensor-effector gene circuits could be applied to many chronic diseases with
known markers: The cells can constantly monitor circulating disease-associated
biomarkers; process their differential levels with increasingly complex Boolean logic;
and coordinate in situ production, dosing, and delivery of protein therapeutics. These
synthetic circuits, which program designer cells to process complex metabolic
information open the door to autonomously prevent, attenuate, or reset acute or chronic
medical conditions without constant injections of drugs or cumbersome dosing
schedules, and thus provide a new opportunity for personalized medicine.

Results
The synthetic cytokine converter triggers output expression with AND-gate logic
The antipsoriatic cytokine converter was designed as shown in Fig. 1A. We rewired
TNF-triggered TNF receptor (TNFR) signaling via nuclear factor kappa B (NFκB) to a
synthetic NFκB -responsive promoter that controlled expression of human IL22
receptor α (hIL22RA), PNFκB-hIL22RA-pA (pLS25). IL22RA heterodimerizes with
endogenous human IL10 receptor β (hIL10RB) to form an IL22-triggered receptor
complex, which enables IL22-mediated activation of the Janus kinase (JAK)/ signal
transducer and activator of transcription (STAT) signaling cascade; we rewired this
signaling pathway by connecting ectopically expressed human STAT3 (pLS15) to
synthetic STAT3-responsive promoters driving expression of the cytokines IL4
(PSTAT3-mIL4-pA, pLS51) and IL10 (PSTAT3-mIL10-pA, pLS28) (Fig. 1A). Daisy
chaining of the TNF- and IL22-responsive signaling cascades provides AND-gate logic
integration of proinflammatory cytokine levels, which ensures that IL4 and IL10 are
exclusively produced and secreted at the onset of a psoriatic flare. Therefore, the closedloop designer circuit with AND-gate logic signal processing coordinates the level of
the psoriasis-specific cytokines TNF and IL22 to express the anti-inflammatory
cytokines IL4 and IL10 (Fig. 1B).
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To confirm that the circuit responded in a dose-dependent manner to TNF
binding, we cotransfected human embryonic kidney (HEK)-293T cells with different
amounts of the constitutive TNFR1A expression vector PhCMV-hTNFR1A-pA (pLS5)
and PNFκB-SEAP-pA (pKR32). Whereas ectopic expression of TNFR1A (transfection
of 5 to 450 ng of PhCMV-hTNFR1A-pA) resulted in constitutive high-level SEAP
(secreted embryonic alkaline phosphatase) expression that was insensitive to TNF
inputs (fig. S1A), endogenous TNFR1A levels (no transfection of PhCMV-hTNFR1ApA) enabled TNF dose-responsive SEAP expression [Fig. 1C(i)]. When titrating the
amount of transfected PNFB-SEAP-pA (pKR32), TNF responsiveness could be finetuned to the relevant sensitivity range [Fig. 1C(ii)]. The performance of the synthetic
TNF-sensor cascade was also analyzed in human cervical cancer (HeLa), human
fibrosarcoma (HT-1080), and Chinese hamster ovary (CHO)-K1 cells, but the HEK293T cells showed more pronounced gene expression than these cell lines (fig. S1B).
To implement the second part of the synthetic cytokine-sensor cascade, we
engineered HEK-293T cells to respond to IL22, which included expression of the
cognate IL22 receptor complex, which is composed of IL22RA and IL10RB subunits
and STAT3, for downstream signaling (Fig. 1A). Therefore, we cotransfected HEK293T cells with different combinations and relative amounts of IL22RA (PhCMVhIL22RA-pA, pLS17), IL10RB (PhCMV-hIL10RB-pA, pSL18) and STAT3 (PhCMVhSTAT3-pA, pLS15), along with the SEAP expression vector driven by a synthetic
STAT3 promoter, PSTAT3-SEAP-pA (pLS13). These cells were then exposed to various
IL22 concentrations [Fig. 1D(i) and (ii)]. The synthetic signaling cascade could be finetuned for optimal sensitivity by adjusting the ratio of IL22RA and IL10RB
responsiveness, which revealed that ectopic IL10RB expression was expendable [Fig.
1D(i)]. Target gene expression could also be fine-tuned and substantially boosted by
ectopic expression of STAT3 in the relevant IL22 concentration range without
compromising the device’s tightness [Fig. 1D(ii)]. Although other cell lines were also
tested, HEK-293T remained the best-in-class cell type, with optimal response dynamics
(fig. S1C).
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Figure 1. Design and therapeutic intervention of the antipsoriasis cytokine
converter. (A) Design and assembly of the cytokine converter components. A synthetic
gene network consisting of two sequentially interconnected signaling cascades
constantly quantifies the inflammatory cytokines TNF and IL22, processes their
relative presence with AND-gate logic, and programs the adjusted production of the
anti-inflammatory cytokines IL4 and IL10 by human HEK-293T cells. In particular, (i)
TNF activates endogenous or ectopically expressed human TNF receptor 1A
(hTNFR1A; PhCMV-hTNFR1A-pA, pLS5), which leads to NFκB-triggered expression
of the PNFκB-driven hIL22RA (PNFκB-hIL22RA-pA, pLS25). (ii) In the presence of IL22,
hIL22RA heterodimerizes with endogenous hIL10RB, which triggers the
corresponding JAK/STAT signaling cascade through ectopically expressed human
STAT3 (PhCMV-hSTAT3-pA, pLS15). STAT3 translocates to the nucleus and activates
the PSTAT3 promoters driving the exclusive expression of murine IL4 (PSTAT3-mIL4-pA,
pLS51) and IL10 (PSTAT3-mIL10-pA, pLS28). The cytokine converter’s serial
interconnection of the signaling cascades provides AND-gate expression logic. (B)
Schematic of the AND-gate-specific cytokine converter–based psoriasis treatment.
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Psoriasis-associated skin inflammation is based on an erroneous crosstalk in the dermis
between keratinocytes and tissue-resident dendritic cells, which hyperstimulate
immune cells and result in excessive keratinocyte proliferation and the production and
release of the inflammatory cytokines TNF and IL22 in the circulation, which is sensed
by the cytokine converter. This process coordinates the expression and release of
therapeutic levels of the anti-inflammatory cytokines IL4 and IL10 by the designer
cells, which diffuse into the bloodstream and reach the affected skin areas, where they
attenuate the psoriasis-associated inflammation. (C and D) Schematic representation
and in vitro validation of functional hTNF and hIL22 receptors. (C) HEK-293T cells
were transfected with pKR32 (PNFκB-SEAP-pA) to produce SEAP in response to TNF.
SEAP expression kinetics over 96 hours using different amounts of mouse TNF (i) or
SEAP expression at 48 hours with varying amounts of pKR32 and mTNF (ii). (D) (i)
HEK-293T cells were cotransfected with fixed amounts of pLS15 (PhCMV-hSTAT3-pA;
100 ng) and pLS13 (PSTAT3-SEAP-pA; 300 ng) but different ratios of pLS17 (PhCMVhIL22RA-pA) and pLS18 (PhCMV-hIL10RB-pA) and then cultivated for 48 hours in the
presence of different concentrations of mouse IL22. (D) (ii) HEK-293T cells were
cotransfected with fixed amounts of pLS17 (20 ng) and pLS13 (300 ng) and with
different amounts of pLS15 and cultivated for 48 hours in the presence of different
concentrations of mIL22. Data are means ± SD of triplicate experiments (n = 6).
After validation and optimization of the individual TNF- and IL22-sensor
components, we daisy-chained both signaling cascades by placing IL22RA expression
under the control of NFκB (PNFκB-hIL22RA-pA, pLS25), thereby providing AND-gate
type-exclusive target gene expression in the presence of TNF and IL22 (Fig. 2A).
Cotransfection of the HEK-293T cells with PNFκB-hIL22RA-pA (pLS25), PhCMVhSTAT3-pA (pLS15), and PSTAT3-SEAP-pA (pSL13) confirmed that heterologous
IL22RA and STAT3 cooperate with endogenous TNFR1A and IL10RB to drive target
gene expression only in the presence of both TNF and IL22 (Fig. 2A). The AND-gate
expression logic was also fully reversible and could be repeatedly switched on and off
by the addition and withdrawal of the TNF/IL22 cytokine inducer set (Fig. 2B), which
is a premise to react to the changing levels of these pathological cytokines during the
relapsing-remitting disease course of psoriasis.
To link the psoriasis-associated inflammatory input to a therapeutic cytokine
output, we designed a synthetic cytokine converter that coordinates the presence of the
proinflammatory cytokines TNF and IL22 to the corresponding expression of the antiinflammatory cytokines IL4 and IL10 using AND-gate logic. Indeed, HEK-293T cells
engineered for PNFκB-hIL22RA-pA (pLS25) and PhCMV-hSTAT3-pA (pLS15) as well
as for (PSTAT3-mIL4-pA) (pLS51) and PSTAT3-mIL10-pA (pLS28) exclusively produced
anti-inflammatory cytokines when exposed to the proinflammatory cytokines TNF and
IL22 in vitro (Fig. 2, C and D). The functionality of the anti-inflammatory cytokines
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IL4 and IL10 produced by the cytokine converter were profiled using specific reporter
cell lines containing IL4 and IL10 receptors linked to SEAP expression (fig. S2, A and
B).

Figure 2. Validation of the cytokine converter’s AND-gate logic in vitro. (A and
B) HEK-293T cells were cotransfected with AND-gate components pLS25 (PNFκBSEAP-pA), pLS15 (PhCMV-hSTAT3-pA), and pLS13 (PSTAT3-SEAP-pA) to produce
SEAP in response to TNF and IL22. (A) HEK-293T cells were cotransfected with
pLS25, pLS15, and pLS13 and cultivated for 48 hours in the presence (1) or absence
(0) of mouse TNF (0.5 ng/ml) and mouse IL22 (1 ng/ml) according to the truth table.
(B) Reversibility of the TNF/IL22-responsive SEAP expression. HEK-293T cells were
cotransfected with pLS25, pLS15, and pLS13, and the SEAP expression kinetics were
profiled for 96 hours while alternating the presence (+) or absence (−) of TNF (0.5
ng/ml) and IL22 (1 ng/ml) every 24 hours. (C and D) HEK-293T cells were
cotransfected with pLS25, pLS15, pLS28 (PSTAT3-mIL10-pA), and pLS51 (PSTAT3mIL4-pA) and exposed to mouse TNF and/or IL22 for 48 hours before the IL4 (C) and
IL10 (D) levels were quantified in the culture supernatant. HEK-293T cells transfected
with constitutive mIL4 (PhCMV-mIL4-pA; pLS1) and mIL10 (PhCMV-mIL10-pA; pLS2)
expression vectors served as positive controls. Data are means ± SD of triplicate
experiments (n = 6).

Validation of the cytokine converter in mouse models of inflammation
After validation of the cytokine-response dynamics in cultured human cells, we tested
the performance of the synthetic cytokine converter to sense TNF and IL22 under
inflammatory conditions in vivo in a mouse model of imiquimod-induced psoriasis-like
lesions (26). Engineered HEK-293T cytokine converter cells were intraperitoneally
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implanted into mice in coherent alginate-(poly-L-lysine)-alginate capsules, a
biomaterial that is known for its optimal pore-size tenability (27), lack of
immunogenicity (27), and ability to be vascularized (28), and which has been
successfully used in humans (28). To assess whether the implantation itself may elicit
an inflammatory response, we treated wild-type mice receiving either no implant or
intraperitoneal HEK-293T-containing implants for five consecutive days with the
topical administration of either imiquimod or control (Vaseline). No significant
differences in TNF (Fig. 3A) or IL22 (Fig. 3B) blood levels were observed between the
nonimplanted/implanted animals from both treatment groups after 3 and 5 days.
Additionally, neither macro- nor microscopic analysis of the skin surface and tissue
morphology (Fig. 3C) revealed any significant differences among the treatment groups,
confirming that neither the injection-based implantation procedure nor the implant
material triggered an inflammatory response, confirming that the synthetic cells were
insulated from the mouse immune system inside the alginate capsules.
To analyze the sensitivity and specificity of the cytokine converter, we
implanted AND-gate circuit–modified HEK-293T cells containing the circuitry
required to produce SEAP in response to both TNF and IL22 (PNFκB-hIL22RA-pA,
pLS25; PhCMV-hSTAT3-pA, pLS15; and PSTAT3-SEAP-pA, pSL13) into mice with
imiquimod-induced psoriasis. Control mice also received the engineered cells but were
either topically administered Vaseline control or injected with different doses of a
Salmonella enterica-derived lipopolysaccharide (LPS) to simulate a bacterial infection;
polyinosinic–polycytidylic acid potassium salt [poly(I:C)]; a synthetic double-stranded
RNA analog to mimic viral infection (29); or thioglycollate, which triggers a psoriasisunrelated sterile inflammation (30). The SEAP produced by the implanted designer
cells in response to the circulating TNF and IL22 was substantially higher in the animals
with psoriasis compared to all controls (Fig. 3D), indicating that the AND-gate circuit
was specifically activated by psoriasis-like inflammation.
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Figure 3. Validation controls of cytokine converter components in psoriatic mice.
(A to C) Back-shaved mice were treated daily with topical administration of imiquimod
(IMQ; psoriasis induction) or Vaseline (VAS; negative control) and either received no
implant (−implant) or control implants (+implant) consisting of microencapsulated
pcDNA3.1(+)-transfected HEK-293T cells. Resulting blood TNF (A) and IL22 (B)
levels as well as surface and section morphologies of the skin were analyzed for all
treatment groups (C). (D) Response of the cytokine converter to psoriasis-unrelated
inflammation. Back-shaved mice were treated with imiquimod and Vaseline for 3 days;
then implanted with microencapsulated HEK-293T cells cotransfected with pLS25
(PNFκB-hIL22RA-pA), pLS15 (PhCMV-hSTAT3-pA), and pLS13 (PSTAT3-SEAP-pA);
and injected daily with phosphate-buffered saline (PBS), different concentrations of S.
enterica–derived LPS, 100 mg of poly(I:C), or 1% (w/v) thioglycollate (Thio) before
blood SEAP levels were profiled. Data are means ± SD (n = 8 mice). *P < 0.05, **P <
0.005, ***P < 0.0001, Student’s t test.

The cytokine converter prevents psoriasis-like plaque formation
To assess the cytokine converter cell’s potential to prevent the onset of a psoriatic flareup, we intraperitoneally implanted engineered cells into mice and subsequently
administered topical imiquimod. The psoriatic symptoms and disease activity of the
treated mice were compared to those of control animals receiving an anti-inflammatory
treatment with the synthetic cortisol derivative prednisolone (Fig. 4). Whereas the
blood levels of the psoriasis-associated cytokines TNF and IL22, as well as other
cytokines associated with the pathogenesis of psoriasis, such as IL17 (31), interferon-α
(IFNα) (32), and C-X-C motif chemokine 9 (CXCL9) (33), decreased substantially in
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the cytokine converter-treated animals, in the prednisolone-treated mice, TNF, IFNα,
and CXCL9 levels decreased, but the levels of IL22 and IL17 remained unchanged (Fig.
4A).
We further profiled the blood levels of anti-inflammatory cytokines in the
animals. At baseline, and in line with previous studies characterizing imiquimodinduced psoriasis-like skin inflammation in mice (26), there were higher levels of IL4
and IL10 in the imiquimod-treated mice than the Vaseline-treated controls (Fig. 4B),
which may be explained by the anti-inflammatory response mounted by the immune
cells to restore tissue homeostasis (34, 35). The mice with psoriasis that had been
implanted with the cytokine converter did not produce substantially higher levels of
IL4 compared with baseline, but did produce more IL10 (Fig. 4B); however,
prednisolone treatment also resulted in greater IL10 production compared with
baseline. The relatively small increase in the IL4 and IL10 levels most likely results
from the lower input levels of the proinflammatory cytokines TNF and IL22 during the
onset of psoriatic flares in the prophylactic setting (Fig. 4A). Thus, as expected, the
cytokine converter responds to lower proinflammatory cytokine input by producing
lower output levels of the anti-inflammatory cytokines IL4 and IL10. Additionally, the
ramp-up of the anti-inflammatory cytokine production by the cytokine converter is
expected to dampen the inflammation and so further reduce the input levels of the
proinflammatory cytokines. This feedback control in which anti-inflammatory
cytokines decrease production of proinflammatory is well known (36) and has been
confirmed to occur after implantation of the cytokine converter during the acute phase
(Fig. 5, A and B).
Despite the small increase of IL4 and IL10 levels produced by the cytokine
converter, macroscopic analysis of the mice receiving the engineered cells showed
normal skin morphology comparable to that in the healthy (Vaseline) group, and they
lacked the erythema formation that is typical of animals with experimental psoriasis
even when receiving prednisolone (Fig. 4C). Quantitative analyses of the skin sections
revealed significant decreases in cell number (Fig. 4D) and epidermis thickness (Fig.
4E) in the animals treated with the cytokine converter as well as reduced immune cell
infiltrations (T cells and neutrophils; Fig. 4F) and/or reduced hyperproliferation of
resident keratinocytes, as confirmed by Ki67 staining (Fig. 4C). Overall, these findings
indicate that prophylactic treatment using implanted designer cells transgenic for the
synthetic cytokine converter prevented the onset of psoriatic inflammation moreso than
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prednisolone, even if systemic reduction of proinflammatory cytokines did not fully
reach the levels of healthy animals that have never suffered from psoriasis (Vaseline
treatment group) (Fig. 4A).

Figure 4. Prophylactic psoriasis treatment in mice. (A to B) Back-shaved mice were
treated with topical administration of imiquimod (psoriasis induction) or Vaseline
(negative control) and received either the anti-inflammatory drug prednisolone (PDS)
or intraperitoneal implants of microencapsulated HEK-293T cells containing the
cytokine converter (CC; pLS25, pLS15, pLS28, pLS51; see Fig. 2, C and D). The
inflammatory (TNF, IL22, IL17, IFNα, and CXCL9) (A) and anti-inflammatory (IL4
and IL10) (B) blood cytokine levels of all the treatment groups (IMQ, IMQ + CC, IMQ
+ PDS, and VAS) were profiled on days 3 and 5. (C to F) Representative skin surface
morphology, skin section [hematoxylin and eosin (H&E) staining], and cell
proliferation (Ki67 staining) images of all the treatment groups were taken on days 3
and 5 (C), and epidermal cell numbers (D), thicknesses (E), and T cell (CD3+) and
neutrophil (Ly-6G+) infiltrates (F) were analyzed by quantitative image analyses of
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eight different mice (the bars indicate the epidermal thickness). ND, not detectable; ns,
not significant. Data are means ± SD (n = 12). *P < 0.05, **P < 0.005, ***P < 0.0001,
****P < 0.00001, Student’s t test.

The cytokine converter attenuates established psoriasis-like plaques
To assess whether the antipsoriatic cytokine converter could diminish the inflammation
of an established psoriasis plaque, we profiled blood cytokine concentrations and skin
samples from mice implanted with the engineered cells on day 3 of imiquimod
induction, when IL22 reached its peak level (Fig. 3B) and the TNF levels continued to
rise (Fig. 3A). When implanted at a later, acute stage of the disease, the cytokine
converting cells reduced proinflammatory cytokines TNF and IL22 (Fig. 5A) and
substantially increased the production of anti-inflammatory cytokines IL4 and IL10 on
day 5 (Fig. 5B). There was a substantial drop in blood TNF, IL22, IL17, and IFNα
levels on day 7, suggesting that the cytokine converter continued to work for the
relevant time span (37); conversely, prednisolone had a shorter-term effect, reducing
IL17 and IFNα only up to day 5.
Only the skin of the animals implanted with designer cells containing the
antipsoriatic cytokine converter showed reduced psoriasis-like symptoms, such as
erythema, scaling and thickening, compared to the control treatment group (Fig. 5C).
This observation was confirmed by histochemical analysis of the corresponding skin
sections, which showed reductions of more than 50% in the epidermal cell number (Fig.
5D) and thickness (Fig. 5E) with the engineered cells implanted after disease onset.
Furthermore, animals implanted with the cytokine converter showed decreased immune
cell infiltrations characterized by lower numbers of T cells and neutrophils in the
imiquimod-treated skin sections (Fig. 5F). Prednisolone-treated animals also showed a
rapid improvement in skin morphology. Unlike the cytokine converter cells,
prednisolone reduced neither IL22 levels (Fig. 5A) nor keratinocyte proliferation (Fig.
5C), suggesting that prednisolone provides more of a general anti-inflammatory
response than a specific antipsoriatic response (38). Furthermore, animals suffering
from psoriasis that received frequent high-dose injections of recombinant IL4 and IL10
showed no improvement of skin morphology (Fig. 5G), corroborating recent human
clinical trials showing that the limited half-life of these antipsoriatic cytokines obviates
their success in vivo (24, 25).
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Figure 5. Cytokine converter–based treatment of acute psoriasis in mice. (A to B)
Back-shaved mice were treated with topical administration of imiquimod (psoriasis
induction) or Vaseline (negative control) for 72 hours before microencapsulated HEK293T cells containing the cytokine converter (CC; pLS25, pLS15, pLS28, pLS51; see
Fig. 2, C and D) were implanted intraperitoneally. The inflammatory (TNF, IL22, IL17,
IFNα, and CXCL9) (A) and anti-inflammatory (IL4 and IL10) (B) blood cytokine levels
of all the treatment groups (IMQ, IMQ + CC, IMQ + PDS, and VAS) were profiled on
days 3, 5, and 7. (C to F) Representative skin surface morphology, skin section (H&E
staining), and cell proliferation (Ki67 staining) images of all the treatment groups were
taken on days 5 and 7 (C), and the epidermal cell numbers (D), thicknesses (E), and T
cell (CD3+) and neutrophil (Ly-6G+) infiltrates (F) were scored by quantitative image
analyses of eight different mice (the bars indicate the epidermal thickness). (G)
Treatment of acute psoriasis by intraperitoneal injections of recombinant IL4 and IL10.
Representative skin surface morphology of back-shaved mice treated with topical
administration of imiquimod or Vaseline for 72 hours before they received
intraperitoneal injections of recombinant IL4 and IL10 (rIL4 and rIL10; 100 ng per
mouse) every 6 hours for up to 72 hours. Data are means ± SD (n = 12). *P < 0.05, **P
68

Chapter II

< 0.005, ***P < 0.0001, ****P < 0.00001, Student’s t test.

The cytokine converter detects cytokines in blood samples of psoriasis patients
Having demonstrated function in vitro and in vivo in mice, we lastly tested the ability
of the AND-gate circuit (Fig. 1A) to sense and respond to pathological levels of the
proinflammatory cytokines TNF and IL22 in patient samples. Therefore, we established
a human blood culture assay in which the microencapsulated circuit-transgenic designer
cells engineered to produce SEAP in response to human TNF and IL22 [with PNFκBhIL22RA-pA (pLS25), PhCMV-hSTAT3-pA (pLS15), and PSTAT3-SEAP-pA (pSL13)]
were cultivated in medium containing blood samples from either psoriasis patients or
healthy individuals (Fig. 6, B to D). The observation that SEAP levels were exclusively
increased in the blood cultures of the psoriasis patients (Fig. 6D) suggests that the
cytokine converter is sufficiently sensitive to detect circulating TNF and IL22 in
humans.

Figure 6. Validation of the cytokine converter in blood cultures of psoriasis
patients. (A) Performance of the cytokine converter in response to human
inflammatory cytokines hTNF and hIL22. HEK-293T cells were cotransfected with
pLS25 (PNFκB-hIL22RA-pA), pLS15 (PhCMV-hSTAT3-pA), and pLS13 (PSTAT3-SEAPpA) and cultivated for 48 hours in different combinations and concentrations of hTNF
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and hIL22 before SEAP levels were profiled in the culture supernatant. (B and C) hTNF
(B) and hIL22 (C) levels of blood samples from psoriasis patients with different
psoriasis area and severity index (PASI) scores. (D) Microencapsulated HEK-293T
cells cotransfected with pLS25, pLS15, and pLS13 were cocultivated with blood
samples from psoriasis patients or healthy individuals for 48 hours before SEAP levels
were profiled in the blood culture supernatant. Data are means ± SD of each patient
sample (n = 4) measured in duplicate. Data for healthy donors are averages ± SD (n =
3 pooled donor samples). *P < 0.05, **P < 0.005, ***P < 0.0001, Student’s t test.

Discussion
Modern medicine consists of taking pills with small-molecule drugs or receiving
injections of biologics at regular intervals - both of which have several conceptual
limitations that inhibit advanced care of patients suffering from diseases with complex
and relapsing dynamics as well as symptom-free flare-up and progression that require
daily changing dosing regimes of biopharmaceuticals. Standard drug dosing remains
rudimentary and consists of systemic administration of drugs at fixed intervals based
on body weight. Furthermore, diagnosis and treatment often occur late in disease
pathogenesis, in the acute phase. Thus, current treatment strategies do not address the
unmet clinical need whereby metabolic disturbances would be detected at an early
phase and reset by controlled interventions. With the advent of personalized medicine
the need to combine diagnostics with therapeutic interventions has been recognized by
inherently linking the two (also known as “theranostics”).
Synthetic biology is one field that is capable of tethering therapy to early
diagnosis, by reassembling biological parts in a systematic, rational and predictable
manner to program novel cellular behavior. Synthetic biology has recently enabled the
design of complex gene circuits that process molecular input and output with Boolean
logic and near-digital precision (39) and is currently moving toward medical
applications (40, 41). Advances in therapeutic network design have resulted in the
successful coupling of biosensor-based detection of disease-specific metabolites or
biomarkers (diagnosis) to expression of therapeutic transgenes in a closed-loop manner.
We therefore sought to design for the first time a circuit that can be integrated into
theranostic “designer cells” and dynamically interface with host metabolism in real time
(42) to treat a chronic inflammatory condition for which modern medicine is lacking:
psoriasis. The hope is that such cells could be used to treat many inflammatory and
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immunological diseases where early detection is crucial, but for which symptoms often
appear long after metabolic damage has been done.
Boolean AND gates are exclusively activated when all trigger compounds are
simultaneously present (39) and are therefore particularly suited to increase the
specificity of the gene circuit and insulate it from unrelated inputs. In the context of
psoriasis, IL22 has different functionalities that depend on the inflammatory context
and the combination of cytokines present in a specific microenvironment (43).
Likewise, excessive TNF levels alone are also not specific for psoriasis because they
also increase during infection and psoriasis-unrelated inflammation. We therefore
designed our cytokine converter based on AND-gate logic to require simultaneous input
of IL22 and TNF, which made the synthetic circuit exclusively activated in the context
of psoriasis, insensitive to bacterial and viral infection as well as to psoriasis-unrelated
inflammation. In this way, the device also did not interfere with the immune system’s
capacity to mount inflammatory responses.
Through detailed characterization in vitro, in vivo in an animal model of
psoriasis, and ex vivo with human blood, we have demonstrated that the cytokine
converter operates with strict AND-gate logic and is exclusively induced when TNF
and IL22 reach clinically relevant levels; is sufficiently sensitive to score the levels of
TNF and IL22 in the blood of psoriasis patients, which correlate with the PASI values
of the patient; is insensitive to bacterial and viral infections and psoriasis-unrelated
inflammation, and enables TNF and IL22 level-dependent production of therapeutic
concentrations of the clinically validated antipsoriatic cytokines IL4 and IL10. Human
clinical trials have recently established IL4 and IL10 as effective antipsoriatic cytokines
(22, 23), but their short half-lives requiring almost continuous administration (24, 25)
have stopped further industry development. Indeed, we demonstrated that frequent
high-dose injections of recombinant IL4 and IL10 were unable to improve the skin
morphology of mice suffering from acute psoriasis which suggests that in situ
production, dosing and delivery of biopharmaceuticals by designer cell-based therapies
such as the cytokine converter may drive the use of certain biopharmaceuticals into a
viable therapy. The production of IL4 and IL10 by our cytokine converter decreased
TNF and IL22 concentrations in a closed-loop fashion; reduced associated cytokines
IL17, IFNα and CXCL9 as well as corresponding immune cell infiltrations; and
restored skin morphology, epidermal thickness, and keratinocyte quiescence.
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Although the cytokine converter prevented the development of psoriatic lesions
in mice, it apparently produced higher levels of the anti-inflammatory cytokines IL4
and IL10 when attenuating established psoriasis. Because the levels of the
proinflammatory input cytokines TNF and IL22 are higher during an established
psoriasis than during flare-up the cytokine converter is expected to produce lower levels
of the anti-inflammatory/psoriatic cytokines IL4 and IL10 in the preventive setting.
However, early detection of a medical condition followed by rapid production,
secretion, and systemic release is the hallmark process of our designer cell-based
theranostic treatment strategy (44). The cytokine converter is sufficiently sensitive to
detect the flare-up of psoriasis and to produce therapeutic levels to attenuate the disease
in an animal model.
Although the cytokine converter exclusively contains human genetic
components, is engineered into human cells, and responds to circulating cytokines as
we intended, there are still translational hurdles before theranostic designer cells will
be routinely used for the treatment of psoriasis in humans. To adapt our synthetic cells
to the clinic, we will need to address critical design parameters, including the use of
autologous cells, scaling of the system to provide therapeutic levels of the cytokines for
a human (versus a mouse), and development of an implant that stores the designer cells
in a single device. We envision that the final therapy will be based on patient-derived
autologous cell batches that are produced, engineered with the cytokine converter,
validated for optimal patient-specific response and dosing performance, and frozen for
storage. The designer cells will be filled into appropriate containers and implanted into
the body where they automatically connect to the bloodstream (28), monitor the
psoriasis-specific cytokine levels and coordinate the therapeutic response. The designer
cell implants will be preferably placed subcutaneously because they can be removed by
a minimal ambulant intervention in case of complications or replaced at regular
intervals (for example, every 3-4 months) because of fibrosis. Freeze-thaw cycles have
been established for autologous cells (45), and hydrogels such as alginate have also
been validated in human clinical trials (28). However, because hydrogels have poor
mechanical properties and an increased risk of leakage (46), semi-permeable plastic
containers, such as Encaptra (47), are currently in human clinical trials for cell-based
therapies (NCT02239354).
The results of these pioneering clinical trials, evaluating in vitro-differentiated
human stem cells inside an immune-protecting and retrievable encapsulation medical
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device for diabetes therapy, will teach us to what extent cell-based therapies translate
and scale from mouse to man.
With the increasing refinement of metabolite sensors (48), the integration and
processing capacities of designer cells reaching the complexity of digital electronics
(39), and the clinically validated protein therapeutics available from the biologics era,
the time has now come to program therapeutic gene networks for various diseases.
Given the modular configuration of these therapeutic networks, they may be readily
tailored within months for a particular disease phenotype and thus provide new
opportunities in future gene- and cell-based therapies.

Materials and methods
Study design
The objective of the study was to capitalize on synthetic biology design principles to
engineer human cells with a closed-loop therapeutic cytokine converter that constantly
monitors the levels of the proinflammatory cytokines TNF and IL22 in circulation
(increased concomitantly in psoriasis) and uses AND-gate logic to program dosedependent expression of the clinically relevant, therapeutic anti-inflammatory
cytokines IL4 and IL10. The cytokine converter was assembled from human genetic
components and engineered into human cells. After full characterization of the
individual components and the tuning of the specificity, sensitivity and control
dynamics in cell culture, transgenic human cells containing the cytokine converter were
microencapsulated in autovascularizing, immunoprotective and safe alginate beads and
implanted intraperitoneally into mice topically treated with imiquimod to induce
human-like psoriasis (26). The designer cells were either implanted at the start of
imiquimod treatment, to evaluate disease prevention, or implanted into mice that had
already been treated with imiquimod for three days and had developed psoriatic lesions
characterized by disease-specific morphological skin alterations and a systemic
increase of proinflammatory cytokines. The cytokine converter was also tested in blood
samples from psoriasis patients.
Throughout the study animals were randomly allocated to the individual
treatment groups, and the experimenter was blinded to the analysis of all samples.
Neither animals nor samples were excluded from the study. In vitro experiments were
done in triplicate each containing 6 samples, and animal studies included eight to twelve
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mice per treatment group as specified in the figure legends. Blood samples of healthy
donors and psoriasis patients were measured in duplicate. At least four weeks before
PASI values were determined and blood samples were taken, the psoriasis patients did
not receive any systemic treatment.

Components of the antipsoriatic cytokine converter
Comprehensive design and construction details for all the expression vectors are
provided in table S1.
Cell culture and transfection
HEK-293T [American Type Culture Collection (ATCC): CRL-11268], HeLa (ATCC:
CCL-2), and HT-1080 (ATCC: CCL-121) were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum
(FBS; cat. no. F7524, lot no. 022M3395, Sigma-Aldrich) and 1% (v/v)
penicillin/streptomycin solution (Sigma-Aldrich). Wild-type CHO-K1 (ATCC: CCL61) were cultured in ChoMaster HTS (Cell Culture Technologies) supplemented with
5% FBS and 1% penicillin/streptomycin solution. All the cell types were cultivated at
37°C in a humidified atmosphere containing 5% CO2. Cell concentration and viability
were profiled using a CASY Cell Counter and Analyzer System Model TT (Roche
Diagnostics). For the cotransfections (39), 0.5 x 105 cells were diluted in 0.4 ml of
culture medium and seeded in a 24-well plate 24 h before cotransfection. The cells were
then incubated for 6 h with 200 µl of FBS-free DMEM containing 3 µg of
polyethyleneimine (molecular weight, 40,000; Polysciences Inc.) and 750 ng of total
DNA (for the cotransfections, an equal amount of plasmid DNA was used unless
otherwise indicated). After cotransfection, the culture medium was replaced, and the
engineered cells were used for a dedicated experiment.

Cytokine profiling
The following recombinant cytokines were purchased from PeproTech Inc.: hIL22 (cat.
no. 200-22, lot. no. 0102246), mIL22 (cat. no. 210-22, lot. no. 0602257), hTNF (cat.
no. 300-01A, lot. no. 0906CY25), and mTNF (cat. no. 315-01A, lot. no. 121054).
Recombinant mIL4 (cat. no. 404-ML-010) and mIL10 (cat. no. 417-ML-005) were
purchased from R&D Systems. Cytokine concentrations were quantified in both the
cell culture supernatants and the bloodstream of the treated animals using the following
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enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer’s
instructions: mTNF (cat. no. 900-M53), mIL22 (cat. no. 900-M246), mIL4 (cat. no.
900-M14), mIL10 (cat. no. 900-M21), and mIL17 (900-K392), purchased from
PeproTech Inc; mouse IFNα (cat. no. MBS2506010), supplied by MyBioSource; and
mouse CXCL9 (cat. no. MCX900), provided by R&D Systems. Plasma cytokine levels
of the psoriasis patients and the healthy individuals were profiled using the following
ELISAs: hTNF (Chongqing Biospes Co., cat. no. BEK1212) and hIL22 (Mabtech AB
Biotechnologie, cat. no. 3475-1H-6).

Implant production
Cell

implants

were

produced

by

microencapsulating

antipsoriatic

(pLS15/pLS25/pLS28/pLS51) and control [pcDNA3.1(+) or pLS15/pLS25/pLS13)]
circuit-transgenic HEK-293T cells into coherent alginate-(poly-L-lysine)-alginate
capsules (400 µm, 200 cells/capsule) using an Inotech Encapsulator Research IE-50R
(Büchi Labortechnik AG) set to the following parameters: 0.2-mm single nozzle, stirrer
speed control at 5 U, 20-ml syringe with a flow rate of 410 U, nozzle vibration
frequency of 1,024 Hz, and 900 V for capsule dispersion (49). The integrity and quality
of the capsules were confirmed via microscopy (Leica DMIL LED, 5x objective; Leica
Microsystems AG).

Psoriatic mouse model
To induce psoriasis-like skin inflammation, 62.5 mg of the clinically licensed Aldara
cream (5%; 3M Pharmaceuticals) containing 3.125 mg of the active compound
imiquimod was topically administered daily onto the skin of back-shaved 8-week-old
female BALB/c mice (Charles River Laboratories). The control mice were treated with
Vaseline (Unilever).

In vivo treatment of psoriasis
All the experiments involving animals were performed according to the directives of
the European Community Council (2010/63/EU) and were approved by the French
Republic (no. 69266309). On day 1 (prophylactic psoriasis treatment) or 72 h (acute
psoriasis therapy) after the administration of imiquimod or Vaseline, 800 µl of serumfree DMEM containing 2 x 106 microencapsulated (200 cells per capsule) antipsoriatic
circuit-transgenic HEK-293T cells were intraperitoneally implanted. The levels of
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cytokines (mTNF, mIL22, mIL17, CXCL9, mIL4, and mIL10) in blood were profiled
on days 3, 5 and 7, unless indicated otherwise.
To confirm that the antipsoriatic designer network was insensitive to acute
inflammatory responses, such as those triggered by bacterial and viral infections or
psoriasis-unrelated

inflammation,

8-week-old

female

BALB/c

mice

were

intraperitoneally implanted with 800 µl of serum-free DMEM containing 2x106
microencapsulated (200 cells/capsule) antipsoriatic circuit-transgenic HEK-293T cells
and were treated with daily 200-µl injections of S. enterica-derived LPS (cat. no.
L7770) (0, 0.01, 0.1, or 1.0 µg/ml in PBS), poly(I:C) (cat. no. P9582-5MG, SigmaAldrich) (0.5 µg/ml in PBS), or thioglycollate (1% (w/v) thioglycollate [1% (w/v)
thioglycollate in distilled H2O; cat. no. 70157, Sigma-Aldrich]. Blood SEAP levels of
the animals from all the treatment groups were quantified 24 and 48 hours after
administration of LPS, poly(I:C), and thioglycollate. The imiquimod-treated mice
served as positive controls, and the Vaselinetreated animals served as negative controls.
Prednisolone (Streuli Pharma AG), used as a treatment control, was reconstituted in
200 ml of PBS and administered at a dose of 0.5 mg/kg per mouse.

Immunohistochemistry
To score the cell numbers and visualize the tissue morphology, 3-mm paraffin
embedded mouse skin sections were stained with hematoxylin (J. T. Baker) and eosin
(Thermo Scientific). Dividing cells were stained for Ki67 (cat. no. RM-9106-S1,
Thermo Scientific), T cells for CD3 (cat. no. ab5690, Abcam), and neutrophils for Ly
6G (cat. no. bs-2576R, Bioss Antibodies) using a Ventana DiscoveryUltra
immunohistochemistry device (Roche Diagnostics) according to the manufacturer’s
instructions and were visualized by light microscopy (Leica DMIL LED, 20x objective;
Leica Microsystems AG). The light micrographs of eight randomly selected skin
sections from each treatment group were analyzed using ImageJ (National Institutes of
Health; http://rsbweb.nih.gov/ij/) to determine the thickness of the epidermis and the
cell numbers in the dermal and epidermal layers.

Human blood-culture assay
All the experiments involving human blood samples were approved by the Ethics
Committee of the ETH Zurich (EK 2012-N-42). The enrolled patients showed moderate
to severe plaque-type psoriasis with a PASI value of ≥10, and none of the patients had
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received any systemic treatment for a minimum of 4 weeks before the blood analysis.
Whole blood from healthy individuals (n = 3) and psoriasis patients (n = 4, with
different PASI values, analyzed individually) was collected using standard venous
blood collection tubes (BD Vacutainer, cat. no. 366480; Becton Dickinson AG), and
0.5 ml of each blood sample was immediately added to 0.5 ml of cell culture medium
[RPMI 1640, PAA Laboratories; supplemented with 1% (v/v) penicillin/streptomycin]
containing 2 x 106 microencapsulated pLS15/pLS25/pLS13-transgenic HEK-293T
cells (same cell batch as those used as control mouse implants). Blood samples were
then incubated in a 24-well plate for 48 hours at 37°C in a humidified atmosphere
containing 5% CO2 before scoring the SEAP levels in the blood culture supernatants,
according to the protocol for cell culture supernatants (50).

Statistical analyses
In vitro data were obtained from triplicate experiments (n = 2 samples per experiment).
In vivo treatment groups included at least eight animals. After assessing normality
assumptions and group SDs, a t test was considered more appropriate than
nonparametric group comparison statistics such as the Wilcoxon rank sum test.
Therefore, all group comparisons were analyzed by Student’s t test (cutoff of P < 0.05)
using GraphPad Prism 6 software (GraphPad Software Inc.).
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Supplementary material
Methods
SEAP quantification
SEAP production levels were quantified in the cell-culture supernatants using a pnitrophenylphosphate-based light-absorbance time course (50). In brief, 100 µL of the
cell-culture supernatant was heat-inactivated for 30 min at 65°C and centrifuged for 2
min at 14,000xg to remove any cell debris. Then, 80 µL of the sample was transferred
into a well in a 96-well plate and adjusted to 37°C. A total of 100 µL of 2x SEAP buffer
(20 mM homoarginine, 1 mM MgCl2, 21% (v/v) diethanolamine, pH 9.8) was mixed
with 20 µL of substrate solution (120 mM para-nitrophenyl phosphate [Acros Organics
BVBA] diluted in 1x SEAP buffer), adjusted to 37°C and added to the well containing
the heat-inactivated sample. The absorbance time course was recorded at 405 nm using
an Envision 2104 multilabel plate reader (PerkinElmer, Waltham, USA). The serum
SEAP, which was isolated from the blood samples using microtainer SST tubes (Becton
Dickinson, Plymouth, UK), was profiled using a chemiluminescence-based assay
(Roche Diagnostics GmbH, Mannheim, Germany). In brief, 50 µL of heat-inactivated
serum (30 min, 65°C), centrifuged for 30 sec at 14,000xg, was transferred to a well in
a 96-well plate containing 50 µL of inactivation buffer and incubated for 10 min at
22°C. Then, 50 µL of freshly prepared substrate reagent (50 µL of CSPD [3-(4methoxyspiro-[1,2-dioxetane-3,2’(5’-chloro)-tricyclo(3.3.1.13,7)decane]-4-yl)phenyl
phosphate] mixed with 950 µL of substrate buffer) was added to each well and
incubated for 10 min at 22°C before light emission was recorded at 477 nm using an
Envision 2104 multilabel plate reader (PerkinElmer).
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Supplementary Figures and Legends

Figure S1. Validation of the cytokine converter components. (A) Ectopic expression
of hTNFR1A abolishes TNF dose-dependent responsiveness of the corresponding
signaling cascade. HEK-293T cells were cotransfected with different amounts of pLS5
(PhCMV-hTNFR1A-pA) and a fixed quantity of pKR32 (PNFκB-SEAP-pA, 300ng) and
cultivated for 48 h in the presence of different mouse TNF concentrations before SEAP
levels were profiled in the culture supernatant. (B and C) TNF-specific activation of
hTNFR1A (B) and IL22-specific activation of hIL22 receptor complex in different
mammalian cell lines (C). (B) HeLa, HT-1080 and CHO-K1 cells were transfected with
pKR32 (PNFκB-SEAP-pA, 300ng) and cultivated for 48 h in the presence of different
concentrations of mouse TNF before SEAP levels were profiled in the culture
supernatant. (C) HeLa, HT-1080 and CHO-K1 cells were cotransfected with pLS17
(PhCMV-hIL22RA-pA, 20ng), pLS18 (PhCMV-hIL10RB-pA, 20ng), pLS15 (PhCMVhSTAT3-pA, 100ng) and pLS13 (PSTAT3-SEAP-pA, 300ng) and cultivated for 48 h in
the presence of different concentrations of mouse IL22 before SEAP levels were
profiled in the culture supernatant. The data are the means ± SD of triplicate
experiments; n = 6.
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Figure S2. Validation of the production of functional anti-inflammatory cytokines
IL4 and IL10 using an autocrine mammalian signal transduction assay. (A) An
IL4 reporter CHO-K1 cell. Cells were cotransfected with pLS7 (PhCMV-mIL2RG-pA,
50 ng), pIL4ra (PhCMV-mIL4RA-pA, 50 ng), pLS16 (PhCMV-hSTAT6-pA, 100 ng),
pLS12 (PSTAT6/cEBP-SEAP-pA, 300 ng) and pLS1 (PhCMV-mIL4-pA, 100 ng) and
cultivated for 48 h before SEAP was profiled in the culture supernatant. (B) An IL10
reporter HEK-293T cell. Cells were cotransfected with different combinations (+, -) of
pLS8 (PhCMV-mIL10RA-pA, 50 ng), pLS9 (PhCMV-mIL10RB-pA, 50 ng), pLS15
(PhCMV-hSTAT3-pA, 100 ng), pLS13 (PSTAT3-SEAP-pA, 300 ng), and pLS2 (PhCMVmIL10-pA, 100 ng) and cultivated for 48 h before SEAP was profiled in the culture
supernatant. Data are means ± SD of triplicate experiments (n = 6).
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Table S1. Plasmids and oligonucleotides used and designed in this study.
Plasmid
Description and Cloning Strategy
pcDNA3.1(+)
Constitutive PhCMV-driven mammalian expression vector (PhCMV-MCS-pA).
pSEAP2-control Constitutive mammalian SEAP expression vector (PSV40-SEAP-pA).
pNFκB-TA-Luc PNFκB-driven Luciferase expression vector (PNFκB-Luc-pA).
pIL2rg
mIL2RG cDNA-containing pCMV-SPORT6.
pIL4
mIL4 cDNA-containing pT7T3D-PacI.
pIL4ra
mIL4RA cDNA-containing pCMV-SPORT6.
pIL10
mIL10 cDNA-containing pCR4-TOPO.
pIL10ra
mIL10RA cDNA-containing pFLCI.
pIL10rb
mIL10RB cDNA-containing pCR4-TOPO.
pIL10RB
hIL10RB cDNA-containing pCMV6-AC.
pTNFR1A
hTNFR1A cDNA-containing pOTB7.
pSTAT3
hSTAT3 cDNA-containing pOTB7.
pSTAT6
hSTAT6 cDNA-containing pCMV-SPORT6.
pIL22RA1
hIL22RA cDNA-containing pCMV-SPORT6.
pKR32
PNFκB-driven SEAP expression vector (PNFκB-SEAP-pA). PNFκB-Luc was excised from pNFκB-TA-Luc
and inserted into the corresponding sites (NotI/HindIII) of pSEAP2-control.
pWW124
SCB1-responsive SEAP expression vector (PSPA-SEAP-pA).
pLS1
Constitutive mammalian mIL4 expression vector (PhCMV-mIL4-pA). mIL4 was PCR-amplified from
pIL4 using oligonucleotides OLS1 (5'-acttcgggatccgccaccATGGGTCTCAACCCCCAGCTAG-3') and
OLS2 (5'-acttcggcggccgcCTACGAGTAATCCATTTGCATG-3'), restricted with BamHI/NotI and
ligated into the corresponding sites (BamHI/NotI) of pcDNA3.1(+).
pLS2
Constitutive mIL10 expression vector (PhCMV-mIL10-pA). IL10 was PCR-amplified from pIL10 using
oligonucleotides OLS3 (5'-acttcgggatccgccaccATGCCTGGCTCAGCACTGCTATG-3') and OLS4
(5'-acttcggcggccgcTTAGCTTTTCATTTTGATCATC-3'), restricted with BamHI/NotI and ligated into
the corresponding sites (BamHI/NotI) of pcDNA3.1(+).
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Reference or Source
Invitrogen
Clontech
Clontech
IMAGE: IRAVp968C0452D
IMAGE: IRAVp968C0243D
IMAGE: IRAKp961N19232Q
IMAGE: IRCLp5011B077D
IMAGE: G530009H16
IMAGE: IRCLp5011G0117D
Origene
IMAGE: IRAUp969D1062D
IMAGE: IRAUp969B0874D
IMAGE: IRATp970B0396D
IMAGE: IRATp970H1247D
Unpublished
Weber et al., 2003
This work
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pLS5

pLS7

pLS8

pLS9

pLS12

pLS13

Constitutive hTNFR1A expression vector (PhCMV-hTNFR1A-pA). hTNFR1A was PCR-amplified from
pTNFR1A using oligonucleotides OLS7 (5'-acttcgggatccgctagcgccaccATGGGCCTCTCCACCGTG
CCTG-3') and OLS8 (5'-acttcggcggccgcctcgagTCATCTGAGAAGACTGGGCGCGG-3'), restricted
with BamHI/NotI and ligated into the corresponding sites (BamHI/NotI) of pcDNA3.1(+).
Constitutive mIL2RG expression vector (PhCMV-mIL2RG-pA). mIL2RG was PCR-amplified from
pIL2rg using oligonucleotides OLS13 (5'-acttcgggatccgccaccATGTTGAAACTATTATTGTC-3') and
OLS14 (5'-acttcggcggccgcTCAGGCTTCCGGCTTCAGAG-3'), restricted with BamHI/NotI and
ligated into the corresponding sites (BamHI/NotI) of pcDNA3.1(+).
Constitutive mIL10RA expression vector (PhCMV-mIL10RA-pA). mIL10RA was PCR-amplified from
pIL10ra using oligonucleotides OLS15 (5'-acttcgggatccgccaccATGTTGTCGCGTTTGCTCCC-3') and
OLS16 (5'-acttcggcggccgcTCATTCTTCTACCTGCAGGCTG-3'), restricted with BamHI/NotI and
ligated into the corresponding sites (BamHI/NotI) of pcDNA3.1(+).
Constitutive mIL10RB expression vector (PhCMV-mIL10RB-pA). mIL10RB was PCR-amplified from
pIL10rb using oligonucleotides OLS17 (5'-acttcgggatccgccaccATGTCCTGGGCGCCGAGCGTG-3')
and OLS18 (5'-acttcggcggccgcTCATACTTCTGAGGTCGACGTG-3'), restricted with BamHI/NotI
and ligated into the corresponding sites (BamHI/NotI) of pcDNA3.1(+).
PSTAT6/cEBP-driven SEAP expression vector (PSTAT6/cEBP-SEAP-pA; PSTAT6/cEBP, (OSTAT6/cEBP)4-PhCMVmin).
A first (OSTAT6/cEBP)2 was generated by annealing oligonucleotides OLS25 (5'-acttcggacgtcTTCTTAT
GAACAGGCTGTATTAGCCAACTTCTTATGAACAGGCTGTATTAGCCAACcctgcaggacttcg-3')
and OLS26 (5'-cgaagtcctgcaggGTTGGCTAATACAGCCTGTTCATAAGAAGTTGGCTAATAC
AGCCTGTTCATAAGAAgacgtccgaagt-3'). A second (OSTAT6/cEBP)2 was generated by PCR-mediated
amplification using oligonucleotides OLS27(5'-acttcgcctgcaggTTCTTATGAACAGGCTGTATTAG
CCAACTTCTTATGAACAGGCTGTATTAGCCAACTCGAGCTCGGTACCCGGGTC-3') as well
as OLS19 (5'-acttcggaattcCCGCGGAGGCTGGATCGGTC-3') and pWW124 as template. The first
(OSTAT6/cEBP)2 was restricted with AatII and SbfI, the second (OSTAT6/cEBP)2 was restricted with SbfI and
EcoRI and both fragments were ligated into the corresponding sites (AatII/EcoRI) sites of pWW124.
PSTAT3-driven SEAP expression vector (PSTAT3-SEAP-pA; PSTAT3, (OSTAT3)2-PhCMVmin). (OSTAT3)2 was
PCR-amplified from pWW124 using oligonucleotides OLS10 (5'-acttcggacgtcGTCGACATTTCC
CGTAAATCGTCGAGTCGACATTTCCCGTAAATCGTCGACCTGCAGGTCGAGCTCGGTACC
CGGGTC-3') and OLS19 (5'-acttcggaattcCCGCGGAGGCTGGATCGGTC-3'), restricted with
AatII/EcoRI and ligated into the corresponding sites (AatII/EcoRI) of pWW124.
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pLS15

pLS16

pLS17

pLS18

pLS25

pLS28

pLS51
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Constitutive hSTAT3 expression vector (PhCMV-hSTAT3-pA). hSTAT3 was PCR-amplified from
pSTAT3 using oligonucleotides OLS40 (5'-acttcgaagcttgccaccATGGCCCAATGGAATCAGCT
AC-3’) and OLS41 (5'-acttcgctcgagTCACATGGGGGAGGTAGCGCAC-3'), restricted with
HindIII/XhoI and ligated into the corresponding sites (HindIII/XhoI) of pcDNA3.1(+).
Constitutive hSTAT6 expression vector (PhCMV-hSTAT6-pA). hSTAT6 was PCR-amplified from
pSTAT6 using oligonucleotides OLS38 (5'-acttcggaattcgccaccATGTCTCTGTGGGGTCTGGTC-3’)
and OLS39 (5'-acttcggcggccgcTCACCAACTGGGGTTGGCCCTTAG-3'), restricted with EcoRI/NotI
and ligated into the corresponding sites (EcoRI/NotI) of pcDNA3.1(+).
Constitutive hIL22RA expression vector (PhCMV-hIL22RA-pA). hIL22RA was PCR-amplified from
pIL22RA1 using oligonucleotides OLS30 (5'-acttcgaagcttgccaccATGAGGACGCTGCTGACC
ATC-3') and OLS31 (5'-acttcggcggccgcTCAGGACTCCCACTGCACAGTC-3'), restricted with
HindIII/NotI and ligated into the corresponding sites (HindIII/NotI) of pcDNA3.1(+).
Constitutive hIL10RB expression vector (PhCMV-hIL10RB-pA). hIL10RB was PCR-amplified from
pIL10RB using oligonucleotides OLS32 (5'-acttcgaagcttgccaccATGGCGTGGAGCCTTGGGAG-3')
and OLS33 (5'-acttcggcggccgcCTAGCTTTGGGGCCCCTGCCCAG-3'), restricted with HindIII/NotI
and ligated into the corresponding sites (HindIII/NotI) of pcDNA3.1(+).
PNFκB-driven hIL22RA expression vector (PNFκB-hIL22RA-pA). hIL22RA1 was PCR-amplified from
pIL22RA1 using oligonucleotides OLS30 (5'-acttcgaagcttgccaccATGAGGACGCTGCTGACCATC3’) and OLS45 (5'-acttcgcccgggTCAGGACTCCCACTGCACAG-3'), restricted with HindIII/XmaI and
ligated into the corresponding sites (HindIII/XmaI) of pKR32.
PSTAT3-driven mIL10 expression vector (PSTAT3-mIL10-pA). mIL10 was PCR-amplified from pIL10
using oligonucleotides OLS5 (5'-acttcgtctagagccaccATGCCTGGCTCAGCACTGCTATG-3') and
OLS6 (5'-acttcgggcgccTTAGCTTTTCATTTTGATCATC-3'), restricted with XbaI/NarI and ligated
into the corresponding sites (XbaI/NarI) of pLS13.
PSTAT3-driven mIL4 expression vector (PSTAT3-mIL4-pA). mIL4 was PCR-amplified from pIL4 using
oligonucleotides OLS11 (5'-acttcgtctagagccaccATGGGTCTCAACCCCCAGCTAG-3') and OLS12
(5'-acttcgggcgccCTACGAGTAATCCATTTGCATG-3'), restricted with XbaI/NarI and ligated into the
corresponding sites (XbaI/NarI) of pLS13.
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Oligonucleotides: Restriction endonuclease-specific sites are underlined, annealing base pairs are shown in capital letters and operator sites (OSTAT6/cEBP and OSTAT3)
are indicated by underlined capital letters.
Abbreviations: hIL10RB, human interleukin 10 receptor beta; hIL22RA, human interleukin 22 receptor alpha; hSTAT3, human signal transducer and activator of
transcription 3; hSTAT6, human signal transducer and activator of transcription 6; hTNFR1A, human tumor necrosis factor receptor 1A; mIL2RG, mouse
interleukin 2 receptor, gamma; mIL4, mouse interleukin 4; mIL4RA, mouse interleukin receptor alpha; mIL10, mouse interleukin 10; mIL10RA, mouse interleukin
10 receptor alpha; mIL10RB, mouse interleukin 10 receptor beta; Luc, Metridia longa secreted Luciferase; MCS, multiple cloning site; NF-κB, nuclear factor
kappa-light-chain-enhancer of activated B cells; ONFB, NF-B-specific operator; (OSTAT3)n, n tandem repeats of the STAT3-specific operator; (OSTAT6/cEBP)n, n
tandem repeats of the STAT6- and c/EBP-specific operator; pA, polyadenylation signal; PhCMV, human cytomegalovirus immediate early promoter; PhCMVmin,
minimal version of PhCMV; PNF B, NF-B-responsive promoter (ONFB-TA); PSPA, SCB1-responsive promoter (OPapRI-PhCMVmin); PSTAT3, STAT3-responsive promoter
((OSTAT3)2-PhCMVmin); PSTAT6/cEBP, STAT6- and c/EBP-responsive promoter ((OSTAT6/cEBP)4-PhCMVmin); PSV40, simian virus 40 promoter; SCB1, Streptomyces
coelicolor butanolide 1, 2-(1'-hydroxy-6-methylheptyl)-3-(hydroxymethyl)-butanolide; SEAP, human placental secreted alkaline phosphatase; TA, TATA-box. |
Weber, W., Schoenmakers, R., Spielmann, M., El-Baba, M.D., Folcher, M., Keller, B., Weber, C.C., Link, N., van de Wetering, P., Heinzen, C., Jolivet, B., Séquin,
U., Aubel, D., Thompson, C.J. & Fussenegger M. Streptomyces-derived quorum-sensing systems engineered for adjustable transgene expression in mammalian cells
and mice. Nucleic Acids Res. 31, e71, (2003).
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Abstract
Encapsulated designer cells implanted into mice are currently used to validate the
efficacy of therapeutic gene networks for the diagnosis and treatment of various human
diseases in preclinical research. Because many human conditions cannot be adequately
replicated by animal models, complementary and alternative procedures to test future
treatment strategies are required. Here we describe a novel approach utilizing an ex
vivo human whole-blood culture system to validate synthetic biology-inspired designer
cell-based treatment strategies. The viability and functionality of transgenic
mammalian designer cells co-cultured with primary human immune cells were
characterized. We demonstrated that transgenic mammalian designer cells required
adequate insulation from the human blood microenvironment to maintain viability and
functionality. The biomaterial alginate-(poly-L-lysine)-alginate used to encapsulate the
transgenic designer cells did neither affect the viability of primary granulocytes and
lymphocytes nor the functionality of lymphocytes. Additionally, alginate-encapsulated
transgenic designer cells remained responsive to the release of the pro-inflammatory
cytokine tumor necrosis factor (TNF) from the whole-blood culture upon exposure to
bacterial lipopolysaccharide (LPS). TNF diffused into the alginate capsules, bound to
the specific TNF receptors on the transgenic designer cells’ surface and triggered the
expression of the reporter gene SEAP (human placental secreted alkaline phosphatase)
that was rewired to the TNF-specific signaling cascade. Human whole-blood culture
systems can therefore be considered as valuable complementary assays to animal
models for the validation of synthetic circuits in genetically modified mammalian cells
and may speed up preclinical research in a world of personalized medicine.
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Graphical abstract

One sentence summary: Microencapsulated, synthetic biology-inspired designer
cells are capable of interacting with primary immune cells in co-culture with
human-derived whole blood.
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Introduction
The ex vivo culture of whole blood was established for the characterization of immune
cell responses towards environmental hazards, infectious agents and drugs (Wallis et
al. 2012; Yachie et al. 1990). The whole blood culture system (WhBC-system) is a
simple and reproducible method used to test population-wide responses of primary
immune cells towards any given stimulus ex vivo, including functionality (Pauly et al.
1973; Sottong et al. 2000) and viability (Hodge et al. 2000). This technique was
previously described as an improved alternative to the traditional use of in vitro culture
systems containing purified primary cells (Damsgaard et al. 2009; Yaqoob et al. 1999)
because the latter requires large quantities of blood and qualified staff in an equipped
laboratory, is more costly and might activate immune cells during isolation (Zangerle
et al. 1992b). In contrast, the WhBC-system is characterized by its non-intrusive nature,
ease of handling, immediate use after withdrawal and requirement for only a small
amount of blood. Importantly, cells maintained in whole blood cultures contain their
own

natural

environmental

milieu

including

blood-borne

factors,

thereby

approximating the state of circulating cells in vivo. This was previously suggested to
be the reason for the higher viability of primary cells in whole blood measured over
time (Damsgaard et al. 2009; Wilson et al. 1991). Therefore, the WhBC-system might
be the most appropriate milieu in which to study ex vivo cell activation upon
stimulation with mitogens or chemical compounds in blood derived from healthy
donors or patients suffering from systemic, immune cell-related diseases (Weir et al.
1999), such as rheumatoid arthritis (Swaak et al. 1997) or even schizophrenia
(Kaminska et al. 2001; Zakharyan and Boyajyan 2014).
Currently, the utilization of WhBC-systems is restricted to studies testing
immune cell responses to exogenously applied stimuli. We envisioned applying this
method to cutting-edge synthetic biology approaches, known as prosthetic gene
networks, developed for the treatment of systemic metabolic disorders (Auslander et al.
2014a; Rossger et al. 2013b) such as autoimmune diseases (Ye et al. 2011). Prosthetic
gene networks have been validated in vitro and in vivo using available mouse models
(Rossger et al. 2013a; Ye et al. 2011). However, two major drawbacks in using animal
models indicate the need for novel, innovative approaches: the lack of appropriate
animal models mimicking human pathologies and the low success rate in translating
results from animal studies into human clinical trials (Mak et al. 2014; Seok et al. 2013).
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Hence, WhBC-systems allow for the withdrawal of whole blood from patients suffering
from any disease of interest, resulting in a simulation of the actual state of circulating
cells in the patient that allows for the testing and validation of designed systems in an
individual, natural, and targeted environment. Also, in a future world of personalized
medicine and cell-based therapies the WhBC-system could provide patient-specific
metabolic dynamics that could be key for a tailored therapy.
In this study, we report the development of the WhBC-system that can validate
engineered designer cells for cell-based therapies. We focus on the utilization of
alginate-encapsulated designer cells to record immune cell communication, thereby
allowing the designer cells to integrate and interfere with the signals whenever
necessary. We provide information on the viability and functionality of primary
immune cells and designer cells in human whole blood co-cultures and demonstrate
that microencapsulated designer cells are able to respond to stimuli as well as produce
and secrete proteins to the blood environment.

Materials and methods
Materials
Recombinant human TNF was purchased from PeproTech Inc. (Rocky Hill, NJ, USA;
cat. no. 300-01A, lot. no. 0906CY25). Salmonella enterica-derived lipopolysaccharide
(LPS) was ordered from Sigma-Aldrich (Munich, Germany; cat. no. L7770). Phorbol12-myristate-13-acetate (PMA) was purchased from Sigma-Aldrich (cat. no. 79346).
Ionomycin was provided by Fisher Scientific (Reinach, Switzerland; cat. no. BP25271). N-Formyl-Met-Leu-Phe (fMLF) was delivered by Sigma-Aldrich (cat. no. 47729).
1.5% sodium-alginate solution was purchased from Buechi Labortechnik AG (Flawil,
Switzerland; cat. no. 11061528).

Blood samples
Human whole blood was collected from healthy donors using venous blood collection
tubes containing heparin (BD Vacutainer®, Becton Dickinson AG, Allschwil,
Switzerland; cat. no. 366480). The samples were incubated at 22°C or used
immediately for experimentation. Whole blood was cultured either undiluted or diluted
with Roswell Park Memorial Institute medium (RPMI 1640; PAA Laboratories,
Pasching, Austria; cat. no. E15-885) containing a 1% (v/v) penicillin/streptomycin
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(P/S) solution (Sigma-Aldrich) at the indicated ratios. Written consent was obtained
from all healthy donors. The study was approved by the Ethics Committee of Nordwest
and Zentralschweiz (EKNZ; EK 2012-N-42). For all experiments involving whole
blood, the data represent the average of at least four healthy donors (n ≥ 4).

Cell culture
Human embryonic kidney cells (HEK-293T, ATCC: CRL-11268) were cultivated in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Basel, Switzerland) or in
RPMI 1640 medium where indicated and supplemented with 10% fetal bovine serum
(FBS; Sigma-Aldrich; cat. no. F7524, lot no. 022M3395) and 1% (v/v)
penicillin/streptomycin. For transfections, the cells were diluted in 10 mL of culture
medium and seeded into a 10-cm cell culture dish 24 h prior to transfection. The cells
were then incubated for 6 h with 2 mL of FBS-free DMEM containing 60 µg PEI
(polyethyleneimine; MW 40,000, Polysciences, Inc., Warrington, USA) and 15 µg of
total DNA. After transfection, the culture medium was replaced, and the engineered
cells were used for dedicated experiments. A detailed description of the plasmids used
for the transfection experiments is provided in Table I.

Encapsulation of mammalian cells
HEK-293T cells were microencapsulated into coherent alginate-(poly-L-lysine)alginate capsules (400 µm, 200 cells/capsule) using an Inotech Research IE-50R
encapsulator (Büchi Labortechnik AG, Flawil, Switzerland) with the following
settings: 0.2 mm single nozzle, stirrer speed control 5 units, 20 mL syringe with a flow
rate of 410 units, nozzle vibration frequency of 1,024 Hz, and 900 V for capsule
dispersion. Capsule integrity and quality were confirmed by microscopy (Leica DMIL
LED, 5x objective; Leica Microsystems, Mannheim, Germany).

Whole blood co-culture with (non)-encapsulated HEK-293T cells
Transfected mammalian cells were either grown as a non-encapsulated monolayer or
encapsulated as described above. For the non-encapsulated co-culture, media was
exchanged after incubation with human whole blood; the cells were then diluted in
RPMI medium containing 1% P/S at a 1:1 ratio in a total volume of 1 mL and cultured
in adherent cultures in 24-well plates. For the encapsulated co-culture, alginate beads
containing transgenic mammalian cells were resuspended in RPMI medium
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supplemented with 1% P/S to a total volume of 0.5 mL and added to 0.5 mL of human
whole blood cultured in 24-well plates at 37°C in humidified air containing 5% CO2.

Analytical assays
SEAP quantification
Human placental secreted alkaline phosphatase (SEAP) was quantified in cell culture
supernatants or in plasma derived from blood samples by centrifugation (14,000 x g, 5
min) using a p-nitrophenylphosphate-based light-absorbance time course assay.
Briefly, 100 µL of cell-culture supernatant was heat-inactivated for 30 min at 65°C and
centrifuged for 2 min at 14,000 x g to remove cell debris. A total of 80 µL of the sample
was transferred into the well of a 96-well plate and adjusted to 37°C. Then, 100 µL of
2x SEAP buffer (20 mM homoarginine, 1 mM MgCl2, and 21% (v/v) diethanolamine,
pH 9.8) was mixed with 20 µL of substrate solution (120 mM para-nitrophenyl
phosphate), adjusted to 37°C and added to the well containing the heat-inactivated
sample. The absorbance time course was recorded at 405 nm using an Envision 2104
multilabel plate reader (PerkinElmer, Waltham, MA, USA).

Viability assay
Leukocyte viability was analyzed using the LIVE/DEAD Fixable Far Red Dead Cell
Stain according to the manufacturer’s protocol (cat. no. L10120, Invitrogen). Briefly,
0.5 mL of whole blood was incubated with 5 mL of 1x ammonium-chloride-potassium
(ACK) lysing buffer at 22°C for 12 min, followed by a washing step with phosphatebuffered saline (PBS). LIVE/DEAD dye was added to the cells at a 1:1000 dilution and
incubated for 20 min at 4°C. Stained cells were subsequently washed with PBS, fixed
with 4% paraformaldehyde and analyzed by fluorescence-activated cell sorting (FACS)
using a BD LSR Fortessa system (BD Biosciences).

ROS generation
To determine the functionality of granulocytes, we performed an assay based on the
measurement of reactive oxygen species using dihydrorhodamine 123 (DHR-123, cat.
no. D1054, Sigma-Aldrich) (Geering et al. 2011). After red blood cell lysis using ACK
lysing buffer, leukocytes were loaded with DHR-123 at a concentration of 1 µM for 20
min. The neutrophil respiratory burst was triggered by the addition of Nformylmethionyl-leucyl-phenylalanine (fMLF) to the cells at a final concentration of
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10 nM. The cells were then analyzed for rhodamine content using FACS with a BD
LSR Fortessa system.

Microscopy
To confirm GFP expression, samples were analyzed microscopically using a Leica
DMIL LED microscope with a 5x objective (Leica Microsystems).

T cell proliferation assay
T-cell proliferation in blood cultures was assessed using CellTrace carboxyfluorescein
succinimidyl ester (CFSE; cat. no. C34554, lot. no. 1316741, Invitrogen) Red blood
cells were lysed as described above, and CFSE staining was performed according to the
manufacturer’s instructions at a concentration of 10 μM. CFSE-stained cells were
resuspended in RPMI medium containing 1% P/S and mixed at a 1:1 ratio with whole
blood. As a positive control, lymphocyte proliferation was induced using PMA (1 ng
mL-1, 1.62 mM) and ionomycin (1 µM). The CFSE-labeled cells were then incubated
with PMA/ionomycin for 6 h and subsequently collected and washed once each with
RPMI medium and PBS. Finally, the cells were resuspended in RPMI medium
containing 1% P/S and mixed at a 1:1 ratio with whole blood. The CFSE intensity was
measured over time using the BD LSR Fortessa FACS. Mouse anti-human CD2
antibody was used to identify T cells in the staining analysis (cat. no. 300213, clone no.
RPA-2.10, Lucerna Chem, Luzern, Switzerland).

ELISA assay
Plasma TNF levels were quantified using an ELISA assay according to the
manufacuter’s instructions (Chongqing Biospes Co., Ltd., Chongqing, China; cat. no.
BEK1212).
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Results
Culture of mammalian cells in human whole blood requires their encapsulation
The examination of gene networks in mammalian cells can be performed in vitro using
standardized conditions or in vivo by embedding designer cells into inert hydrogels
such as alginate (Jacobs-Tulleneers-Thevissen et al. 2013). We were interested in
defining the optimal conditions under which mammalian cells (in our case HEK-293T
cells) could be co-cultured with human whole blood ex vivo. To visualize cells by
microscopy, HEK-293T cells were transfected with a GFP-encoding plasmid (pEGFPN1, PhCMV-EGFP-pA) (Table I). GFP-expressing HEK-293T cells were either used in
their non-encapsulated form or encapsulated in inert alginate beads and cultured with
diluted human whole blood for 4 days. Microscopic analysis revealed that areas positive
for GFP expression were dramatically reduced when non-encapsulated HEK-293T cells
were cultured in monolayers with whole blood compared to HEK-293T cells cultured
in RPMI medium alone (1% P/S and 10% FBS) after 24 h of co-culture (Fig. 1a). GFP
expression further diminished over time and could not be visualized after 72 h of coculture (Fig. 1a). In contrast, encapsulated, GFP-transfected HEK-293T cells showed
GFP-positive areas independent of the co-culture method (whole blood or RPMI
medium alone; Fig. 1b), suggesting that encapsulation shielded the cells from the
cellular destruction likely induced by immune cells. To confirm the results shown in
Figures 1a and 1b, we transfected HEK-293T cells with a plasmid encoding for
constitutive SEAP expression (pSEAP2-Control, PSV40-SEAP-pA) (Table I). Similar
to the results for GFP expression, the SEAP expression levels were significantly lower
in non-encapsulated cells compared to encapsulated cells when co-cultured with whole
blood (Fig. 1c) but not when cultured in RPMI medium alone (Fig. 1d). We concluded
from these experiments that the culture of mammalian cells in combination with whole
blood required their encapsulation within an insulating material. Therefore, we
performed all subsequent experiments using alginate-encapsulated HEK-293T cells.
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Table I. Plasmids used and designed in this study
Plasmid
Description and Cloning Strategy
Source
pSEAP2-Control Constitutive mammalian SEAP expression vector Clontech
(PSV40-SEAP-pA).
pEGFP-N1
Constitutive mammalian EGFP expression vector Clontech
(PhCMV-EGFP-pA).
pNFκB-TA-Luc PNFκB-driven Luciferase expression vector (PNFκB-Luc- Clontech
pA).
pKR32
PNFκB-driven SEAP expression vector (PNFκB-SEAP- Unpublished
pA). PNFκB-Luc was excised from pNFκB-TA-Luc and
inserted into the corresponding sites (NotI/HindIII) of
pSEAP2-Control.
Abbreviations: NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells;
pA, polyadenylation signal; PhCMV, human cytomegalovirus immediate early promoter;
PNFκB, NF-κB-responsive promoter (ONFκB-TA); PSV40, simian virus 40 promoter;
SEAP, human placental secreted alkaline phosphatase; TA, TATA-box.
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Figure 1. Encapsulation is required to maintain transgenic mammalian cells in
whole blood culture. (a) Co-culture of non-encapsulated HEK-293T cells in human
whole blood. Mammalian HEK-293T cells were seeded into cell culture plates and the
monolayer culture was transfected with pEGFP-N1 (PhCMV-EGFP-pA) 6 h prior to coculturing with whole blood diluted in RPMI medium (1:1) or in RPMI-complete

103

Chapter III

medium (supplemented with 10% FBS and 1% P/S). Microscopy images were recorded
every 24 h. (b) pEGFP-N1-transfected HEK-293T cells were encapsulated in alginate
beads 6 h after transfection and subsequently co-cultured in diluted whole blood or in
RPMI-complete medium. (c-d) HEK-293T cells were transfected with pSEAP2Control (PSV40-SEAP-pA) and either seeded as monolayers (non-encapsulated) in cell
culture plates, micro-encapsulated and cultured in diluted whole blood or cultured in
RPMI medium. Error bars represent ± SD. WhBC, whole blood culture. N.d., not
detectable.

Leukocyte viability is not affected by co-culture with encapsulated mammalian
cells
As a prerequisite for using human whole blood to assess the capability of the response
of designer cells to immune cells, immune cells within the culture system must remain
viable over several days. Therefore, we investigated the viability of granulocytes and
lymphocytes in whole blood derived from healthy donors either diluted in RPMI
medium containing 1% P/S at different ratios or undiluted over a 72 h time-period.
Every 24 h, the blood suspensions were subjected to red blood cell lysis and stained
with the LIVE/DEAD Fixable Far Red Dead Cell Stain to mark necrotic cells prior to
flow cytometry analysis. The results showed that necrotic cells comprised less than
20% of the entire population under all conditions, and the lowest death rates were
achieved when whole blood was cultured at a 1:1 dilution in RPMI medium (Fig. 2a).
As expected, the granulocyte viability was slightly lower than the lymphocyte viability
(McNamee et al. 2005). Because the whole blood culture system also contains
monocytes that engulf apoptotic cells (Mikolajczyk et al. 2009), our results likely
present a slight underestimation of the number of dead cells. However, as shown in
Figure 2b, the size and granularity of lymphocytes and granulocytes assessed by flow
cytometry remained constant over time, suggesting that high cell viability was
maintained in whole blood cultures diluted 1:1 in RPMI medium. Therefore, whole
blood diluted 1:1 in RPMI medium (1% P/S) was used in subsequent experiments.
Our knowledge hitherto was based on the requirement of encapsulation for the
culture of mammalian cells in whole blood ex vivo. To gain insight into the potential
effects of alginate beads on immune cells in blood cultures, we determined the viability
of granulocytes and lymphocytes in co-culture with encapsulated cells. We performed
a LIVE/DEAD assay as shown in Figure 2a. The results showed no significant
difference in the amount of dead granulocytes or lymphocytes cultured with alginate
beads containing mammalian cells that expressed an intracellular protein (GFP) or
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secreted protein (SEAP) compared to control blood samples (Fig. 2c). The latter
observation suggests that alginate material containing transgenic HEK-293T cells
neither induces cell death nor prolongs viability in immune cells maintained in whole
blood culture.

Figure 2. Alginate beads containing transgenic cells do not influence leukocyte
viability in whole blood culture. (a, b) Whole blood of healthy donors was cultured
for 72 h and stained with LIVE/DEAD Fixable Far Red Dead Cell Stain. (a) The data
represent the percentage of cells positive for propidium iodide (PI), indicative of
necrotic lymphocytes, granulocytes, or leukocytes (total of lymphocytes and
granulocytes) cultured in whole blood or in whole blood diluted with RPMI medium at
the indicated ratios. (b) Dot plots were gated on lymphocytes and granulocytes. (c)
Encapsulated HEK-293T cells (encHEK) transgenic for pEGFP-N1 (PhCMV-EGFP-pA)
or pSEAP2-Control (PSV40-SEAP-pA) were cultured in whole blood and diluted at a
1:1 ratio in RPMI medium for a total of four days. LIVE/DEAD Fixable Far Red Dead
Cell Staining was performed at the indicated time points. Error bars represent ±SD.
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Leukocyte activation upon exposure to encapsulated mammalian cells
We subsequently assessed whether mammalian cells encapsulated in alginate beads
would have an impact on leukocyte function. First, we investigated the activation of
granulocyte NADPH oxidase as an indicator of general granulocyte activation (Vignais
2002). To this end, immune cells in whole blood cultured with or without alginate beads
were stimulated with N-formylmethionyl-leucyl-phenylalanine (fMLF), resulting in a
granulocyte respiratory burst. As shown in Figure 3a, granulocyte activation could be
detected within the first 72 h of co-culture, confirming that the cells were highly viable.
Surprisingly, the alginate beads seemed to have a minor positive effect on the
granulocyte respiratory burst although they were deemed to be inert, suggesting that
the material contained activating properties, previously suggested to be due to
impurities contained in naturally derived alginate (Boehler et al. 2011).
To assess the influence of the alginate beads on lymphocyte activation, we
performed a proliferation assay based on cell labeling with CFSE dye. Cell proliferation
can be monitored by measuring the dye intensity, which diminishes upon proliferation
(Lyons 2000). CFSE-labeled primary cells were cultured with and without encapsulated
HEK-293T cells expressing the cytosolic protein GFP. Cell proliferation was induced
by phorbol-12-myristate-13-acetate (PMA) and ionomycin. After 48 h and 96 h of
culture, the CFSE intensity was measured in anti-human CD2-stained T cells. As shown
in Figure 3b, no significant increase in the number of cell divisions in T cells cultured
with or without alginate capsules was measured under non-stimulated conditions,
suggesting that the alginate beads used in this study did not induce lymphocyte
activation. In contrast, the proliferation of T cells triggered with PMA/ionomycin was
highly induced; however, this proliferation occurred independent of the presence or
absence of alginate beads (Fig. 3b). These results indicate that alginate beads do not
impede lymphocyte proliferation.
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Figure 3. Evaluation of granulocyte and lymphocyte functionality in whole blood
cultured with alginate beads containing transgenic HEK-293T cells. (a) Generation
of reactive oxygen species by neutrophils. Whole blood was cultured with or without
alginate beads containing HEK-293T cells transfected with pEGFP-N1 (PhCMV-EGFPpA) and cultured for a total of four days. Prior to FACS analysis, leukocytes were
stimulated with fMLF (+) or remained unstimulated (-). The data represent the relative
geometric mean of the average of four donors. (b) Lymphocyte proliferation assay
using CellTrace CFSE. Cells were gated on the lymphocyte population and further
gated on CD2-positive-T cells. The data represent the percentage of undivided cells
(0x) or cells undergoing one (1x), two (2x) or three (3x) divisions. Error bars represent
±SD; statistics were performed using student’s t test, n = 4 donors. *P < 0.05, **P <
0.005, ***P < 0.0001, ****P < 0.00001. ns, not significant. fMLF, N-Formyl-Met-Leu107

Chapter III

Phe. PMA, Phorbol-12-myristate-13-acetate. CFSE, carboxyfluorescein succinimidyl
ester.
Designer cells sense and integrate cues derived from immune cells in the human
whole blood culture system
Next, we used a gene reporter system to investigate whether encapsulated designer cells
were able to respond to signals present in human whole blood. We chose, TNF-induced
transgene expression in HEK-293T cells co-cultured in human whole blood as an
example for the analysis of blood samples derived from patients suffering from chronic
inflammatory diseases. In the presence of TNF and its binding to the endogenous TNF
receptor on HEK-293T cells (McFarlane et al. 2002), endogenous NFκB is translocated
to the nucleus to activate gene expression (Fig. 4a). To validate the activation of the
TNF receptor by TNF binding to HEK-293T cells, we transfected HEK-293T cells with
the PNFκB-driven SEAP expression vector pKR32 (PNFκB-SEAP-pA). After 6 h of
transfection, the cells were encapsulated in alginate beads and cultured with human
whole blood. To induce TNF release by the primary immune cells contained in the
blood (Fig. 1a) (Wilson et al. 1991), diluted blood cultured with capsules containing
pKR32-transgenic HEK-293T cells was incubated with 0, 10, 100 or 1000 ng/mL of
bacterial LPS (Fig. 4b). As a control, we induced gene expression by the exogenous
addition of recombinant human TNF (hTNF) at the indicated concentrations (Fig. 4c).
We measured SEAP expression levels in the plasma over time and found that
gene expression was increased in the presence of the bacterial compound LPS (Fig. 4b),
likely due to TNF secretion by immune cells (Louis et al. 1998; Zangerle et al. 1992a)
contained in the blood microenvironment (Fig. 4e). As a control, we cultured
encapsulated pKR32-transgenic HEK-293T cells in RPMI medium supplemented with
10% FBS (Fig. 4d) or in diluted whole blood (Fig. 4c) and induced gene expression via
the exogenous addition of recombinant human TNF. Our results for the inducible gene
expression circuits (Fig. 4b-d) show that designer cells embedded in coherent alginate
beads are responsive to environmental cues contained in whole blood.
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Figure 4. Microencapsulated HEK-293T cells are sensitive to environmental
signals in whole blood culture. (a) Whole blood was either supplemented with
different concentrations of lipopolysaccharide (LPS) or recombinant human TNF. Cell
surface human tumor necrosis factor receptor (TNFR) is activated by the ligand TNF.
Upon activation, the corresponding NF-κB signaling cascade is triggered, in which
TNFR-interacting TRADD recruits TRAF2 and the kinase RIP. TRAF2 recruits the
protein kinase IKK for RIP-mediated activation, IKK-mediated phosphorylation of IkB
releases NF-kB, leading to NF-kB-translocation into the nucleus and the expression of
the PNFκB-driven reporter gene secreted alkaline phosphatase (SEAP; pKR32, PNFκBSEAP-pA). (b-d) HEK-293T cells were transfected with pKR32 (PNFkB-SEAP-pA) and
encapsulated in alginate beads. A total of 0.5 x 106 cells embedded in alginate capsules
were cultured in whole blood diluted with RPMI medium (1:1) (b-c) or in RPMIcomplete medium (supplemented with 10% FCS and 1% P/S) (d). On day 0, the cells
were induced with different concentrations of LPS (b) or recombinant hTNF (c-d).
Plasma samples were collected, and SEAP expression levels were assessed at the
indicated time points. (e) Increased plasma levels of human TNF (hTNF) upon
stimulation with LPS. Whole blood of healthy donors was stimulated with LPS at
increasing concentrations and incubated at 37°C. After 6 h of stimulation, plasma was
collected, and hTNF levels were quantified by ELISA assay. Error bars represent ±SD.
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Discussion and conclusion
Herein, we provide evidence that the application range of the human whole blood
culture system can be expanded to include designer cells engineered with synthetic gene
networks. To date, the focus in the field of whole blood culture systems has mostly been
on the characterization of cytokine secretion and blood cell functionality in the presence
of small molecules, toxins or functional proteins (Pauly et al. 1973). Our studies
demonstrate that encapsulated designer cells that emerge in the whole blood culture
system can be used to communicate with immune cells.
To maintain the immune cells in culture, we diluted whole blood in RPMI 1640
medium at a 1:1 ratio, which led to higher leukocyte viability compared to non-diluted
blood. These observations might be explained by the balanced salt solution (Mallone et
al. 2011) or nutrients (Godoy-Ramirez et al. 2004) contained in the commercial cell
culture media.
Because non-encapsulated designer cells co-cultured with whole blood cell
cultures were rapidly destroyed - a phenomenon previously observed in cellular
transplant rejections (Ingulli 2010) - we used alginate to shield the designer cells from
the immune cells. Alginate is a well-studied, naturally derived inert biomaterial with
several advantages, such as mechanical properties, biodegradability and noninflammatory properties (Orive et al. 2006; Schmidt et al. 2008). Nevertheless, natural
materials can contain biological impurities and non-self signals that may result in
increased inflammation at the implant site (Boehler et al. 2011). Previous studies
showed that naturally derived alginate material was able to prevent a tissue-destructive
immune response of foreign tissue via adaptive immunity, although the material was
recognized by the innate immune system (Paredes Juarez et al. 2014). In agreement
with these observations, we found that alginate beads led to increased activation of
innate immune cells but did not influence lymphocyte activation.
Designer cells sensitive to the proinflammatory cytokine TNF produced the
reporter gene SEAP upon stimulation of TNF secretion from immune cells induced by
LPS. This representative result suggests that the designer cells can receive signals from
immune cells, integrate the cues and produce and secrete an output. TNF-responsive
designer cells may therefore become useful for the analysis of blood samples from
patients suffering from chronic inflammatory diseases. As a control, transgenic cells
cultured in diluted whole blood or in RPMI-complete medium were induced with
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recombinant TNF. The results showed that the gene expression levels of the reporter
gene SEAP were lower in whole blood compared to conventional cell culture media.
These observations might be explained by the half-life of the cytokine TNF in whole
blood, which was previously shown to be similar to its half-life in vivo (Oliver et al.
1993). This reduction in the half-life was suggested to be due to complex formation
between the free cytokine and components present in the serum, thereby rendering the
protein unavailable for receptor binding studies. Moreover, reporter gene activity
profiles for inducible gene circuits (Fig. 4b-d) indicate similar reporter activity profiles
to those observed for the overexpressed reporter gene SEAP (Fig. 1c). SEAP activity
reached its peak level at 48 h of culture in whole blood but continued to increase when
cultured in conventional cell culture medium. We hypothesize that compounds present
in the plasma, but not in the RPMI cell culture medium (supplemented with 10% FBS),
may lead to a reduction in the performance of our designer cells. However, transgenic
cells embedded in alginate beads were able to perform for a period of 4 days.
Based on this knowledge, co-culture of human whole blood with genetically
modified mammalian cells coated in biomaterials provides promising opportunities for
the field of synthetic immunology (Geering and Fussenegger 2015), enabling the
following: (1) the testing of prosthetic gene networks under in vivo-like conditions prior
to animal studies, thereby providing more reliable data than those gained in vitro, (2)
the communication between immune cells and designer cells in blood samples derived
from patients suffering from inflammatory diseases or (3) the sensing of molecules in
the blood using designer cells as a diagnostic tool (Auslander et al. 2014b). Based on
the diversity of applications, we foresee that the whole blood culture system is a valid
method suitable for the evaluation of synthetic gene circuits designed as diagnostic or
therapeutic tools for systemic diseases.
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CONCLUSION
The current strategies to treat human diseases are often based on clinical interventions
initiated by disease diagnosis. Small molecules or biologics require continuous
administration at regular intervals and interfere with the patient’s metabolism to restore
the balance of dysregulated physiological processes. Illnesses are thereby discovered
based on symptoms followed by corroboration of diagnosis by analyzing medical tests
performed on patient’s biological samples. For diseases with complex, recurrent, and
persistent dynamics, such as autoimmune disorders, metabolic diseases, and cancers,
there are conceptual limitations to this treatment strategy (e.g. continuous drug
administration at regular intervals) that ask for the development of novel approaches to
prevent disease onset. Therefore, prosthetic gene networks, such like sensor-effector
cell-based devices that are able to link the sensing of disease-associated biomarkers to
the immediate and coordinated expression of therapeutics represent a promising
alternative to address the unmet medical need for early disease detection and immediate
intervention.
A large number of regulatory gene circuits, that are based on transcription
factors, synthetic cell surface receptors, or functionally rewired intracellular signaling
cascades have been developed to allow the translation of specific signals into a cellular
response. In the first chapter of this thesis, we introduce ligand-controllable synthetic
gene networks that have been constructed for therapeutic applications. We thereby
emphasize the studies, which couple the presence of endogenous disease-specific
biomarkers to the expression of therapeutic substrates.
Capitalizing on this concept, we present in chapter II the design of a prosthetic
gene network, implemented in mammalian cells for the treatment of psoriasis. The
sophisticated synthetic circuit linked the presence of two psoriasis-associated
biomarkers to the expression of two anti-psoriatic effector proteins. As a chronic,
recurrent autoimmune skin disease, psoriasis is associated with increased serum levels
of proinflammatory cytokines and reduced levels of anti-inflammatory mediators. This
imbalance in pro- and anti-inflammatory mediators disables proper functions of the
immune system, resulting in excessive inflammation that finally leads to skin/tissue
damage. In patients with active psoriasis, blood levels of TNF and IL22 were
consistently reported to be upregulated and are therefore considered reliable and
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specific disease biomarkers. By converting the presence of proinflammatory cytokines
into anti-inflammatory/-psoriatic therapeutics, the cell-based cytokine converter
approach successfully treated mice suffering from psoriasis, prevented the onset of the
disease, and restored the balance of pro- and anti-inflammatory cytokine levels.
Noteworthy to mention is that microencapsulated cytokine converter transgenic
designer cells were insensitive to bacterial- or viral-like infections in mice as well as
psoriasis-unrelated inflammation, which underpins the specificity of the device towards
psoriatic disease markers. In addition, this cell-based device was validated in a WhBCsystem that was based on co-culturing whole blood derived from psoriatic patients with
encapsulated designer cells, demonstrating that the sensor-device is able to operate in a
clinically relevant cytokine range.
The characterization of the WhBC-system as a complementary tool to animal
models for the validation of synthetic biology-inspired gene networks that are
implemented in mammalian cells is described in chapter III. In this study, we provide
insights into the viability and functionality of immune cells, co-cultured over time with
encapsulated transgenic designer cells. We found that encapsulation is necessary to
protect the designer cells from an immune-mediated destruction, thereby allowing them
to remain functional and responsive to external signals, such as cytokines contained
within the whole blood. In addition, the functionality and viability of immune cells is
not impaired in this co-culture setting as well as their responsiveness to external stimuli,
such as the release of the proinflammatory cytokine TNF upon addition of the bacterial
lipopolysaccharide (LPS). The use of whole blood is a particularity attractive tool
because it contains blood-borne factors and simulates the actual condition of circulating
immune cells as well as biomolecules. For a future of personalized medicine, WhBCsystems can be used as a testbed to assess the responsiveness and efficiency of synthetic
gene networks in a patient-derived environment and could provide valuable information
prior to animal testing.
In conclusion, synthetic gene networks that dynamically interface with the
patient’s metabolism to reset physiological control and restore homeostasis in an
automatic and disease-specific manner are promising tools that may advance
personalized gene- and cell-based therapies. This concept offers a unique opportunity
to develop treatment methods that may replace conventional approaches, in particular
for disorders with complex, recurrent, and persistent dynamics, in which treatment
occurs at late stages of disease pathogenesis.
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In this thesis, we present cell-based synthetic gene networks that may contribute
to the emergence of future therapeutic strategies, which are based on early detection of
disease development and immediate intervention by the delivery of the amount of a
therapeutic substrate adjusted to the pathophysiological state of the patient, in a time
scale sufficient to prevent disease onset.

118

119

