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Synthetic Biology – From Cut & Paste to Programming DNA



Programming Adaptive Medicines with Synthetic Biology
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Engineering Sense-and-Respond Circuits for Cell Therapies
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Homeostasis in Human Physiology

Pro Anti



Loss of Homeostasis in Human Disease



Restoring Homeostasis Difficult with Non-Closed-Loop Therapies

Too little therapy
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Restoring Homeostasis Difficult with Non-Closed-Loop Therapies

Careful therapeutic 
balance needed



Closed-Loop Therapies Sense and Balance Therapeutic Effect
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Closed-Loop Therapies Sense and Balance Therapeutic Effect

Sense and reduce therapy



Closed-Loop Therapies Sense and Balance Therapeutic Effect

Pro Anti

Sense and maintain homeostasis



Need for New Technologies to Modulate the Human Microbiome

§ Human body is 
shared with trillions 
of commensal 
microbes

§ Involved in:
§ Development
§ Immunity
§ Digestion
§ Mood/Behavior

§ Tools to manipulate 
microbiota crude and 
poorly understood
§ Antibiotics
§ Probiotics
§ Prebiotics

http://www.nature.com/news/microbiome-sequencing-offers-hope-for-diagnostics-1.10299; Cho and Blaser, Nat Rev Genet, 2012
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Applications of Synthetic Biology to Microbiome Engineering

Engineered 
probiotics 
sense disease 
and provide 
local 
treatment

Colon cancer
Inflammation
Infection



Digital and Analog Paradigms for Computing and Memory

Digital
“0”s and “1s”

Analog
Continuous Info

Computing Memory
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Daniel et al. Nature 2013

Siuti et al. Nat Biotech 2013

Farzadfard et al. Science 2014

Towards Time, Order, and State-
Dependent Cellular Programs



Incorporating History into Sense-and-Respond Circuits
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Engineering Dynamic, Regulated Cell Implants
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Current Opinion in Chemical Biology

Engineered mammalian-cell-based theranostic agents. (a) Concept of mammalian-cell-based theranostic agents. By using engineering principles,
synthetic biologists can design and reassemble basic biobricks, such as functional DNA, RNA and proteins, in a rational way to achieve both
diagnostic and therapeutic functions in a single integrated system. This system can be directly in patient-derived cells or other cell lines, which can be
transplanted in vivo and regulated to produce therapeutic proteins to treat diseases. (b) Theranostic engineered cells for obesity [37]. A fusion protein
combining the phloretin responsive repressor (TtgR) and the human peroxisome proliferator-activated receptor a (PPARa), which bound a

www.sciencedirect.com Current Opinion in Chemical Biology 2015, 28:29–38



Cell Therapies with Closed-Loop Feedback
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pramlintide-encoding effector component and implanted into
diet-induced obese mice, the designer circuit (i) constantly
monitored blood fatty acid levels, (ii) processed peak fat values,
(iii) produced a coordinated pramlintide production response
that (iv) reduced food intake, (v) decreased blood fat levels,
(vi) dropped the body weight and (vii) automatically switched off
at normal blood fat levels.In addition, as the LSR used TtgR as a
DNA-binding component the designer device can be switched off
at any time using a skin lotion containing the clinically licensed
apple metabolite phloretin32, which may represent an additional
safety latch in future clinical applications. With obesity being on
its way to develop into a global epidemic, available
pharmacotherapies showing limited success and an almost
dried-out drug pipeline14–18 synthetic biology-inspired cell-
based therapies may foster new opportunities in the treatment
of obesity and related metabolic diseases. It is now conceivable

that autologous designer cells that are implanted into humans
inside vascularizing semi-permeable microcontainers monitor
disease-relevant metabolites in the peripheral circulation and
coordinate expression of relevant therapeutic proteins in an
emerging pathologic situation36,38,49,50. As designer cell implants
are scalable to the patients’ needs could be replaced by ambulant
interventions and removed in acute situations or after completion
of therapy, they may become a pillar in future personalized
medicine programmes51,52.

Methods
Lipid sensor components. Comprehensive design and construction details for all
expression vectors are provided in Supplementary Table S1. Key plasmids include
the following: pKR135 encoding constitutive expression of the LSR (PhCMV-LSR-
pA); pMG10 (ref. 30) harbouring a SEAP expression unit driven by the LSR-
specific phloretin-responsive promoter (PTtgR1; PTtgR1-SEAP-pA); and pKR146
containing a PTtgR1-driven pramlintide expression unit (PTtgR1-Pram-pA).
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Figure 4 | Self-sufficient LSR-based control of pramlintide expression in diet-induced obese mice. (a–d) Mice fed for 14 weeks with standard LF
(5 kcal% fat), MF (10 kcal% fat) and HF (60 kcal% fat) diets were implanted with pKR135/pKR146-transgenic HT-1080 (2! 106 cells per mouse)
(LSR-Pramlintide) or the isogenic pKR135/pMG10-transgenic HT-1080 (2! 106 cells per mouse) (Control). Seventy-two hours after implantation, blood
pramlintide levels (a) and blood fat levels represented by serum cholesterol and phospholipid concentrations (b), as well as change in food intake (c) and
weight loss (d) were profiled. (e) Illustrations showing implanted microencapsulated circuit-transgenic HT-1080 (pKR135/pKR146) of two different
dissected mice. Data are mean±s.e.m., statistics by two-tailed Student’s t-test; n¼8 mice per group. *Po0.05, **Po0.005, ***Po0.0001
versus LF mice.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3825

6 NATURE COMMUNICATIONS | 4:2825 | DOI: 10.1038/ncomms3825 | www.nature.com/naturecommunications
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Cell Therapy for Graves’ Disease
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Cell Therapy to Maintain Uric Acid Homeostasis
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Cell Therapy for Psoriasis

Schukur … Fussenegger STM 2015



Technical Challenges

§ Designing state-dependent cell therapies

§ Creating circuits that match the time-scale of desired responses

§ Building robustness into closed-loop therapies
§ Redundancy? Multiple-feedback loops? Isolation strategies to 

minimize environmental effects?

§ Designing cellular sensors for a wide range of analytes

§ Ensuring specificity of cellular sensing circuits for desired 
disease states

§ Maximizing the durability of closed-loop therapeutics despite 
evolving cellular background

§ Choosing best delivery method or chassis introducing desired 
therapeutic effect into humans
§ Engineered bacteria or human cells? Gene therapies via non-viral or 

viral vectors?



Questions for Clinical Use

§ What are the best indications for the first clinical applications, balancing 
risk / benefit?

§ How to do preclinical modeling of closed-loop therapies in vitro and 
animals?

§ How to characterize the pharmacodynamics / pharmacokinetics of 
closed-loop therapies?

§ How to quality-control the manufacturing of closed-loop therapies?

§ How to monitor the in vivo performance of closed-loop therapies when 
introduced into patients?

§ How to measure the long-term durability of closed-loop therapies?

§ How to incorporate safeguards or external control over closed-loop 
therapies?

§ How does this fit into existing regulatory frameworks? Do these make 
sense?
§ When in the process does environmental risk assessment come into play?

§ How are fecal transplants regulated?
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