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Digital logic gates

Idealized or physical devices
that implement Boolean logic
(such as AND, OR or NOT) on
one or more inputs to produce
a single output.
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therapeutics

Synthetic biology in mammalian cells:
next generation research tools and

The field of synthetic biology seeks to make biology
more efficient, reliable and predictable to engineer and
in doing so to increase the scope of possible biological
functions for therapeutic and research applications.
Synthetic biologists rewire biological systems by modi-
fying and recombining existing genetic elements and
creating entirely new genetic parts. This approach has
become possible owing to the increasing number of
available genetic building blocks and a greater under-
standing of biomolecular modules ranging from DNA
regulatory sequences to protein interaction networks
and how to recombine them. The synthetic biology
approach also benefits from advances in mathematical
modelling and principles that have been developed in
engineering disciplines'. Such principles include the
standardization of genetic modules, such as promoters
or transcriptional terminator regions, and the con-
cept of abstraction; that is, breaking down biological
systems into component parts and collections of parts
into devices®’.

Early synthetic biology studies focused on engi-
neering circuits in bacterial hosts. The first systems
built were inspired by electronics and included the
construction of genetic switches?, oscillators® and
digital logic gates®. These synthetic networks showed
that engineering-based methods could be used to
programme computational behaviour into cells. They
also helped to elucidate how naturally occurring gene
networks can generate dynamic output behaviours
such as oscillations or memory of transient stimuli.

Florian Lienert’, Jason J. Lohmueller’?, Abhishek Garg' and Pamela A. Silver'

Abstract | Recent progress in DNA manipulation and gene circuit engineering has greatly
improved our ability to programme and probe mammalian cell behaviour. These advances
have led to a new generation of synthetic biology research tools and potential therapeutic
applications. Programmable DNA-binding domains and RNA regulators are leading to
unprecedented control of gene expression and elucidation of gene function. Rebuilding
complex biological circuits such as T cell receptor signalling in isolation from their natural
context has deepened our understanding of network motifs and signalling pathways.
Synthetic biology is also leading to innovative therapeutic interventions based on cell-based
therapies, protein drugs, vaccines and gene therapies.

Engineering of unicellular organisms has led to inter-
esting practical applications in biosensing, therapeutics
and the production of biofuels and pharmaceuticals’.
Although in the beginning the field of mammalian
synthetic biology merely mimicked and lagged behind
this early bacterial work, it is now rapidly advancing
owing to major developments in manipulating mam-
malian genomes and in methods for cloning large DNA
circuits (BOX 1).

In this Review, we focus on advances in engineering
synthetic circuits in mammalian cells and how they are
both improving our understanding of cellular processes
and stimulating the development of novel therapeutic
approaches. We first describe the molecular tools and
basic circuits that have been developed for engineer-
ing mammalian cells, highlighting major advances
such as programmable transcription factors, as well as
RNA and protein signalling devices. We then discuss
how these tools are being used to study gene regulatory
mechanisms, gene networks and signalling pathways.
We also review applications of synthetic biology in the
delivery of therapeutic agents and in the development
of novel therapeutics such as chimeric antigen receptor
(CAR)- modified T cells, and RNA- and cell-based vac-
cines. Throughout, we discuss key developments, but
also highlight some genetic engineering advances that
are not traditionally attributed to synthetic biology
studies. Finally, we conclude by describing major tech-
nical hurdles and discuss what the future may hold for
mammalian synthetic biology.
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Box 1 | Constructing large DNA circuits

The efficiency and ease of construction of multipart DNA constructs, one of the core technologies that defines the
success of synthetic biology, has improved immensely over the past decade. On one hand, this has been spurred by an
exponential increase in the efficiency of DNA sequencing and short oligonucleotide synthesis'*2. On the other hand,
newly developed methods have simplified the assembly of synthesized or pre-existing small DNA parts into large circuits.
By circumventing the use of restriction endonucleases, a single-step isothermal in vitro recombination reaction has
revolutionized the way researchers manipulate and join DNA molecules'* (see the figure, part a). In an isothermal cloning
reaction, pieces of DNA that share terminal sequence overlaps (shown in dark blue) of 20-40 base pairs in length are
assembled at a constant temperature of 50 °C using three different enzymes. In the first step, T5 exonuclease removes
nucleotides from the 5’ ends of double-stranded DNA and generates single-strand DNA overhangs that can anneal to
DNA molecules with complementary terminal sequences. In the second step, Phusion DNA polymerase fills the gaps, and
Tag DNA ligase seals the nicks. T5 exonuclease is heat-labile and gradually loses its activity during the incubation at 50° C,
therefore only short overhangs of 15-20 bp are formed in the first step. Recently developed plasmid systems rely on the
isothermal assembly method for the rapid and modular construction of large mammalian genetic circuits starting from a
library of small sub-parts**'* (see the figure, part b). These methods make use of unique nucleotide sequences (UNSes)
that flank the library parts and facilitate isothermal assembly. Of note, one of these cloning methods has been used for the
integration of large genetic circuits into single genomic sites*.

a Isothermal assembly

b Modular assembly of large circuits
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Tools and basic circuits

Synthetic biology is built around the concept of engi-
neering biomolecular tools on the basis of genetic mod-
ules from different organisms and combining them into
circuits to impart novel biological functionalities to
host organisms. We provide an overview of these tools
and discuss their applications in engineering synthetic
networks.

Tools for transcriptional control. Transcription factor
circuits make up the largest number of mammalian syn-
thetic circuits to date, in part because they are intuitive
to design and implement. Transcription factors consist
of DNA-binding domains and transcriptional activation
or repression domains for positive and negative regula-
tion of target genes, respectively (FIG. 1a). Transcription
factors bind to well-defined DNA sequences that can
be used to engineer synthetic promoters®’. The first
generation of synthetic gene circuits was based on

naturally existing transcription factors, such as Lacl,
TetR and GAL4, and synthetic promoters that contain
corresponding transcription factor-binding sequences.
The bacterial transcription factors Lacl and TetR offer
the advantage that small molecules such as isopropyl-f-
D-thiogalactopyranoside (IPTG) and doxycycline can
regulate their DNA-binding activity, thereby providing
the ability to induce target genes at a range of expression
levels®?.

Although these natural transcription factors continue
to be used in specific applications, they are increasingly
being replaced by programmable transcription factors
such as zinc-finger-containing factors, transcription
activator-like effectors (TALEs) and clustered regularly
interspaced short palindromic repeats (CRISPR)-based
regulators, each of which can be engineered to bind to
desired DNA sequences. All of these factors are highly
customizable; however, each class of transcription factor
comes with advantages and trade-offs and is ideally suited
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Optogenetic

The combination of genetics
and optics to control
light-sensitive proteins
within specific cells.

to different applications (Supplementary information S1
(table)). The design of zinc-fingers does not follow a sim-
ple code, and in vitro selection assays are often part of
their design pipeline'. In comparison, TALEs are more
straightforward to design than zinc-fingers. The DNA-
binding domains of TALEs are composed of repeated
domains of 34-35 amino acids, each of which recognizes
and binds to a single DNA base pair with high specificity,
the binding code for which was recently discovered'*2.
By stringing together the DNA-binding repeat domains
with known specificities, TALEs can be designed to bind
7-34bp-long DNA sequences'>'. Although TALEs often
display off-target binding to DNA sequences with up to
3 mismatches in the target DNA sequence, computational
algorithms have been designed to address this nonspeci-
ficity'>"*. TALEs are large proteins with highly repetitive
sequences in the DNA-binding domain, which poses
challenges to cloning and delivery into host genomes.
However, strategies for the efficient generation of large
libraries of TALEs'>""” and for their viral delivery into host
cells have been recently developed'®.

The newest class of artificial transcription factors,
CRISPR-based regulators, is based on Cas9, a protein
from the bacterial CRISPR system that can bind to DNA
by using a short guide RNA that is complementary to
desired target DNA sequences. As a first application in
mammalian cells, the endonuclease activity of Cas9 was
used to generate double-strand breaks at genomic sites to
induce gene mutations or homologous recombination'*>.,
It has also been shown recently that catalytically inactive
Cas9, lacking endonuclease activity, retains its DNA-
binding capability and can interfere with transcriptional
elongation®. The efficiency of this repressor system can be
improved by fusing the KRAB (Kriippel associated box)
repressor domain to Cas9 (REF. 24). Similarly, by fusing
the VP64 transcriptional activation domain to Cas9, the
CRISPR system can act as a transcriptional activator®->".
The ability to specify a target using an RNA molecule
rather than a protein domain makes CRISPR transcrip-
tion factors versatile and facilitates the generation of large
libraries of these transcription factors.

Circuits based on synthetic transcription factors can
be engineered to interact with endogenous signalling
networks through native promoter elements, transcrip-
tion factors, microRNAs (miRNAs), small molecules,
proteases and cell surface receptor ligands?*-*". To reca-
pitulate the expression and regulation of an endogenous
gene, the promoter sequence of the endogenous gene
can be fused upstream of a synthetic transcription factor
coding sequence to drive its expression. Alternatively, in
applications in which the synthetic circuit should sense
the expression of specific endogenous transcription fac-
tors as input signals, synthetic promoter elements can be
designed to harbour multiple copies of the binding sites of
the transcription factor®. Synthetic transcription factors
have also been engineered to sense metabolites and small
molecules, including IPTG, doxycycline, 4-hydroxy-
tamoxifen (4HT), uric acid, rapamycin, macrolides and
streptogramin®>**-**, Recently, TALEs have been designed
to respond to the activation of hypoxia-inducible factor
la (HIFla), an endogenous transcription factor that
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is expressed upon induction of hypoxia signalling™®.
Physical signals such as light can also be used as input
signals for transcriptional circuits, whereby light triggers
the assembly of transcription factor protein fragments
into a functional transcription factor®. A recent study
described a light-inducible TALE system, consisting of a
TALE DNA-binding domain fused to the light-sensitive
cryptochrome protein CRY2 and the transcriptional acti-
vator VP64 fused to CIB1 (Ca?*- and integrin-binding
protein 1)¥. Illumination with blue light triggers CIB1
recruitment to CRY2 and induces VP64-mediated tran-
scription at the site of TALE binding. The authors dem-
onstrated that this system can be used for optogenetic
modulation of endogenous transcription in the mouse
brain®. Similar modulation of gene expression in mam-
malian cells in the presence of visible light background
can be achieved using ultraviolet B light-mediated
protein—protein interaction systems**.

Synthetic transcription factors and promoter elements
have been used to engineer complex circuits such as net-
works that perform logic computation®*, feedback loops
to make devices that can confer a long-lasting memory
in response to a transient stimulus* and genetic switches
for tight control of gene expression'**>*. Transcription
factor-based circuits have also been built that specifically
respond to intermediate levels of input, or generate time-
delayed or oscillatory transcriptional output**. Early
examples of these gene circuits have used prokaryotic-
based transcription factors, whereas newer synthetic
transcription factors are aiming for higher scalability
using programmable factors. Although many of these
gene circuits were demonstrated as proof-of-concept
systems, these circuits are now advancing to the stage at
which they can be used as tools to modulate gene activi-
ties and cell behaviours as discussed in the applications
sections.

Tools for RNA control. Although the earliest synthetic
systems were largely transcription factor-based, RNA
regulators are having an ever-increasing role in mamma-
lian synthetic biology*’. RNA-based parts and regulatory
mechanisms for use in mammalian cells have been engi-
neered to respond to several different types of molecular
inputs, including small molecules, metabolites and pro-
teins* (FIG. 1b). These systems use aptamers, which are
structured RNAs that can bind to small molecules and
proteins and in response regulate the activity of other
RNAs effectors on the same molecule or in trans. One
commonly used type of RNA effector is a self-cleaving
ribozyme that can degrade the RNA it resides in upon
binding of a protein or small molecule to the aptamer*.
In other applications, aptamers have also been placed
within introns, where they can change the splicing pat-
tern of the mRNA in response to protein binding*. In a
more recent example, aptamers that sense the presence
of specific proteins were placed in the 5" untranslated
region (UTR) of transcripts, resulting in translational
inhibition of these transcripts in the presence of the pro-
tein inputs*2. Endogenous miRNAs can also be sensed by
placing complementary target sequences in the 3’ UTR of
transcripts that code for output proteins or transcription
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Figure 1| Tools used in mammalian synthetic biology. a|Tools for
transcriptional control. DNA-binding domains from transcription factors
(TFs) such as Lacl, TetR or GAL4 are fused to protein domains that
activate or repress transcription in mammalian cells®®. These artificial
transcription factors regulate genes that contain their target-binding
sites. Synthetic transcription factors based on zinc-fingers (ZFs)°,
transcription activator-like effectors (TALEs)**'* and clustered regularly
interspaced short palindromic repeats (CRISPR)?**” can be used to
target any endogenous genomic region. b | Tools for RNA control.
Aptamers can bind to proteins or small molecules. Addition of a
protein-binding aptamer to an intron has been used to control the
exclusion of an alternatively spliced exon (Ex2)*°. When combined with
ribozymes, aptamers can degrade the RNAs in which they reside®.
Similarly, aptamers placed in 5" untranslated regions (UTRs) can regulate
translation*”. mRNA translation can also be controlled by placing
combinations of sequences complementary to endogenous microRNAs
(miRNAs) in the mRNA 3" UTR?. ¢ | Tools for protein turnover regulation.
Ligand-induced protein degradation has been achieved by fusing a
degradation recognition site (degron) to the target protein. In the
presence of a ligand, the degron is bound by an E3 ubiquitin ligase
complex®*. Alternatively, a ligand-induced degradation (LID) domain
can be fused to the protein of interest. The LID domain mediates
ligand-dependent degradation®. This approach can also stabilize the
target protein, by using a modified degradation domain (DD), the
activity of which is blocked by a ligand*®. d | Tools for signalling pathway
engineering. Rerouting the signalling of cell surface receptors can be
achieved by engineering their ligand specificity*®. Intracellular receptor
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domains have been modified by fusing the intracellular receptor
domains with a tobacco etch virus (TEV) protease cleavage peptide
followed by an artificial transcription factor >, In the shown example,
the TEV peptide was fused to a SRC-homology 2 (SH2) protein signalling
domain, which leads to its recruitment to the receptor upon activation
and subsequent release of the transcription factor®. Chimeric antigen
receptors (CARs) are synthetic T cell receptors that enable the
retargeting of T cell activity towards cells with the targeted surface
antigen'?’. Rerouting of intracellular signalling proteins has been
achieved by reengineering their interaction domain such that it only
recognizes an engineered binding partner but not the natural occurring
counterpart®. Alternatively, proteins have been brought into close
proximity to each other by fusing them to protein dimerization domains,
which are either constitutively active or induced by small molecules or
light®"%49114 |nteins and split (trans-acting) inteins are proteins that can
self-excise and ligate the peptides fused to them. e | Tools for genome
engineering. Recombinases catalyse the recombination of a pair of
short target sequences (triangles), which are pre-integrated into the
genome. Depending on the target sequence configuration, DNA
elements can be inserted, deleted, inverted or replaced’. Nucleases
fused to DNA-binding factors such as zinc-finger nucleases (ZFNs)"*7>
or TALE nucleases (TALENSs)’®, as well as CRISPR-based systems**? have
been used to induce a double-strand break at any given DNA locus.
Upon double-strand break formation, the non-homologous end joining
(NHEJ) or homologous recombination pathway induces a mutation or
insertion of sequence fragments, respectively. GPCR, G protein-coupled
receptor; ORF, open reading frame; RTK, receptor Tyr kinase.
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Directed molecular
evolution

A method that mimics the
process of natural selection to
evolve proteins or nucleic acids
towards a user defined goal.

Orthogonal

A system is orthogonal when
changes to one component
do not influence the other
components.

factor regulators®. In the presence of the miRNA, the
mRNA transcript is either degraded or translationally
repressed by RNAI activity. Circuits composed of up
to six different miRNA inputs have been demonstrated to
classify cell types on the basis of miRNA expression
patterns®. Furthermore, siRNA- and miRNA-based regu-
lators have also been shown as viable options for Boolean
logic computing frameworks™.

RNA-based parts and devices hold many advantages
but also trade-offs compared with other types of regula-
tors. RNA-based systems are relatively fast-acting, as they
do not require translation. They are also well-suited for
sensing certain types of molecules such as miRNAs and
further benefit from directed molecular evolution methods
for quick screening for RNA aptamers with new specified
binding properties®. Furthermore, RNA-targeted systems
are very effective when combined with transcriptional
regulation. Inhibitory RNA combined with transcrip-
tional repressors can lead to near complete repression of
gene activity'**2. However, although miRNA regulation is
very robust, some of the other RNA-based sensors can be
less sensitive as compared to transcription factor-based
systems™.

Tools for protein turnover regulation. Altering pro-
tein stability is a powerful way to rapidly and post-
translationally control protein activity. Protein stability
depends on several factors such as the length of the pep-
tide sequence and the occurrence of specific amino acids
that can be phosphorylated™. Furthermore, proteins can
be actively degraded through the ubiquitylation path-
way, wherein an E3 ubiquitin ligase recognizes proteins
that harbour a specific domain and catalyses the trans-
fer of ubiquitin to this target protein, ultimately leading
to its recognition and degradation by the proteasome®.
In some instances, target recognition by an E3 ubiquitin
ligase can be regulated by a small-molecule ligand.
For example, the Arabidopsis thaliana TRANSPORT
INHIBITOR RESPONSE 1 (TIR1) protein has recently
been shown to form an active E3 ubiquitin ligase com-
plex in mammalian cells, and it binds its recognition site
upon addition of auxins, which are plant hormones that
control gene expression®. This system has been used to
reversibly induce degradation of a fluorescent protein
that was engineered to contain a recognition site for
TIR1 (REF. 54) (FIC. 1¢).

An alternative method for ligand-induced protein
degradation has been developed by screening variants
of the FK506- and rapamycin-binding protein (FKBP)
that have additional amino acid residues appended to the
carboxyl terminus®. This screen has revealed a ligand-
induced degradation (LID) domain, which when fused
to a protein confers stability in the absence of a ligand
and causes rapid degradation in the presence of the high-
affinity ligand Shield-1 (REF. 55). Conversely, a different
variant of FKBP has been engineered to confer protein
stability specifically in the presence of the Shield-1
ligand®. Work in yeast has also demonstrated a novel
light-reactive protein degradation domain, which opens
the possibility of using light to regulate protein stability
in mammalian cells”.

REVIEWS

Tools for signalling pathway engineering. Several syn-
thetic signalling networks have been engineered to intro-
duce novel control schemes or reroute information flow
(FIG. 1d). Modified membrane receptors that detect unnat-
ural small molecules represent one class of tools that can
offer orthogonal external control of cellular function. For
instance, directed molecular evolution has been used to
change the ligand specificity of G protein coupled recep-
tors (GPCRs)™. Rerouting signalling output has also been
accomplished by modifying the intracellular domain of
receptors. In one such approach, artificial transcription
factors are fused to the intracellular domain of membrane
receptors to translate extracellular signals into transcrip-
tional outputs. This mechanism has been implemented in
the Notch receptor by replacing its intracellular domain
with the transcriptional activator GAL-VP16, which gets
cleaved upon binding to the Delta ligand®. Similarly, the
output of GPCRs has been rerouted using tobacco etch
virus (TEV) protease. In this system, the intracellular
domain of the GPCR has been fused to a TEV protease
recognition site followed by a synthetic transcription
factor. Upon GPCR activation, the small signalling
transduction protein arrestin fused to TEV protease is
recruited to the GPCR, which leads to the release of the
artificial transcription factor®. An analogous system
has been developed for receptor Tyr kinases, in which
the TEV protease is fused to a SRC-homology 2 (SH2)
protein domain that is recruited to the activated recep-
tor®. By fusing the death effector domain FADD to SH2,
receptor activation has also been rerouted to induce cell
death®. Another notable example of reengineered recep-
tors are CARs, which are synthetic T cell receptors that
enable the retargeting of T cell activity towards cells with
the targeted surface antigen (see the following sections
for more details).

Cytosolic proteins involved in intracellular signalling
consist of multiple domains that define their catalytic
activity, localization and binding to scaffold proteins.
Proteins with novel functionalities can be engineered by
recombining these domains®. The engineering of such
signalling networks requires modifying protein—protein
interactions, which for many applications are ideally
orthogonal to the protein interaction network of the host
cell. One recent example of designing orthogonal signal-
ling proteins is the engineering of the GTPase CDC42
and its activator intersectin®. The engineered version
of CDC42 is exclusively induced by its cognate part-
ner, while maintaining its ability to interact with other
GTPase signalling components®. Alternatively, specific-
ity and orthogonality in synthetic signalling networks can
be achieved by fusing interaction domains to dimerizing
proteins such as synthetic coiled-coil peptides®.

A unique class of tools for post-translational circuit
engineering are inteins, which are protein splicing
domains that can self-excise and ligate attached peptides.
Inteins and split (trans-acting) inteins that are activated
in response to small molecules, light and protein inputs
have been generated, enabling the post-translational
control of circuits® . There are also several systems
available that use light to induce protein-protein inter-
actions in a reversible manner. For instance, it has
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Recombineering

Genetic engineering that is
based on homologous
recombination systems.

been shown that fusing the kinase CRAF (also known
as RAF1) to CRY2, which dimerizes in response to
blue light, allows the regulation of the kinase activity
using light®s. Similarly, light-induced oligomerization
of a WNT receptor domain has been used to activate
the B-catenin pathway®.

Tools for genome engineering. Site-specific recombination
was among the first technologies that enabled the precise
manipulation of mammalian genomes. The method
relies on bacterial or fungal recombinases that catalyse
the recombination of a pair of short target sequences
(for example, LoxP sites in the case of Cre recombinase)
that are pre-integrated into the genome around loci of
interest™ (FIC. Te). Upon induction of the recombinase,
the intervening DNA is either flipped or excised depend-
ing on the orientation of the recombinase-target sites.
In mice, increased specificity of conditional gene knock-
outs has been achieved through an expression cassette
that is controlled by the combined activity of two differ-
ent recombinases, which in turn are induced by different
tissue-specific promoters’. Such an in vivo AND’ gate,
which induces a knock-out in response to a combination
of two signals, has also been created by expressing the two
fragments of a split Cre recombinase from two different
tissue-specific promoters™”.

The traditional method for site-specific gene target-
ing in mammalian cells involves transfection of DNA
containing the desired alterations together with flank-
ing long homologous DNA strands and selection of
rare modified cells. However, this technique is highly
inefficient. The development of programmable DNA
nucleases to introduce site-specific DNA breaks, a potent
inducer of localized homologous recombination, has
greatly improved the process. In the case of zinc-finger
nucleases (ZFNs)’*”> and TALE nucleases (TALENSs)’®,
each of a pair of engineered DNA-binding proteins is
fused to a FokI nuclease domain (FIC. 1d). The fusion pro-
teins are engineered to bind in close proximity on DNA,
leading to the dimerization of FokI and the induction
of a double-strand break at the target site. The recently
developed CRISPR system relies on a DNA endonucle-
ase that is targeted to DNA by a short RNA rather than
a protein domain, which makes this method very versa-
tile'2!. Thus far, editing of the mammalian genome by
CRISPR seems to be very efficient and enables multiple
alleles to be mutated in parallel>. However, high levels of
off-target cleavage by CRISPR-Cas nucleases have been
observed and still need to be addressed”.

Multiplexed genome engineering (MAGE), which
relies on oligonucleotide-mediated recombineering, is an
alternative method for editing multiple genetic loci in
parallel’”®. Demonstrated to be useful in bacteria’, the
adaptation of this method to mammalian cells is still
under way”.

The tools described in this section enable the manip-
ulation of one or more genetic loci. Moreover, there have
also been efforts towards synthesizing whole genomes
de novo. Synthesis of a mitochondrial genome has been
reported in 2010 (REF. 80), and de novo synthesis of a yeast
genome is currently being developed®'.

Synthetic biology in basic research

The past decade has seen enormous advances in map-
ping the genome and proteome in different biological
systems, including mammalian cells. Although this has
led to an increasingly comprehensive picture of gene and
protein networks, there is still a need for deeper mecha-
nistic understanding of these systems. Synthetic biology
approaches offer potential insight into the logic of cellu-
lar systems at different levels by rebuilding and studying
them in a context isolated from their high degree of
natural interconnectivity.

Studying chromatin and gene regulation. Gene activity in
eukaryotes is regulated by a complex interplay between
cis- and trans-acting DNA elements such as promoters
and enhancers. Novel high-throughput methods for test-
ing the activity of synthetic DNA sequences have helped
to understand the architecture of these gene regulatory
regions. For instance, a library of tandem repeats of
all possible 10-mer DNA sequences has been cloned
upstream of GFP under the control of a minimal pro-
moter and tested for its activity after retroviral-mediated
transfection into human cell lines®. This approach led to
the identification of a novel strong synthetic promoter
and revealed transcription factor-binding motifs that
can induce high levels of transcription®?. The efficiency
of testing such libraries has been improved by ‘bar-
coding’ promoter variants with short DNA sequences
and measuring their activity by high-throughput RNA
sequencing® (FIC. 2A). This method, termed massively
parallel reporter assay, has recently been used to study
a large number of variants of endogenous enhancers as
well as combinations of conserved regulatory motifs
found in enhancers®*".

In addition to transcription factor occupancy of
regulatory DNA elements, eukaryotic gene expression
is also influenced by changes to chromatin through
DNA methylation, nucleosome positioning and post-
translational modifications of histones. In order to
change the chromatin environment at specific genomic
locations, enzymes that catalyse the addition or removal
of chromatin marks have been fused to programmable
transcription factors that can be directed to any sequence
of interest. This approach was first demonstrated by
the fusion of a zinc-finger transcription factor with a
DNA methyltransferase®. Recently, the same principle
has been adapted to TALEs***. In one such applica-
tion, directing the activity of ten-eleven translocation 1
(TET1), an enzyme involved in the demethylation of
DNA, to gene promoters has revealed methylation
sites that are crucially involved in gene repression®.
In another similar application, site-specific targeting
of the histone demethylase Lys-specific demethylase 1
(LSD1) has been used to study the interplay between
histone marks found at enhancers and nearby genes™
(FIG. 2Ba). Small molecule-induced dimerization has also
been used to recruit chromatin-modifying enzymes
in a rapid and reversible manner?’. It has been shown
that transient induction of a repressive histone modi-
fication at the Oct4 (also known as Pou5f1) gene leads
to its heritable transmission through multiple cell
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Figure 2 | Studying chromatin and gene regulation. A|Testing libraries of gene regulatory regions. A large number of
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throughput sequences of the library. The library is injected into mice or transfected into cultured cells, and its activity is
measured by RNA sequencing. B | Recruitment of chromatin-modifying enzymes by zinc-fingers (ZFs) or transcription
activator-like effectors (TALEs). Site-specific targeting of the histone demethylase LSD1 has been used to study the interplay
between histone marks found at enhancers and nearby genes® (Ba). Reversible recruitment of chromatin-modifying
enzymes. Rapamycin-inducible dimerization with the transcription factor GAL4 has been used to recruit heterochromatin-
binding protein 1a (HP1a), a component of repressive chromatin, to GAL4-binding sites integrated at the Oct4 promoter®.
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The histone H3 Lys9 methylation mark, indirectly induced by HP1a, has been shown to be epigenetically transmitted after
washout of rapamycin and loss of HP1a binding (Bb). Light-inducible transcriptional effectors (LITEs). Light stimulation
induces dimerization of the cryptochrome protein CRY2 and CIB1 (Ca2*- and integrin-binding protein 1), leading to the
recruitment of a chromatin-modifying enzyme (shown in light blue) to the target promoter®’ (Bc).

generations® (FIC. 2Bb). Transient induction can also be
triggered by light, as has been recently demonstrated
by a new system termed light-inducible transcriptional
effectors (LITEs) for reversible, TALE-guided targeting
of chromatin-modifying enzymes® (FIG. 2Bc).

Studying gene networks. Genes and their regulators form
highly interconnected networks, the topology of which
can be inferred (or reverse-engineered) from perturba-
tion and gene expression data. In order to benchmark
reverse-engineering algorithms, small synthetic gene net-
works have been engineered within the natural cellular
environment of yeast and human cells®>** (FIC. 3a).

Gene regulatory networks from bacteria to humans
are characterized by the occurrence of several over-
represented network motifs®®. Synthetic gene circuits
have enabled the study of these network motifs in isola-
tion from their natural interconnections (FIC. 3b). The
positive feedback loop, in which transcription of a gene
is activated by its own output, is one common motif**.
By rebuilding this motif as a synthetic gene circuit, it
has been shown that it generates hysteresis, mean-
ing that the induction of the repressed state requires
a reduction of the input beyond the amount that is

necessary for activation®. Another common motif is a
type I incoherent feedforward loop, which consists of
an input that activates both an output and an auxiliary
gene, which in turn represses the output (FIC. 3b). A cir-
cuit with this regulatory motif has been demonstrated
to adapt in response to the amount of genetic template
and was therefore suggested to have a role in gene dosage
compensation”. Synthetic circuits have also been used to
generate oscillatory gene expression as found for genes
controlled by the circadian clock. A genetic circuit con-
sisting of a positive feedback loop and a time-delayed
negative feedback loop has produced robust oscillations
and revealed system parameters for tuning the oscilla-
tory behaviour in mammalian cells*. Of note, combina-
tions of positive and negative feedback loops have also
been found to underlie natural oscillatory networks,
such as the cell cycle in Xenopus laevis embryos®. For
more examples of how synthetic gene circuits have been
used to study their natural counterparts, we refer the
reader to a recent review”.

Studying cell signalling. Rebuilding artificial signalling
networks and studying them in an exogenous context
obviates the challenges of interconnectivity that involve
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to the actual circuit architecture in an iterative cycle®. b | Studying gene network
architectures. Synthetic gene circuits enable the study of network modules in isolation
from their natural context in which they may be interconnected with other endogenous
signalling pathways (shown in blue). The schematic shows the design of a type |
incoherent feedforward loop circuit, consisting of an input (shown in brown) that
activates both an output (shown in red) and an auxiliary gene (shown in green) which
represses the output ”’. ¢ | Studying signalling pathways by heterologous reconstitution.
A mammalian MAPK pathway, consisting of an estradiol-inducible RAF1 protein that
activates MEK1, which in turn activates ERK2, has been expressed in yeast. Increased
concentration of each protein at each step of the cascade has been shown to augment
the degree of input ultrasensitivity'®’. ER, oestrogen receptor.

endogenous competing signalling networks and ena-
bles the essential components of a signalling pathway
to be defined. Following such an approach, the genes
encoding proteins involved in the T cell receptor (TCR)
signalling pathway, which are normally only active in
T lymphocytes, were expressed in a non-immune cell'®.
With a set of more than 10 heterologously expressed
proteins, the authors of this study recapitulated TCR
signalling and tested competing biophysical models of
TCR activation.

Mammalian signalling pathways have also been stud-
ied by heterologous reconstitution in different organisms.
For example, a MAPK activation cascade based on the
mammalian ERK1 and ERK2 pathway and including
RAF1, MEK1 and ERK2 has been shown to be func-
tional and well insulated (that is, not interfering with
other endogenous pathways) when expressed in yeast''.
Perturbation of the system in yeast has revealed insights
into natural MAPK cascades, which, in certain con-
texts, show a graded response whereas, in others, show
a switch-like (ultrasensitive) activation. Specifically, it
has been demonstrated that increasing the concentra-
tion of each sequential protein at each step of the cas-
cade increases the degree of input ultrasensitivity (an
increase in the Hill coefficient) and reduces the activation
threshold (FIG. 30).

Synthetic biology in therapy

Synthetic biology aims to develop new approaches for
therapeutic interventions through enhanced efficiency,
predictability and safety of engineered systems, as well
as by expanding the possibilities for regulating biologi-
cal systems. We provide an overview of novel therapeutic
strategies and outline where synthetic biology approaches
are helping to improve existing treatment options.

Gene therapy. After suffering a number of setbacks, the
field of gene therapy has recently regained traction by
the approval of the first commercial gene therapy treat-
ment, Glybera (Uniqure), for lipoprotein lipase defi-
ciency'®. For this and many other current therapies, genes
are packaged within viruses, which can be locally admin-
istered to the tissue of interest. However, higher degrees
of specificity are needed and targeting the right cell types
can be critical. Gene therapies are beginning to benefit
from synthetic biology approaches aimed at both improv-
ing the specificity of the gene delivery and the specificity
of the expression of therapeutic genes. For instance, in
a recent study, a large library of adeno-associated virus
variants was generated and in vivo-directed evolution was
used to identify a virus that can target the cells of the outer
retina'®. Cell type-specific activity could also be achieved
by expressing therapeutic genes from promoter elements
that are active only in certain cell types®'.

Gene therapy has also been performed in combina-
tion with autologous cell transplantation, in which stem
cells from a patient are removed, treated and later reintro-
duced in the same individual. Gene replacement therapy
in autologous haematopoietic stem cells has recently
shown promising outcomes for the treatment of inher-
ited diseases'®'®. This method of delivery has also been
explored for direct manipulation of endogenous genes to
either correct or induce mutations. For instance, there are
ongoing clinical trials for HIV therapeutics that are based
on targeted gene disruption in T cells. In this case, a ZFN
is used to mutate the chemokine receptor 5 (CCR5) gene
in autologous CD4* T cells, which then become resistant
to HIV and outlive HIV-infected cells'®. Such therapeu-
tic approaches based on genome editing are expected to
benefit from tools recently developed in the synthetic
biology field, such as TALENs and CRISPR.
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Chimeric antigen receptor-based T cell therapy. CARs
are synthetic T cell receptors that enable the retargeting
of T cell activity towards cells with the targeted surface
antigen'”’. In this approach, T cells of a patient are engi-
neered ex vivo to express the CAR and then adoptively
transferred into the patient, thus killing targeted cells.
Recently, CAR-based immunotherapies have been suc-
cessful in targeting cancer types for which no other
appropriate treatment was available'®. CARs are modu-
lar fusion proteins that consist of cytoplasmic signalling
domains from the T cell receptor and T cell co-receptor,
a trans-membrane region, an extracellular linker and an
antigen-targeting element, which is most often a single
chain variable fragment (scFv) antibody. In all CAR-
based therapies that are currently in the clinic, cancer
cells are targeted on the basis of single cancer-specific
antigens and thus can essentially kill every cell that con-
tains the targeted antigen (FIC. 4A). Although showing
very promising results, even in current therapies many

‘on-target off-tumour’ effects have been observed that
can lead to lethal toxicity'®®. Thus, a current focus is
engineering greater specificity to CAR-modified T cells.

One recent approach to increase specificity involved
the creation of a CAR-based AND logic gate that used
novel CARs to target and kill cells that express two
antigens but not the cells that displayed only one or
none of the antigens'®'!* (FIG. 4B). A different system
focused on controlling T cell proliferation and com-
prised an RNA control device that allowed stabiliza-
tion of interleukin-15 (IL-15; a proliferation-inducing
cytokine) only in the presence of a small-molecule
drug'"! (FIC. 4Ca). In yet another recent paper, kinase
inhibitors from human pathogens have been used to
rewire the TCR signalling pathway to produce novel
behaviours in T cell signalling, including a delayed
TCR signalling ‘pause switch’ and feedback modulators
in order to tune the amplitude of the T cell signalling
response'? (FIG. 4Cb,Cc).

NATURE REVIEWS ‘ MOLECULAR CELL BIOLOGY

ADVANCE ONLINE PUBLICATION | 9

© 2014 Macmillan Publishers Limited. All rights reserved




REVIEWS

Xenogeneic cells
Cells that belong to individuals
of different species.

a Semi-permeable
Engineered cells ‘ membrane

Exchange of
small molecules
and proteins

b Chimeric activators

Therapeutic protein
with reduced activity

Activating
receptor

Receptor
ligands

Target
receptor
Antigen
Antibody |

/=

Antibody—Lﬂ\Q el
ellular
uptake

Cell surface
proteoglycans

cytokine fusion

T
Super-charged
fusion proteins

| o |

| o W& O Output !

1 \ 1 i

3 o\\‘ 3
Input Output Application
Uric acid Urate oxidase Hyperuricemia
Light GLP1 Glucose homeostasis
Small-molecule drug ~ GLP1 and leptin Metabolic syndrome
Hormone Cellulase Artificial insemination
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b | Protein-based therapies. When fused to antibodies or receptor ligands, therapeutic proteins such as cytokines can be
targeted to cells that express the corresponding antigen or receptor, respectively''®. In the case of chimeric activators, the
therapeutic protein has been mutated to have low affinity for its receptor, resulting in a reduced response in cells that only
bind the therapeutic protein but are not bound by the targeting element'**'*. Fusion to proteins that carry a high positive
surface charge has been shown to facilitate intracellular delivery of proteins'?#13, GLP1, glucagon-like peptide 1.

Prosthetic networks. Implantation of genetically engi-
neered encapsulated cells is currently being explored
as a method for delivering complex gene control cir-
cuits'®. Encapsulating cells in a biocompatible and
semi-permeable material such as alginate enables dif-
fusion of small molecules and proteins yet prevents
immune reactivity and potential release of genetic
information (FIC. 5a). In 1980, encapsulated pancreatic
islet cells have been used to sense blood glucose
levels and secrete insulin in a rat model of diabetes'!*.
Recently, this encapsulation method has been extended
to xenogeneic cells, which are engineered to harbour
‘prosthetic networks, which are synthetic circuits that
sense disease-relevant metabolites and can coordinate
diagnostic, preventive and therapeutic responses®™'".
In one study, encapsulated mammalian cells were engi-
neered to release uric acid eliminating urate oxidase in
response to high levels of uric acid, thus controlling
hyperuricemia®. In another instance, encapsulated
cells contained a synthetic signalling cascade for light-
inducible transgene expression'”®. Upon transdermal
illumination, the implanted cells released glucagon-like
peptide 1 (GLP1), which regulated glucose homeosta-
sis'®®. Finally, a combined drug- and gene-based therapy
has recently been described, consisting of encapsulated
cells engineered to release the metabolically active

peptides GLP1 and leptin in response to administration
of the antihypertensive drug guanabenz®.

Protein-based therapies. Protein-based therapies have
various advantages over nucleic acid-based or cell-based
therapies as they can be administered locally and tran-
siently and override the safety concerns associated with
genomic manipulation strategies. Most protein-based
drugs are naturally occurring proteins such as growth
factors and antibodies that work through cell surface
receptors to modulate the activity of signalling path-
ways. Synthetic biology aims at improving such thera-
peutics by testing combinations and variants of these
proteins (FIG. 5b). For instance, direct fusion of anti-
bodies with therapeutic proteins has led to enhanced
targeting to cells''®. In addition, bi-specific antibodies
have enabled retargeting of T cell activities to targeted
cells'’”. Another system, which is an extension of fusion
proteins and is called chimeric activators enables even
better cell targeting of therapeutic molecules'®'".
Chimeric activators comprise a targeting molecule such
as an antibody or growth factor specific to target cells
and an activity protein that is mutated to have low affin-
ity for its receptor on the target cell surface. Cell surface
binding of the targeting domain of chimeric activators
increases the local concentration of the activity protein
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to levels high enough to activate signalling in only the
target cells. Chimeric activators have been generated
to target mutated versions of the therapeutic proteins
interferon-a2a (IFNa2a) and erythropoietin (EPO) to
cells with epidermal growth factor receptor (EGFR) and
glycophorin, respectively''®!.

Another focus has been intracellular protein deliv-
ery to mammalian cells based on liposomes'**'%,
nanoparticles'?~'%, fusion with receptor ligands'**'#
and ‘supercharged’ tags, which are polypeptides with
an unusually high net charge'**'?. In particular, fusing
proteins with naturally occurring high net positively
charged proteins and synthetic supercharged GFP,
a GFP re-designed to have high positive surface
charge, has been shown to be an effective mechanism
to improve the cellular uptake of biologically active
protein drugs in mouse tissues'*. Supercharged fusion
proteins have also been demonstrated to improve the
stability and block the aggregation of proteins'®.

Synthetic biology in vaccines. To prevent outbreaks of
rapidly evolving pathogens, the swift development
of a vaccine is of paramount importance. Recently, it
was demonstrated that a vaccine for influenza could
be completed in under a week’s time using a synthetic
biology approach that involved bioinformatics, gene
synthesis and a mammalian cell line production sys-
tem"!. Computer-aided design in combination with
whole-genome synthesis has also been used to recode
polio and influenza viruses to contain infrequently
used codon pairs, representing a novel method for cre-
ating safe live attenuated viruses for vaccination'?*!%,
RNA-based vaccines represent another exciting area;
synthetic RNA transfected into cells can produce
vaccine antigens for rapid and efficient cell presenta-
tion and immunity. As the RNA does not mutate the
genome, it does not have the safety concerns associ-
ated with DNA vaccines, and, although it is less stable
than DNA, RNA can be produced at large scale in a
timely fashion. Recently, the use of self-replicating
RNA machinery has allowed long-term expression of
antigens, which leads to a more stable response of RNA
vaccines'.

Vaccines are also being developed to stimulate
immunity against cancers. A cancer vaccine based on
dendritic cells, Provenge (Dendreon), was recently
approved for use in prostate cancer, and many other
therapeutic cancer vaccines are currently in clinical tri-
als. Provenge is formulated from autologous dendritic
cells of a patient loaded with prostate cancer antigen,
and granulocyte-macrophage colony-stimulating factor
(GM-CSF), a cytokine that helps in improving dendritic
cell maturation. The success rate of these cell vaccines
could perhaps be further improved through genetic
engineering of dendritic cells in combination with ways
to overcome systemic immunosuppression'®.

Perspective

The combination of genetically engineered cells with
recent developments in mimicking complex tissue
structures and living organs has great potential to

REVIEWS

advance tissue engineering. Driven by progress in
microfluidics, novel microdevices are able to emulate
tissue structures, their dynamic mechanical properties
and their biochemical functions'*. These devices are
currently built using primary or immortalized cells,
and the development of genetically engineered cells
offers the opportunity to create even more sophisti-
cated organ models. Cells that contain genetic circuits
for synthetic pattern formation'”” or induction of dis-
tinct cellular states*'*® could be used to create complex
patterns of cells with different functionality. Besides
offering insights into normal and diseased organ func-
tion, organ-mimicking devices are useful for preclini-
cal drug development and toxicity screening'*. For
example, engineered cells could be used to monitor
cellular responses, specifically by genetic circuits that
sense cellular states*'** and confer memory to transient
stimuli*.

Engineered cells have also helped to advance thera-
peutic applications such as CAR therapies and cancer
vaccines. However, mammalian system engineering still
needs to overcome a number of technical hurdles, such
as the scalability, orthogonality and predictability of
synthetic circuit behaviours. Although programmable
transcription factors and engineered protein-protein
interaction domains are leading the way in address-
ing the problem of orthogonality, the predictability
of genomically integrated DNA-based circuits still
remains a cause of concern due to site-and cell type-
specific effects. As one possible solution, the mam-
malian synthetic biology community could agree on
characterizing circuits in a set of genomic loci such as
safe harbour sites known to tolerate the integration of
transgenes'*. Alternatively, one could consider express-
ing circuits from a human artificial chromosome, which
can hold large amounts of DNA and does not integrate
into the host genome. For the challenge of scalability,
the key might be to use different types of regulators
that act on different classes of molecules, for instance
an assortment of transcriptional and post-translational
regulators of RNA and proteins, as recently demon-
strated for circuits that performed multi-bit (that is,
the integration of multiple digital inputs) processing in
mammalian cells*.

For therapeutic applications that are based on geneti-
cally engineered cells, the field also needs to address
the issue of immunogenicity of the circuit components
and cells. In this case, insights can be gained from CAR
therapy technologies. For example, it has recently been
shown that T cells made from induced pluripotent stem
(iPS) cells can be used for CAR therapy, which offers an
off-the-shelf alternative to autologous T cell isolation'*'.
The authors of this study proposed that the alloreactivity
of iPS cell-derived T cells could be eliminated by dis-
rupting the endogenous TCR, whereas allorejection
could be minimized by generating iPS cells from
common human leukocyte antigen (HLA) haplotypes.

We anticipate that continuing progress in mam-
malian synthetic biology will lead to new interesting
applications in basic cell biology and the development
of novel therapeutics.
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