REVIEW

ADVANCED
SCIENCE

Open Access,

5th Anniversary Article

www.advancedscience.com

Light-Controlled Mammalian Cells and Their Therapeutic

Applications in Synthetic Biology

Maysam Mansouri, Tobias Strittmatter, and Martin Fussenegger*

The ability to remote control the expression of therapeutic genes in mam-
malian cells in order to treat disease is a central goal of synthetic biology-
inspired therapeutic strategies. Furthermore, optogenetics, a combination of
light and genetic sciences, provides an unprecedented ability to use light for
precise control of various cellular activities with high spatiotemporal resolu-
tion. Recent work to combine optogenetics and therapeutic synthetic biology
has led to the engineering of light-controllable designer cells, whose behavior
can be regulated precisely and noninvasively. This Review focuses mainly on
non-neural optogenetic systems, which are often used in synthetic biology,
and their applications in genetic programing of mammalian cells. Here, a
brief overview of the optogenetic tool kit that is available to build light-sensi-
tive mammalian cells is provided. Then, recently developed strategies for the
control of designer cells with specific biological functions are summarized.
Recent translational applications of optogenetically engineered cells are also
highlighted, ranging from in vitro basic research to in vivo light-controlled
gene therapy. Finally, current bottlenecks, possible solutions, and future pros-
pects for optogenetics in synthetic biology are discussed.

be used to introduce light sensitivity into
otherwise insensitive cells from all king-
doms of life.>®! These light-sensitive
proteins can be genetically targeted to
and expressed in any cell type, but have
been most widely employed to manipu-
late neural activity.”'% This technique is
called optogenetics, and combines the use
of light and genetics to control cellular
activity and behavior with high spatiotem-
poral resolution. 811

On the other hand, synthetic biology
is the science of reassembling standard-
ized biological components in a system-
atic and rational manner to create and
engineer biological designer devices,
systems, and organisms with novel and
useful functions.'>' During the past
decade, mammalian synthetic biology has
progressed from simple control switches
to complex gene networks for bio-

1. Introduction

Light is strongly linked to a variety of processes of life.l!! Sun-
light is a vital source of energy for all living organisms on
earth, and autotrophic organisms provide us with oxygen and
chemical energy through the light-dependent process of photo-
synthesis.”) Light is also essential for activation of impor-
tant signaling pathways, e.g., phototransduction in the eyel’!
or regulation of the night-day cycle in plants.! Molecular
biology approaches have identified many light-sensitive pro-
teins in bacteria, yeast, plant, and animal cells, and these can
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medical applications in animal models,

including T-cell therapy!"” and treatment
of gouty arthritis, ' obesity,!'”! psoriasis,!'® diabetes,['*%2 and
many other conditions.?3-?*l Optogenetic methods offer many
advantages, such as highly precise, efficient, and simple
control of biological functions with rapid reversibility and
reduced side effects, and the combination of these methods
with synthetic biology has already enabled the engineering of
light-controlled designer cells that are useful both for basic
research and for human gene and cell therapy in a noninva-
sive and precise way.

In this Review, we first point out the advantages of optoge-
netic methods over other commonly used inducer systems.
Next, the state-of-the-art optogenetic tool kit for mammalian
cells is described. Then, we outline different optogenetic
approaches that have been used to control biological func-
tions in light-sensitive engineered designer cells. Finally,
we summarize recent applications and advances in the use
of light-controlled therapeutic cells in synthetic biology and
biomedicine.

2. Potential of Optogenetics for Programing
Engineered Mammalian Cells

Cells are constantly sensing and responding to extracellular
stimuli in their environment.”l Many input signals, such as
inducer molecules,*”) temperature,?8! pH,/?l and electromag-
netic radiation,3% including light, can activate or inhibit specific
proteins or signaling pathways.*!l Among them, chemically
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induced systems are routine tools in basic research and syn-
thetic biology alike. However, chemical systems usually suffer
from complex pharmacokinetics, including widespread and
nonspecific induction, as well as difficulties in removing the
inducer after a suitable induction period.?? These limitations
restrict the precision with which the user can control the degree
and spatial extent of activation, as well as the reversibility of a
given output.

In contrast, optogenetic tools offer a promising opportu-
nity for controlling cellular behavior with rapid responses,
good reversibility and high spatiotemporal resolution.l*?!
Optogenetics can efficiently induce a well-defined subset within
a population of cells, or even a single cell, as well as parts of an
entire signaling network, with a desired frequency and duration
of stimulation.

Genetically encoded tools for optogenetics were introduced
as recently as 2005, when Boyden et al.’} recorded electrical
activity in illuminated neural cells transfected with channelrho-
dopsin. This microbial rhodopsin had previously been function-
ally expressed in Drosophilal®* and mammalian cells.?> Since
then, optogenetics has transformed experimental neurobiology
by enabling the regulation of neuroelectric activities by light in
vivo. Nowadays, these tools are gaining wide acceptance in bio-
medical research, as well as in the field of synthetic biology.

Rendering mammalian cells sensitive to light requires two
elements: light-sensing proteins and a light-responsive module
that is activated by the sensing part. Light sensing can be medi-
ated by membrane-bound photoreceptors or cytoplasmic photo-
activatable proteins. Photoreceptors are usually localized on
the cell surface and initiate signal transduction either by trig-
gering subsequent signaling cascades or by changing the action
potential across the plasma membrane. Cytoplasmic photoac-
tivatable proteins, however, are not dependent on localization
to the plasma membrane, and change their conformation upon
absorbing energy from light. This structural rearrangement
modulates intra-/interprotein interactions, which can then ini-
tiate signal transduction.[26:32:36]

3. The Optogenetic Toolbox

Photosensors, including opsin-based photoreceptors and non-
opsin photoreceptors (photoactivatable proteins), are at the
core of the optogenetic tool kit.’”] The most powerful and
widely used photoreceptor systems in neural optogenetics (ion
flux-based optogenetics) come from the opsin photoreceptor
family.611] Opsins are light-sensitive transmembrane proteins
that are found in a variety of organisms ranging from microbes
to primates (Figure 1). They can be categorized into two major
classes: microbial opsins (type I) and invertebrate/vertebrate
opsins (type 11).38 Type 1 opsins are of great interest in the field
of neural optogenetics, where they are used to control the func-
tion of neurons, because they are easier to engineer and express
in mammalian cells (as a single-component protein), and have
faster kinetics than type II opsins.[®l In addition to type I and 11
opsins, there are some engineered variants of opsins, which
usually combine features of type I and type 11 opsins.?*! Non-
neural optogenetics (i.e., non-ion flux-based optogenetics)
usually employs nonopsin photoactivatable proteins or gene
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switches.% This type of optogenetics is the focus of this Review
paper. Additional information about non-ion flux-based optoge-
netics is available at www.optobase.org, which is a comprehen-
sive online platform for optogenetics.

In addition to their applications in neural optogenetics, both
opsin-based photoreceptors and photoactivatable proteins have
been used in synthetic biology,32%l as will be discussed in
detail hereafter.

In order to respond to light as an environmental stimulus,
most photosensors harbor an organic chromophore or cofactor.
These small molecules bind to the photosensor and determine

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Opsin-based photoreceptors: a) natural G-protein-coupled (GPC) photoreceptors such as melanopsin or animal rhodopsin signal
through endogenous pathways. The specificity of signaling is determined by the different alpha subunits in the trimeric G-protein complex. Gog
subunit-dependent signaling is linked to increased levels of inositol-3-phosphate (IP3) and diacylglycerol (DAG), whereas Got signaling mainly
results in lowered cGMP levels that trigger subsequent signal amplification steps in photoreceptor cells of the mammalian retina. The intracellular
binding loops for the trimeric G-protein were exchanged to reroute Got to Gos or Goq signaling in engineered versions of bovine rhodopsin.
These membrane-bound GPC photoreceptors are retinal-dependent. b) Exposure to light leads to activation of the bound retinal conformer and
a subsequent change in conformation that is translated to structural changes in the apoprotein. While microbes incorporate mainly all-trans-
retinal that is activated to 13-cis-retinal in melanopsin, mammals use 11-cis-retinal that is transformed into its all-trans-conformer upon illumina-
tion. c) Besides GPCRs, there are various GPCR-like photoreceptors with high structural and amino-acid sequence homology that do not act via
G-proteins. These receptors enable transport of protons or ions across the membrane. Examples of this class of receptors are the light-driven
proton pumps microbial rhodopsin and halorhodopsin. Photoswitchable ion channels enable passive transport of cations across the membrane.
Chimeric photoreceptors combine features of GPCRs and microbial rhodopsin and can trigger both G-protein-dependent signaling and changes
in membrane potential.

its spectral sensitivity and photochemistry. Following light  3.1. Vertebrate and Invertebrate Opsins

absorption, changes in electron density occur within the

chromophore, leading to a change of its structure, which in  Type II opsins are found in animal and invertebrate cells and
turn causes alterations in the surrounding protein scaffold of  are primarily used for vision and for modulating circadian
the photosensor. Ultimately, these modifications convert the = rhythms.[*?l These photoreceptors consist of a protein moiety
photosensor into its active state, triggering downstream sign-  (opsin) and a nonprotein moiety, which is often a vitamin
aling pathways specific to that sensor.[*!] A-derived retinal chromophore.[*¥l Opsins are G-protein-coupled
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receptors (GPCRs) (Figure 1a), which can initiate a signaling
cascade upon activation by light.’8l So far, more than a thou-
sand animal opsins have been identified, and they can be
divided into seven subfamilies.*”l Although opsins have a
seven-transmembrane structure similar to that of other GPCRs,
they are distinguished by a lysine residue in the seventh helix
that serves as the binding site for the cofactor retinal.3%*2 Mel-
anopsin, a representative member of animal opsins, is endoge-
nously expressed in intrinsically photosensitive retinal ganglion
cells (ipRGCs) of the inner retina.*¥l It plays a crucial role in
the adaptation of mammals to different light intensities, as well
as in the circadian timing system.*

During signal transduction, exposure to light induces
isomerization of the retinal chromophore from 11-cis-retinal
to all-trans-retinal, which subsequently changes the conforma-
tion of the melanopsin receptor®¥ (Figure 1b). These structural
changes in the receptor activate the heterotrimeric G-protein,
causing dissociation of the Gaq subunit from the dimeric Gfy
complex. The Gaq subunit further activates phospholipase C,
which can initiate calcium-dependent signaling within mam-
malian cells.313¢)

One major limitation in the use of melanopsin is its depend-
ency on a steady supply of 11-cis-retinal for in vitro experiments.
However, bistable invertebrate opsins are able to recover the cis-
isoform of retinal from the trans-isoform, thereby bypassing the
inherent bleaching issues of mammalian opsins. For example,
an engineered version of Carybdea rastonii opsin, JellyOp, has
been used modulate cyclic adenosine monophosphate (cAMP)
levels when orthogonally expressed in mammalian cells.*®]

3.2. Microbial Opsins

Despite the lack of clear homology between the amino acid
sequences of animal and microbial opsins, both receptor types
are composed of seven-transmembrane (TM) domains and both
use retinal as a chromophore.*>*?l However, microbial opsins
show little or no G-protein activation*’*¥! and unlike their
mammalian counterparts, microbial opsins (type I) isomerize
all-trans-retinal to 13-cis-retinal upon illumination (Figure 1b);
this reverts to all-trans-retinal within the receptor during an
inactive recovery phase. This cyclic process is referred to as a
“photocycle” and consists of different intermediate states with
the last step of the cycle replenishing the substrate of the first
reaction, thus making the reaction fast and reversible.*! This
is a distinctive feature of microbial opsins, since the corre-
sponding process in vertebrate opsin (type II) is unidirectional
or bidirectional, but not a cycle.[®

Activated opsins of the type I family can function in various
settings, such as light-driven pumps, light-gated channels, photo-
sensors, and light-activated enzymes.[*3>021 Consequently,
type I opsins have been widely used in neurobiology as optoge-
netic tools, as has been extensively reviewed elsewhere. 611

Nevertheless, we would like to highlight the first identified
microbial type I rhodopsin, bacteriorhodopsin (BR), which
is a light-driven outward H* pumpl®*>¥ (Figure 1c). So far, a
number of microbial proton pumps (e.g., proteorhodopsin,?’!
delta-thodopsin,P® xenorhodopsinl®”}) have been used in syn-
thetic biology to pump protons in-/outward across the plasma
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membrane of cells in response to light. By taking advan-
tage of the delta-thodopsin H* pump, Hara et al. generated
a light-driven proton motive force in the inner membrane of
mitochondria in Chinese hamster ovary (CHO) cells, as well as
neuroblastoma cells.’®) These synthetic photoenergetic mito-
chondria provide an excellent example of the use of optoge-
netics to control the behavior of a well-defined organelle inside
mammalian cells.

Turning to proton pumps, the family of type I opsins includes
ion channels that are also used in the field of optogenetics
(Figure 1c). Channelrhodopsin-2 (ChR2), for instance, is a light-
gated, nonspecific cation channel, which allows the passage of
cations across the plasma membrane, leading to depolarization
of the cell.®®! Kushibiki et al. developed a light-dependent circuit
for insulin secretion in mouse pancreatic B-cells by functionally
expressing ChR2 in f-cells. They demonstrated that blue light—
mediated activation of ChR2 induces Ca’" release from intra-
cellular stores (e.g., endoplasmic reticulum). This leads to Ca%"
influx in engineered mouse pancreatic fB-cells, which in turn
triggers the natural signaling cascade and can be used to regu-
late blood glucose homeostasis both in vitro and in vivo.P®!

3.3. Nonopsin Photoactivatable Proteins

Nonopsin photoactivatable proteins are widely used to optoge-
netically control intracellular signal transduction/?®! and have
frequently been applied in the field of synthetic biology.l3%40!
Photosensitive proteins are mostly based on proteins from
bacteria, plants, or fluorescent proteins. Bacterial photosensi-
tive proteins such as bacteriophytochrome P1 (BphP1), blue
light-utilizing flavin adenine dinucleotide (BLUF), and bac-
terial cyclase (e.g., Beggiatoa-photoactivated adenylyl cyclase
(bPAC)P®! and bacterial diguanylate cyclase (DGCL),%%) as well
as plant-based photosensors such as the cryptochromes (i.e.,
cryptochrome 2 (CRY2)), UV-B resistance 8 (UVRS), and light,
oxygen, and voltage (LOV) domains, are well-known in optical-
synthetic biology. Alternatively, Dronpa is also available as a
photoactivatable fluorescent protein (Figure 2a).!]

The LOV domain consists only of a small domain that
mainly uses flavin mononucleotide (FMN) as a chromophore.
Additionally, there are some variants of LOV domains (e.g.,
Vivid (VVD)!®Z and NcWC1[%%)) that use flavin adenine dinu-
cleotide (FAD) as a cofactor. Both the cofactors are ubiquitously
produced by mammalian cells, and do not need to be provided
externally.?®1 Blue light activates the Arabidopsis sativa LOV2
(AsLOV2) or Arabidopsis thaliana LOV2 (AtLOV2) domain by
removing the autoinhibitory effect of the C-terminal helix Jo
on the LOV core domain through the introduction of a twist in
this helix. Based on this mechanism, researchers have devel-
oped several strategies to control the activity of an effector pro-
tein that is directly fused either to the N-terminal of the LOV
domain or to the C-terminal of the Ja helix. In the resulting
construct, the effector protein remains suppressed in the dark,
while exposure to blue light leads to its activation.[%

CRY2 is a FAD-containing photoreceptor from A. thaliana that
either binds to its native binding partner cryptochrome-inter-
acting basic helix-loop-helix 1 (CIB1) or homo-oligomerizes
with another CRY2. Both the configurations are activatable

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Nonopsin photoactivatable proteins: a) naturally occurring and engineered photoactivatable proteins can be activated by light of different
wavelengths ranging from ultraviolet to infrared. Different mechanisms of activation are known: association, dissociation, uncaging, or unhinging as
well as direct photoactivation of enzymes. For example, UV-B light triggers a stress response in plants which is mediated by dimerization of UVR8
proteins. LOV domains from AsLOV2 and AtLOV2 are stimulated by blue light, causing the then-unhinged C-terminal alpha helix Joc to bend outward,
activating a kinase domain in the natural protein. The CRY2 and CIB1 pair mediates responsiveness to blue light in plants via a blue light-induced
heterodimerization mechanism. CRY2 also has a tendency to cluster into homo-oligomers upon activation. In the Magnet system, engineered variants
of the VVD domains are either positively or negatively charged. Upon exposure to blue light, they only bind to each other, but do not form homodimers.
The Dronpal45N mutant of the fluorescent protein Dronpa was found to form homotetramers in the dark that dissociate on exposure to cyan light,
just like the wild-type protein, but at lower concentrations. UV light reverses this reaction. The photoreceptor protein PhyB binds to its partner PIF6.
Far-red light-induced dissociation of the complex reverses this interaction. The bacteriophytochrome BphP1 forms homodimers in the dark, but forms
heterodimers with PpsR2 upon exposure to near-infrared light. This transition is reversible and the backward reaction can be boosted by exposure to
red light. Soluble guanylate cyclases are a class of photoactivatable enzymes that are activated by blue light through their BLUF (blue light sensor using
FAD) domain. b) Photosensors can be activated by a specific wavelength in the UV-vis spectrum. While shorter wavelengths have higher energy, they
also show greater phototoxicity, damaging DNA and perturbing pathways that involve chromophore-binding proteins. Additionally, tissue penetration is
limited for blue light compared to red light. In the retina as well as in many microorganisms, there are opsins for every section of the visible spectrum.
However, most light-inducible systems available for molecular biology are activated exclusively in the blue and green ranges.

Adv. Sci. 2019, 6, 1800952 1800952 (5 0f18) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

by blue light.[*195-¢7] Providing another mode of action, the
FAD chromophore in the photolyze homology region (PHR)
domain of CRY2 can be reduced or oxidized in the presence
or absence of light, respectively. Subsequently, the light-induced
reduction/oxidization triggers conformational changes in the
domain that can be translated into different binding behaviors
of the protein.

Phytochrome B (PhyB) is a plant photosensor that can be
activated by red light and inactivated by infrared light.[26:61
The chromophore of PhyB is phycocyanobilin (PCB), which
must be provided externally or by introducing the necessary
enzymes for its synthesis, since it is not naturally produced
in mammalian cells.®® Upon exposure to red light, PhyB
changes conformation and binds to its partner phytochrome
interacting factor (PIF). Interestingly, this interaction can
be blocked again by inactivation of PhyB upon exposure to
infrared light.[%8]

A recently developed light-switchable transgene system
based on BphP1-PpsR2 or BphP1-QPAS1 interaction can be
activated and inactivated by light in the near-infrared region
(740~780 nm) and red light (660 nm), respectively.®*~’!l BphP1
is a bacterial phytochrome and uses biliverdin, which is abun-
dant in eukaryotic cells, as a chromophore.

UVRS is another photoactivatable plant protein; it requires
no cofactor and absorbs UV-B light via a tryptophan residue.”!]
In the dark, UVRS8 forms a homodimer, which dissociates and
binds to constitutively photomorphogenic 1 (COP1) upon expo-
sure to UV light.[”?

Light-controlled enzymes (cyclases) convert adenosine
triphosphate (ATP) or guanosine triphosphate (GTP) to the
second messenger molecules, cCAMP or 3’,5"-cyclic guanosine
monophosphate (cGMP), and activate special pathways.[%%%

www.advancedscience.com

Dronpa (“Dron” is Japanese for “vanish’ and “pa” for “photo-
activatable”) is a monomeric fluorescent protein (FP) that under-
goes transition between fluorescent and dark states upon stimu-
lation with cyan light (=500 nm, for dark conversion) and violet
light (=400 nm, for reversion to fluorescent state). This FP has no
cofactor, and uses a post-translationally modified and extended
tryptophan for light absorption.”l A mutated form of Dronpa,
called Dronpal45N (discussed in more detail in the next part),
forms homotetramers that can be dissociated into monomers
with cyan light and retetramerized with violet light.3!

A summary of the features of the proteins described above is
provided in Table 1.

3.4. Chimeric and Customized Photosensitive Proteins

One approach to optimize light-induced reactions in mamma-
lian cells is photosensor engineering. OptoXRs, which are chi-
meric proteins consisting of bovine rhodopsin (Rh) in which
the cytoplasmic loops are replaced with those of the Gs-coupled
hamster f)-adrenergic receptor (3,-AR) or Gq-coupled human
oq-adrenergic receptor (04-AR), show light-dependent activation
of the adenylyl cyclase (Gs) or phospholipase C (Gq) pathways,
respectively (Figure 1a).’l Another chimeric animal opsin
receptor is Opto-mGluR6 (metabotropic glutamate receptor 6),
which was generated by combining the light-sensing domain
of melanopsin with the intracellular domain of mGluR6. This
engineered photoreceptor activates a native signaling pathway
within retinal cells, and was able to reliably restore vision in
blind mice.l””!

Native microbial rhodopsins do not activate the G-protein
signaling pathway, but initiate transmembrane ion transport

Table 1. Properties of common photosensors used in light-controlled mammalian cells.

Light Photosensor Partner Cofactor Availability of cofactor Activation/inac- Origin Mechanism of action in  Applications Ref.
in mammalian cells  tivation [nm] optogenetic system (example)
uv UVR8 —/COP1 Trp Yes 300/Dark Arabidopsis Dimerization/ Protein secretion [78]
thaliana dissociation
Cyan/violet ~ Dronpal45N - Cys—Tyr-Gly Yes 490/390 GFP variant Homodimerization/ Membrane [63]
homotetramerization recruitment
Blue LOV2 - FMN Yes 450/Dark Avena sativa Uncaging Protein [79]
CRY2 CRY2/CIB1 FAD Yes 450/Dark A. thaliana Heterodimerization/  degradation [96]
Melanopsin 11-cis-Retinal Yes 470/Dark Human oligomerization Genome editing  [21]
Ca?* release from intra- Gene expression
cellular stores and NFAT
dephosphorylation
Green MR® - all-trans-Retinal® No 572/Dark Bacteria, Proton pump Light-powered  [51]
OptoXR - all-cis-Retinal®) - 504/Dark archaea, fungi Ca?' release from intra- mitochondria  [64]
chimeric cellular stores or cAAMP Gene expression
synthesis
Red/far-red PhyB PIF6 pCBY No 650/750 A.s thaliana Heterodimerization/ Membrane  [80,81]
dissociation recruitment and
cell signaling
Near- BphP1 PpsR2 BV Yes 750/650 or Dark  Rhodopseudo- ~ Heterodimerization/ Gene [61,121]
infrared monas palustris dissociation expression

AMicrobial rhodopsin (e.g., delta-rhodopsin); ®)These cofactors must be provided to mammalian cells externally.
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instead, or act as histidine kinases. However, Sasaki et al. gen-
erated a chimeric proton pump based on microbial rhodopsin,
which was able to activate Gt-coupled protein (transducin) in
parallel with proton pumping (Figure 1c). Analogously to the
engineering of the OptoXR system, they designed their chi-
meric photoreceptor by replacing the cytoplasmic loop of
Gleobacter rhodopsin (GR) with intracellular loops of bovine
rhodopsin.*’l In addition, Yoshida et al. reported a chimeric
microbial rhodopsin with Gs-coupled protein activation ability
through incorporation of the cytoplasmic loop of f3,-AR).1!
These chimeric microbial rhodopsins can act as bifunctional
tools in synthetic biology, since they can simultaneously hyper-
polarize the membrane and initiate G-protein signaling within
the cell.

Engineering of photoactivatable gene switches can also
improve the photoinduction ability of native receptors. For
example, Kim et al. constructed a customized OptoFGFRI1
by fusing the cytoplasmic tyrosine kinase domain (TDK)
of human fibroblast growth factor receptor 1 (FGFR1)
to CRY2PHR (a truncated version of wild-type CRY2)
(Figure 3b)."®l Here, activation of the chimeric receptor
depends on light-induced homodimerization of the CRY2PHR~-
TDK fusion construct.

It has also been shown that a mutation in the CRY2 moiety
(the E409G mutant, named CRY2olig) can significantly improve
the characteristic photoinduced clustering effect (homo-oli-
gomerization) of this receptor.””) Similarly, CRY2clust is an
efficient CRY2-based oligomerization system carrying a short
peptide at the C-terminus of the CRY2PHR domain; this serves
to promote homo-oligomerization of the protein upon exposure
to blue light.”®!

Kawano et al. created the Magnet system based on the fungal
photoreceptor VVD by substitution of wild-type amino acids
within the original VVD domain (a member of the LOV family)
with either a positively or negatively charged amino acid,
yielding pMag and nMag, respectively (Figure 2a). These pairs
are engineered to recognize each other through electrostatic
interactions, thus preventing unwanted homodimerization and
selectively inducing heterodimerization in response to blue
light.”! Intriguingly, the VVD domain is one of the smallest
photosensors that uses the abundant FAD cofactor, and is thus
a highly flexible tool for blue-light optogenetics in mammalian
cells.

Also, a tetrameric variant of Dronpa with a mutation at posi-
tion 145 (K145N), denoted Dronpal45N, forms homodimers
or homotetramers, which dissociate into monomers upon
exposure to cyan light and reassociate upon exposure to violet
light.”## This mechanism can be used in a variety of applica-
tions in the field of synthetic biology (Figure 2a).

Engineered light-sensitive receptors that can initiate cer-
tain pathways in mammalian cells have been successfully
developed by fusion of photoreceptors to intracellular parts
of the respective receptors. For example, fusion of CPH1s-
o8 or VFAU1-LOV®® to the a C-terminal fragment of the
FGF receptor-1 makes it sensitive to red (660 nm) and blue
(470 nm) light, respectively. These photoreceptor domains
induce dimerization and finally activation of the recep-
tors upon illumination. With the same strategy, but a dif-
ferent output, FGFR1 has been rendered sensitive to green
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light (545 nm) by fusion to cobalamin (vitamin B12)-binding
domains of bacterial Thermus thermophilus CarH transcription
factors (TtCBD or CarH).[82l Here, green light induces receptor
dissociation and inactivation, whereas the receptors stay active
in the dark (Figure 3Db).

4. General Optogenetic Strategies

In addition to the classical receptor-based approaches, various
other optogenetic strategies are available. Examples include

uncaging, heterodimerization, and homodimerization/-oli-
gomerization, as well as association and dissociation(26:61:83]
(Figure 3).

Uncaging induces conformational changes in the structure
of photoactivatable proteins, and can release inhibition of a
protein fused to the photosensitive module or expose an oth-
erwise concealed domain. The released protein/peptide can
then interact with an effector protein or translocate, e.g., to the
plasma membrane or the nucleus.’”) For example, fusion of
AsLOV2 to Ras-related C3 botulinum toxin substrate 1 (Rac1)®4
or nuclear localization signal (NLS)-tagged protein[®>#% resulted
in cell movement and nuclear translocation upon exposure
to light, respectively. Uncaging of the binding sites is medi-
ated by a conformational change (unhinging) in the Jor helix
of AsLOV2, causing the helix to bend outward and thereby
releasing the fusion domain (Figure 3b).

There is a whole set of light-inducible systems that follow
the general principle of light-triggered heterodimerization.
Depending on the desired wavelength and type of application,
one can choose from a long list, including (but not limited to)
UVR8-COP1, CRY2-CIB1, PhyB—phytochrome interacting
factor 6 (PIF6), and BphP1-PpsR2 (Figure 2a). Since UVR8-
COP1 is exclusively activated by UV light, it can be easily
used in combination with other photoactivatable systems
(Figure 2b). Also, the PhyB-PIF6 system associates and dis-
sociates upon exposure to red and far-red light, respectively.
In other words, red light (=650 nm) converts the inactive
(Pr) state of the PhyB into the active (Pfr) state by cis—trans
isomerization of the cofactor PCB, whereas farred light
(750 nm) promotes the reverse transition. Interestingly, both
association and dissociation can occur on a timescale of mil-
liseconds, which makes it possible to precisely regulate pro-
tein—protein interaction.®”! A drawback of this system is the
need to externally provide the PCB chromophore in mamma-
lian cells. If optical induction of transgene expression in vivo
and in deep tissue is intended, BphP1-PpsR2 promises to
be a reliable system due to its near-infrared absorption spec-
trum (light in this region shows high tissue penetration)’!
(Figure 2D).

In contrast to heterodimerization, the light-dependent for-
mation of homodimers is a common strategy for light sensing
in nature. The underlying mechanisms and kinetics of dimeri-
zation have been intensively studied, as exemplified by the VVD
domains of the CrLOV protein from Neurospora crassa,**%8 as
well as RsLOV from Rhodobacter sphaeroides.[*®l Coupling of
such proteins with unrelated signaling pathways enables the
design of novel signaling entities. Fusion of the intracellular
domain of FGFR1 to the LOV domain of aureochrom 1 (AU1),
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Figure 3. Applications for gene regulation and cell signaling: a) to modulate protein levels and localization directly and noninvasively with light, AsLOV2
can be fused to a transcription factor linked via a nuclear localization signal. This construct unfolds upon exposure to blue light, making the NLS
accessible to import factors that mediate translocation into the nucleus, where the transcription factor (TF) can act on its promoter to increase gene
expression. In another strategy, AsSLOV2 is used as a photoswitchable degradation tag for a N-terminally fused cargo protein. Again, blue light-induced
unhinging is used to reveal the C-terminal tetrapeptide degradation tag RRRG. Subsequently, the entire protein is degraded by proteases. In order to
build a secretion system that can be precharged and timed, dimers of UVR8 were fused to a cargo protein targeted for secretion and tethered to the ER
membrane. In the dark, the UVR8 tandem dimers form large clusters that effectively block transport from the ER to the Golgi. Upon exposure to UV
light, these homo-oligomers dissociate, allowing transport to the Golgi. b) In addition to regulating protein levels, photosensitive protein switches can
be used to directly interfere with endogenous signaling pathways. To this end, AsLOV2 was fused to Racl, masking the binding site of Rac1. Upon light
induction, the cognate binding partner Pacl interacts with Racl and the respective signaling cascade is triggered, leading to morphological changes
in the cell with high spatiotemporal resolution. The OptoFGFR system was used to build a whole array of inducible switches for the mitogen-activated
protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway by fusing engineered CRY2PHR, VfAU1-LOV, CPH1s-o, or the cobalamin
binding domain of Thermus thermophilus (TtCBD or CarH) to the intracellular tyrosine kinase domain of the FGFR1 receptor of human or mouse. The
resulting chimeric receptors are sensitive to blue, green, and red light, resulting in an ON-type switch, except for the TtCBD-based receptor which
showed OFF-switch behavior. In another example, overexpression of BLUF domain—coupled photoactivatable guanylate cyclases (BLUF-PACs) in
mammalian cells was used to modulate second messenger levels (e.g., cAMP) in response to blue light.
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for example, enables reversible dimerization and activation of
the receptor by blue light!®! (Figure 3b).

Some photoactivatable proteins, such as CRY2, naturally
homo-oligomerize in large clusters upon light activation. This
behavior can be used, for instance, in systems where the activity
of the effector protein relies on close proximity, or a high effector
domain concentration, for reciprocal activation. Thus, fusion
of the effector protein to CRY2 can result in a light-inducible
switch that activates signal transductionl®’! (Figure 3a).

Protein sequestration is another strategy that can be used to
remove proteins from their site of action (in order to block their
activity), and could become a platform for photoactivation of pro-
teins of interest by light-induced dissociation.l®!] Dronpal45N,73!
RsLOV,78821 UVRS,® and ZdK/AsLOV2% have been used as
dissociation switches for different applications (Figure 3a).

5. Optogenetic Applications

5.1. Light-Induced Gene Regulation and Protein Function

Photoactivated gene expression can be achieved by light-
induced homo-/heterodimerization or recruitment of transcrip-
tion factors to their respective promoter.32401

Flavin-binding Klech-repeat F-box 1 (FKF1) from A. thaliana
was the first photoactivatable system to be used for driving
gene expression in mammalian cells.®! In its native environ-
ment, FKF1 has a LOV domain bearing a FMN chromophore
and forms a heterodimer with the unique plant-specific nuclear
protein GIGANTEA (GI) upon activation. Yazawa et al. showed
that a fusion of GI and the bacterial DNA-binding domain
of Gal4 can bind to the Gal4-responsive upstream activating
sequences (UAS) promoter element.’! Accordingly, interaction
of orthogonally expressed GI-Gal4 and FKF1-VP16 (a transac-
tivator domain) activates gene transcription from the UAS pro-
moter in mammalian cells upon exposure to blue light. Similar
systems have also been constructed using PhyB-PIF6, CRY2-
CIB1, LOV domain (VVD and the light-activated DNA-binding
protein EL222), and PhyB-PIB6.22#0 As already mentioned,
membrane-bound photoreceptors can also be engineered to
harness different wavelengths and pathways in order to trigger
gene expression!! (Figure 3D).

The tunable light-controlled interacting protein tag (TULIP)
system is a versatile and tunable optogenetic tool for protein
localization to specific regions, and can be used to trigger spe-
cific cellular signaling pathways. TULIPs are based on interac-
tion between AsLOV2 and engineered PDZ (ePDZ) domains.
Here, a peptide epitope is caged by AsSLOV2 and upon blue-light
activation, Jo of the AsSLOV2 unlocks and exposes the peptide for
binding by ePDZ. Thus, targeting AsSLOV2 to different regions
(e.g., plasma membrane) and fusion of ePDZ to an effector pro-
tein can recruit this protein to a specific region within the cell.

Besides its utility for light-induced gene expression to study
cellular functions, optogenetics can also be used to drive the pro-
duction of pharmaceutical recombinant proteins. For example,
researchers have functionally rewired a blue light-activated
melanopsin receptor to drive transgene expression in different
mammalian cells,?!! and these engineered cells are used for
light-controlled production of biopharmaceutical products in
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bioreactors. This is of particular interest to the pharmaceutical
industry, because this method can help to reduce the need for
sophisticated and expensive downstream processing to remove
impurities derived from chemical inducers. Melanopsin-engi-
neered cells have also been used for therapeutic purposes, as
will be discussed in detail below.

In addition to the above mechanisms, optogenetics is also
able to control protein functions through modulation of pro-
tein trafficking, protein degradation, and protein clustering!?6:4!
(Figure 3a). For example, Chen et al. have developed a light-
controlled secretion system by fusing tandems of UVRS8 to
vesicular stomatitis virus glycoprotein (VSV-G).® In the dark,
the UVR8 chains form oligomers which trap the fusion con-
structs in the ER. After stimulation with light, oligomers are
dissociated and move to the Golgi apparatus and the plasma
membrane. Also, a light-regulated protein degradation system
has been developed by Bonger et al.”®l They fused a degrada-
tion signal sequence (RRRG) C-terminally to the AsLOV2
domain. This protein tag was named blue-light-inducible deg-
radation (B-LID), and works via exposure of the degradation
signal sequence in response to blue light; this leads to degrada-
tion of the tagged protein (Figure 3a).

5.2. Light-Induced Cell-Signaling Engineering

Optogenetic tools can be used to specifically modulate intracel-
lular signaling pathways in engineered mammalian cells in a
precise location at a given time, which greatly reduces off-target
effects. Indeed, light-controlled activation of a variety of signaling
pathways in mammalian cells has been successfully achieved,
including, but not limited to, nuclear factor of activated T cells
(NFAT), mitogen-activated protein kinase 1 (MAPK), phospho-
inositide 3-kinase (PI3K), Ras homolog gene family, member A
(RhoA), Racl, cAMP response element (CRE), and the apoptotic
caspase pathway; some of these will be discussed below.[2¢!
Membrane recruitment of key players and subsequent activa-
tion of the MAPK and PI3K pathways based on PhyB-PIF6 are
good examples. To this end, PhyB was anchored to the plasma
membrane and PIF6 was fused to either son of sevenless
(SOS) protein (a MAPK pathway activator)® or p85a (a PI3K-
binding protein).””! In these studies, PhyB-PIF6 interaction
and subsequent recruitment of effector proteins to the plasma
membrane were induced by red light. The PhyB-PIF6 system
has also been established for light-induced regulation of cell
mobility by fusing PIF6 to three members of the Rho GTPase
family; Rac, cdc42, and Rho. Rac and Cdc42 plasma membrane
recruitment led to lamellipodia and filopodia formation, while
Rho recruitment caused cell-body contraction.”l More recently,
PhyB-PIF6 interaction has also been used for efficient light-
triggered viral gene delivery. In this case, adeno-associated
viruses (AAVs) were engineered to express PIF6 in their capsid.
Interaction between the PIF6 moieties in the virus capsids and
PhyB (equipped with a NLS) residing in the host cell facilitated
translocation of viruses to the nucleus of transduced cells.l?’]
The CRY2 domain shows prominent homo-oligomeri-
zation behavior upon exposure to blue light, as well
as heterodimerization with CIB1. Good examples of
homo-oligomerization-based clustering effects can be found in
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studies performed by Bugaj et al., and include photoactivation
of RhoA and the B-catenin pathway, as well as activation of the
membrane receptors FGFR1 and platelet-derived growth factor
receptor (PDGFR).[7:%8]

Light-induced clustering of photoativatable proteins can also
be used to achieve gain- or loss-of-function. Engineered light-
inducible gain-of-function is illustrated by the blue light-triggered
association of CRY2 to modulate the activity of S-catenin to regu-
late transcription in mammalian cells.’”] Alternatively, clustering
can be used to sequester proteins from their site of action. For
example, the light-activated reversible inhibition by assembled
trap (LARIAT) system has been developed to inhibit proteins that
modulate cytoskeleton components, lipid signaling, and the cell
cycle. The LARIAT system consists of two modules: a multimeric
protein (p) and a light-mediated heterodimerizer. Here, Ca’*-/
calmodulin-dependent protein kinase Ilo (CaMKIlo) as the mul-
timeric protein is fused to CIB1. The heterodimerizing protein
CRY2 is coexpressed as a binding partner for CIB1. In the dark
state, CaMKII¢ as the multimeric p is active, but upon stimulation
with blue light, CRY2 binds to the fusion protein and induces oli-
gomerization into large clusters, thereby inhibiting CaMKII¢.*

Systems based on uncaging can also be used for light-induced
cell signaling in mammalian cells. A good example of light-
induced uncaging to control cellular behavior is the fusion of
AsLOV2 and the small GTPase Racl in order to build a photoacti-
vatable Racl. In the dark, binding of Racl to its effector is blocked
Dby the interaction of the LOV domain with Racl. However, blue
light releases this inhibition and exposes Racl to the effector.
This approach was used for local remodeling of the cytoskeleton
and for triggering cellular movement toward the illuminated
region.® (Figure 3a). Another possible output in this context
is programed cell death of mammalian cells with temporal and
spatial selectivity. It has been shown that fusion of LOV2 to cas-
pase-711% and caspase-3[11 can induce cell death in targeted cells
both in vitro and in vivo in a blue light-dependent manner.

Calcium acts as a second messenger to regulate a plethora
of cellular activities.['%! Three photoactivatable tools to control
calcium signaling in mammalian cells are genetically encoded
photoactivatable Ca?* releaser (PACR),!1%2 OptoSTIM1,[1%] and
OptoCRAC.[104105] PACR was developed by Fukuda et al. by
inserting a LOV2 domain into the calmodulin-M13 fusion pro-
tein. In the dark, the calmodulin-M13 complex chelates Ca?*
with high affinity. This complex is destroyed upon illumination,
which induces conformational changes in the LOV2 domain,
resulting in Ca’?* release from the calmodulin moiety and
causing a transient increase of Ca?* concentration.[1%?!

Combinations of CRY2PHR with the stromal interac-
tion molecule (STIM1) and with a LOV2-SOAR (the STIM1-
Orai activating region) fusion protein have both been used to
modulate the activity of Ca?* release-activated Ca’* (CRAC)
channels, as employed in the OptoSTIM1!1%! and OptoCRAC
systems,[1%+1%] respectively. OptoSTIM1 and OptoCRAC are
both calcium channels that can ultimately trigger Ca?* influx
via photostimulation.[*%¢]

5.3. Light-Activated Genome Engineering

The clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 system is a simple and powerful tool to
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introduce alterations in genomic DNA or its epigenetic con-
text.'”] This system is capable of silencing, enhancing,
removing, adding, or modulating genes.11% The CRISPR/
Cas9 system is an effective tool to understand complex gene
networks, and also has great potential in medical and industrial
applications[!%’! (Figure 4).

A combination of CRISPR with optogenetics uses light to
provide external control of the location and timing of genome
editing, as well as modulating Cas9-mediated transcriptional
activity. Nihongaki et al. developed a photoactivatable Cas9
(called paCas9) for light-induced gene deletion and inser-
tion."!% In this system, Cas9 was split into N-terminal and
C-terminal halves and each part was fused to nMag or pMag
of the Magnet system!””] mentioned previously in this Review.
Blue light induces heterodimerization between pMag and
nMag, which leads to the assembly of a functional SpCas9 pro-
tein that cleaves DNA at a user-defined place in the genome
(Figure 4a).

The fusion of wild-type SpCas9 to dimerized pdDronpa
domains provided a single-chain photoswitchable Cas9
(psCas9), which harnesses the principle of uncaging.''! In
the dark, pdDronpa domains form a dimer that efficiently
prevents binding of SpCas9 to DNA. Upon exposure to
green light the dimer dissociates, re-establishing a functional
SpCas9 complex that is able to induce double-strand breaks in
DNA. The same system can be adapted to enable light-induced
gene expression. To this end, a catalytically dead version of
SpCas9 (dCas9), that still retains its DNA-binding proper-
ties, was equipped with Dronpa-based blocking domains and
fused to the transcriptional activator viral protein R (VPR).
As before, dCas9 is not able to bind to DNA in the dark, but
regains full activity upon cyan light-induced dissociation of
the Dronpa dimer (Figure 4a). In another approach, a combi-
nation of dCas9 with light-controlled CRY2—CIB1 recruitment
enables activation of target genes from their endogenous loci.
To achieve this, Nihongaki et al. fused dCas9 to CIB1 (dCas9—
CIB1) and CRY2 to either of the transactivators VP64 or p65
(CRY2-VP64/CRY2-p65). Illumination of mammalian cells
transfected with both constructs led to significantly enhanced
expression of the targeted achaete-scute homolog 1 (Ascll)
genel'?] (Figure 4b).

Similarly, Polstein and Gersbach have developed a light-acti-
vated CRISPR/Cas9 effector (LACE) system.!3] In their system
the N-terminal fragment of CIB1 was fused to both ends of
dCas9 to form CIBN-dCas9-CIBN. The binding partner of
CIB1, CRY2, was fused to the transactivator VP64 (CRY2-
VP64). This system was designed to target the interleukin 1
receptor antagonist (ILIRN) gene and was able to increase its
expression significantly upon illumination.

Light-dependent activation of transcription of endogenous
genes through the alternative nuclease system transcription
activator-like effector nuclease (TALEN) and CRY2-CIB1 com-
plement the available toolbox.®l Here, light-induced interaction
between CRY2 and CIB1 fused to TALENs was harnessed to
drive transcription from the endogenous locus of an important
mediator of neuronal fate, Neurogenin-2 (Neurog2), in primary
mouse neurons (Figure 4b).

The precise manipulation of chromatin and epigenetic
modifications is an important goal in epigenetic engineering.
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Figure 4. Photoregulatable Cas9 and TALE: the versatile genome-editing system CRISPR/Cas9 provides highly precise binding to specific
sequences in genomic or plasmid DNA. a) Recently, the catalytic moiety of the system, the SpCas9 enzyme, was engineered to be light sensi-
tive by applying the heterodimerization and uncaging approach. To engineer a photoactivatable dimerizing variant of SpCas9, called paCas9,
wild-type SpCas9 was split in two parts that were fused to either pMag or nMag tags. Upon exposure to blue light, the pMag and nMag tags
dimerize to reconstitute functional paCas9 that is able to bind to and cleave DNA. A different strategy was used to block the DNA-binding
site of SpCas9 via a Dronpa dimer that was fused to the wild-type enzyme. Here, Dronpa dissociates upon stimulation with blue light, uncov-
ering the binding domain and allowing the functional enzyme to work on the DNA. This fusion construct was termed photoswitchable Cas9
(psCas9). b) A catalytically dead version of SpCas9 (dCas9) was used to engineer a light-inducible gene expression system based on CRY2-
CIB1 interaction. In this example, CIB1 was fused to dCas9, and CRY2 was used to bind a transactivator to the DNA-binding complex, while
another system termed light-inducible transcriptional effector (LITE) used engineered TALE proteins fused to CRY2 to bind CIB1 fused to the
orthogonal transactivator VP64. While paCas9 and psCas9 are both blocked from binding to DNA, the dCas9 as well as the TALE component
of these photoswitchable transcription systems resides on the DNA in the dark. Exposure to blue light recruits CRY2-VP64 to dCas9-CIB1 and
CIB1-VP64 to TALE-CRY2, triggering assembly of the transcription initiation complex. c) In the epiLITE system, the aforementioned system
was used to recruit inactivating epigenetic effectors (e.g., deacetylases, methylases) to a defined region on the genome, resulting in reduction
of gene expression from the targeted locus.

Light-induced temporal control of such modifications can
provide information about the stability and kinetics of
epigenetic systems.'' In order to optically control mam-
malian endogenous transcription and epigenetic states, an
optogenetic two-hybrid system based on customizable TALE
DNA-binding domains and the CRY2-CIB1 system, named
light-inducible transcriptional effectors (LITEs), was devel-
oped.’®? Fusions of TALE to a CRY2PHR domain and of CIB1
to either VP64 or a histone effector have been used for modu-
lation of endogenous transcription or epigenetic modifications
(e.g., repression) in the desired loci in the genome of mam-
malian cells (Figure 4c).
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5.4. Light-Engineered Cells in Drug Discovery
and Translational Medicine

Drug screening can be both tedious and costly, but optogenetics
provide a cheap, simple, and noninvasive way to facilitate the
process."’l As an example, Inglés-Prieto et al. have recently
developed a light-assisted cell-based screening system for
small molecules; this enabled identification of inhibitors that
interfere with pharmaceutically relevant pathways of different
receptor tyrosine kinases (RTKs) through a synthetic biological
circuit.% They prepared three light-sensitive Opto-RTK recep-
tors (Opto-mFGFR1, Opto-hEGFR (human epidermal growth
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factor receptor), and Opto-hROS1 (proto-oncogene tyrosine—
protein kinase reactive oxygen species (ROS))), which are inert
to their natural ligands, but are stimulated by light (Figure 3b).
The intracellular parts of these receptors are fused to the LOV
domain of aureochrome 1 from Vaucheria frigida, and remain
inactive in the dark. Upon illumination, the inhibitory effect
of the LOV domain is removed, leading to receptor dimeriza-
tion and subsequent activation of the mitogen-activated protein
(MAP) kinase signaling pathway. This pathway was rewired
to express a gfp gene from a serum response element (SRE)
promoter. In this context, RTK pathway inhibitors can inhibit
expression of green fluorescent protein (GFP), allowing iden-
tification of potential inhibitor candidates. Interestingly, since
optogenetics-based drug screening relies solely on light induc-
tion and there is no need for the natural ligand to induce the
downstream pathway, it can even be used in drug screening for
orphan receptors, whose ligands are unknown.

In a clinical setting, both direct and indirect applica-
tions of optogenetics can be envisioned.BM'Y] In the direct
approach, cells inside the body need to be transduced with a
vector encoding a light-sensitive protein. These cells can then
be stimulated and controlled via an external device (e.g., gog-
gles that deliver light to the eyes).l''® In an indirect approach,
optogenetics would be combined with cell-based therapy, where
cells are made sensitive to light ex vivo and can be transplanted
back into the body after quality control assessment. One of the
best candidates for optogenetics therapy is retinitis pigmentosa
(RP), an inherited retinal degeneration disorder. Currently, a
clinical trial is underway based on delivery of optogenetic chan-
nels (e.g., channelrhodopsin) to retinal cells in order to resensi-
tize these cells to light.'7118]

Light-sensitive engineered cells for cell therapy can be
divided into two groups: primary host-derived cells (e.g.,
T cells or stem cells) and engineered designer cells originating
from previously established cell lines. Design of photoactivat-
able host-derived cells such as T cells, called opto-immunoen-
gineering,'*! can enable selective activation of these cells only
at the intended location (e.g., a tumor), thus reducing off-target
effects. For example, the photoactivatable chemokine receptor
4 (PA-CXCR4) is able to optogenetically control migration
of T cells toward cancer cells both in vitro and in vivo upon
illumination.[12%

However, engineering of autologous cells is both tedious
and inefficient. Instead, engineering-immortalized mamma-
lian cells that have been developed to behave in a predictable
way is more convenient.'?! Since such designer cells can be
recognized and attacked by the host immune system, encapsu-
lation of these cells into semipermeable polymers is required
prior to transplantation into the body.’!l Pioneering work on
optogenetically engineered designer cells to maintain blood
glucose homeostasis in type 2 diabetic (T2D) mice was done
by Ye et al.?!! (Figure 5a). They constructed a photosensitive
mammalian designer cell system by heterologous expression
of melanopsin. The expression of melanopsin generates a blue
light-dependent calcium influx into the cells. This feature ena-
bled the cells to rewire the signal transduction of light-activated
melanopsin to NFAT in order to trigger expression of glucagon-
like peptide 1 (GLP-1). Following in vitro assessment, these
engineered designer cells were encapsulated and implanted
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into T2D mice. Under transdermal illumination, the diabetic
mice showed a reduction of blood glucose due to the expression
of GLP-1.

Using the same spectrum of light for stimulation, Kim et al.
also developed an optigenetic-based erectile stimulator that can
trigger an erection in male rats('?2 (Figure 5b). This system was
called erectile optogenetic stimulator (EROS) and is based on
an optimized light-inducible guanylate cyclase, which produces
c¢GMP from GTP upon exposure to blue light. cGMP, in turn,
causes a reduction of the interacellular calcium concentration
by closing calcium channels in the plasma membrane. This
synthetic genetic surrogate thereby ultimately activates the nat-
ural process of vasodilation via the nitric oxide (NO) pathway,
leading to penile erection in vivo. Light-activated cGMP levels
were monitored by a chimeric promoter based on the glu-
tathione-S-transferase alpha 4 (GTA4) promoter that drives the
expression of the secreted reporter protein secreted embryonic
alkaline phosphatase (SEAP) in a cGMP-dependent manner for
initial assessement of the implant functionality.

Another light-induced transgene expression system that
was developed to modulate therapeutic gene expression is the
LightOn system.[®”l Wang et al. constructed a photoactivatable
gene switch composed of Gal4(65), the VVD domain and the
p65 or VP16 activation domain. The DNA-binding domain
comprising Gal4 residues 1-147, Gal4(147), consists of a
DNA-recognition element and a dimerization domain. Further
removal of the dimerization domain yielded Gal4(65) with only
residues 1-65 remaining. Interestingly, this construct was no
longer able to bind its consensus cognate DNA sequence, the
upstream activating sequence of Gal (UASG). However, fusion
of VVD domains to Gal4(65) and the transactivators p65 or
VP16 yielded the construct Gal4(65)-VVD-p65/VP16 (GAVP or
GAVYV, respectively), which regained its DNA-binding ability in
a blue light-dependent manner. Upon exposure to blue light,
GAVP or GAVV homodimerizes, and the homodimer interacts
with UASG elements (5x UASG) to initiate expression of the
gene of interest. This system successfully reduced blood glu-
cose levels in diabetic mice via blue light—controlled insulin
expression.

Critically, however, these blue light-induced systems suffer
from the inherent low penetration of blue light into tissues.
This results in higher cytotoxicity, since increased doses of irra-
diation are necessary to reach the cells.

More recently, Shao et al. succeeded in developing a
farred light-inducible expression system, which affords
reduced cytotoxicity and offers improved tissue penetration!!’!
(Figure 5c¢, top). In addition, they developed a smartphone-
controlled optogenetic designer cell device that can semiauto-
matically monitor and control blood glucose homeostasis in
diabetic mice. In this system, designer cells contain bacterial
phytochrome cyclic-di-guanosine monophosphate (c-di-GMP)
synthase (BphS), which produces c-di-GMP from GTP upon
exposure to far-red light. c-di-GMP binds to a c-di-GMP-binding
transcription factor, called BldD, which is fused to a transac-
tivator domain (p65-VP64). Upon activation, BphS converts
GTP into c-di-GMP, which induces the formation of BldD-
p65-VP64 dimer, which can bind to a synthetic promoter. This
system has been successfully used for regulation of gene tran-
scription (e.g., to express GLP-1 or insulin). They also tested the

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a) Melanopsin based gene expression switch

<,
%

@5/ ca' e

Melanopsin

l l outside

> ED - G @

ca"

NFAT Ca, cat . ER

* # *
e, e ]

b) light-dependent cyclase based gene expression switch and modulation of cellular signaling

<,
%
%
%,
CcAMP/cGMP signaling
- smooth muscle relaxation
2)

- q CAMPICGMP

ATPIGTP

www.advancedscience.com

) BphS based gene expression switches

c-di-GMP
2x GTP 065

VP64

BldD
y /

S
w\@ ®
@ /

Reainang] 7, |

Figure 5. Optotherapeutic strategies: several optogenetic implants have already been tested in mice and proved to be functional to treat diabetes as
well as erectile dysfunction. a) An implant harboring synthetic mammalian designer cells equipped with blue light-induced melanopsin signals through
the protein kinase C (PKC) signaling pathway. Activation of melanopsin results in influx of Ca?* ions from outside of the cells and release of calcium
from the ER. Ultimately, this leads to activation of the phosphatase calcineurin, which dephosphorylates NFAT and triggers expression of insulin from
a synthetic NFAT-responsive promoter. b) To tackle the delicate issue of erectile dysfunction, a blue light-inducible soluble guanylate cyclase (sGC) of
bacterial origin was engineered to favor GTP over ATP as a substrate. 1) To evaluate the performance of the system more easily in cell culture, cAMP
levels were read out by the cCAMP-responsive CRE pathway. 2) Activation of the enzyme also directly leads to increased cGMP levels, triggering relaxa-
tion of smooth muscle cells. To avoid side effects, this system was not used as a cell-based therapy, but was integrated directly into smooth muscle
cells in the endothelium of the corpora cavernosum of rats. c¢) Two other approaches capitalized on the soluble c-di-GMP synthase BphS, which can
be directly activated by far-red light. In one system, c-di-GMP activated a chimeric transcription factor based on the bacterial protein BldD that dimer-
izes and binds to the DNA in a c-di-GMP-dependent manner and is fused to the transactivators VP64 and p65. To avoid overproduction of c-di-GMP
and overactivation of the system, YhjH was coexpressed; it hydrolyzes c-di-GMP to form inactive pGpG. In another study, c-di-GMP was used as an
inducer of the endogenous STING pathway, which activates the transcription factor interferon regulatory factor 3 (IRF3) through phosphorylation by

TANK-inding kinase 1 (TBK1). Activated IRF3 binds to IRF3-binding sites on a synthetic promoter and triggers insulin expression.

feasibility of controlling intracellular c-di-GMP levels via YhjH
(PdeH), which is a bacterial c-di-GMP phosphodiesterase that
converts ¢-di-GMP to P-(5-guanosyl)-P-(5-guanosyl)-(3’-5)-
diphosphate (pGpG) and contributes to the regulation of Escher-
ichia coli motility.®2 This BphS and BldD-p65-VP64-dependent
genetic circuit has been implemented in mammalian designer
cells, where it was controlled with a custom-engineered Blue-
tooth-compatible glucometer in a semiautomatic manner: the
glucometer monitors blood glucose levels in the body and
sends the data to a SmartController or a smartphone linked via
Bluetooth. The SmartController translates the input into cor-
responding far-red light signals of appropriate intensity, which
can be sensed by insulin-producing implanted designer cells to
mediate blood glucose homeostasis.[*123]

A major step toward the application of optogenetics
for next-generation synthetic biology-inspired medicine is

Adv. Sci. 2019, 6, 1800952 1800952 (13 of 18)

mind-controlled gene expression, which was successfully
implemented in mice by Folcher et al.l® They developed light-
controlled designer cells by introducing light-activated bacte-
rial BphG1 DGCL; this produces c-di-GMP, which triggers the
stimulator of interferon genes (STING)-dependent expression
of SEAP from a synthetic interferon-f3 promoter. This system
was induced by 700 nm near-infrared (NIR) light to express
SEAP in human embryonic kidney 293 (HEK293) cells. Next,
they placed these light-responsive designer cells in a cartridge
and implanted it under the skin of mice along with a NIR-
light-emitting diode (LED). To test the scope of the implant,
they recorded the brain activity of trained volunteers with an
electroencephalograph headset connected to a computer. Based
on preset thresholds, the computer turned off or turned on an
electrical-field generator in close proximity to mice carrying the
implant. This generator in turn powered up the LED within

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the implant and provided light to induce the photoresponsive
designer cells, leading to production and subsequent release of
SEAP into the bloodstream of the mice (Figure 5c, bottom).

6. Challenges in Optogenetic-Based Therapeutical
Mammalian Synthetic Biology and Possible Solutions

To move beyond proof-of-concept studies on light-controlled
mammalian designer cells, two main problems should be consid-
ered carefully: safe and efficient implantation of light-controlled
designer cells into the body, and effective light delivery for activa-
tion of photosensitive gene circuits in the implanted designer cells.

So far, most of the available synthetic gene circuits, especially
those for treating metabolic diseases, have been implemented in
cell lines such as HEK293 cells.?) The use of these cell lines
requires microencapsulation to protect the cells from the host

www.advancedscience.com

immune system. Implants consisting of engineered microencap-
sulated designer cells have already been used to introduce photo-
sensitive cells with predefined functions into the host body.!12]
Although cell microencapsulation offers well-known advantages,
e.g., protection from the host immune system, along with con-
trolled and cost-effective therapeutic product delivery, there are
several issues that still need to be addressed, including capsule
manufacturing, properties, and performance.

Systems based on induced pluripotent stem cells (iPSC) or
even primary cells (e.g., mesenchymal stem cells) should provide
a new platform for the next generation of photosensitive designer
cells, thereby reducing concerns and side effects associated with
implantation of immortalized cell line-based designer cells.['?’]

Designer cell implants are most often located in deeper layers
of tissue where they can barely be reached by light from the out-
side. So far, four optogenetic strategies have been developed to
cope with such in vivo applications (Figure 6). First, photosensitive
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Figure 6. State of the art of in vivo optogenetics: applications of optogenetics in vivo have to deal with the issue of tissue penetration of light and potential
phototoxicity. Many optogenetic systems are dependent on high-energy blue and green light, which does not penetrate deeply into tissues. Constructs
that rely on red and near-infrared light, such as the Bph1/PpsR2 or PhyB/PIF6 system, can be used in deep-layer implants, because tissue penetration
of light generally increases with wavelength. However, to expand the selection of optogenetic tools available for more advanced and multiplexed circuits,
several solutions have been introduced by the scientific community. To enable activation of blue and green light-dependent circuits, upconverting nano-
particles (UCNPs) can be used. These nanoparticles collect energy from more than one photon and emit a single photon with a shorter wavelength. A
straightforward approach to circumvent the tissue barrier is to directly equip the implant with its own light source that can be powered wirelessly via
electromagnetic induction. With the advent of very small and efficient micro LEDs (ULEDs), this strategy is becoming increasingly feasible. Luminopsin
is another tool that uses chemical energy stored in small molecules to drive light-powered reactions. This is achieved by the localization of luciferases
in the vicinity of the photoactivatable protein. Luciferases convert the exogenously provided high-energy substrate coelenterazine into the low-energy
product coelenteramide while simultaneously transferring the light-energy produced by the reaction to a nearby chromophore in a photosensitive protein
in a process called bioluminescence resonance energy transfer (BRET).
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proteins can be selected that are excited by light of a longer wave-
length, which can penetrate tissue more easily (since blue light
has a low wavelength and a high energy, the use of blue light
leads to both low penetration efficiency and higher photo-cyto-
toxicity). PhyB-PIF and BphP1-PpsR2 are two systems which
provide excellent tissue penetration in the red and near-infrared
ranges. Second, lanthanide-doped nanoparticles have the ability
to absorb low-energy near-infrared light and emit higher-energy
blue or green light in a process called upconversion.l'?l The
introduction of upconverting nanoparticles (UCNPs) in the
field of optogenetics made it possible to indirectly activate blue/
green light-absorbing photosensitive proteins even in deep
layers of tissue.'””) Upconverting nanoparticles paired with the
Opto-CRAC system have been used to control Ca?* signaling
in immune cells in vivo.l'®! Third, in a more straightforward
approach, implementation of micro LED (ULED) implants that
can be controlled and powered by radio frequencies can provide
light in deep layers of tissue.'?#-130 Finally, bioluminescence
from luciferases can also be used as an alternative light source
for photoactivation of blue/green light-sensitive proteins.[3!
Here, a luciferase is fused to microbial rhodopsin, giving rise to
luminopsin. The luciferase moiety of luminopsin catalyzes the
oxidation of its substrate coelenterazine to coelenteramide. This
process generates light as a by-product which is further trans-
ferred via a Forster-resonance electron transport (FRET)-like
mechanism to the attached microbial rhodopsin.[#311°]

www.advancedscience.com

7. Conclusions and Future Directions

The field of optogenetics emerged from pioneering work using
light-gated ion channels to manipulate the activity of neural
cells.32 Subsequently, collaborations between neurobiologists
and other cell biologists have adapted optogenetics to other cell
types and tissues, making it possible not only to change the
action potential across plasma membranes, but also to drive
therapeutic gene expression and many other cellular functions.
Compared to chemically controlled systems or conventional
genetic engineering methods, optogenetics provides far more
flexible and precise spatial and temporal control of signaling
dynamics, protein levels, and enzyme activity, with minimal
side effects.?24% On the other hand, synthetic biology-inspired
therapeutic strategies with engineered designer cells have pro-
vided new opportunities for treating diseases, such as meta-
bolic disorders,?!} cancer,'>133 and blindness.””! Thus, current
work aims to employ the combination of optogenetics with
designer cells to achieve precise control of therapeutic outputs
by light (blue light, /2162 red light,'3* infrared light,/®® or far-red
light!135)).(123

The rapidly growing number of available optogenetic tools
offers an opportunity to synthetic biologists to choose the
best approach and strategy for their particular purposes. The
wavelength of activating light, the endogenous availability
of chromophores, and the reversibility and dynamics of the

P A

optogenetic therapy

»

A

&

light-controlled bioreactors

drug screening

A A

Figure 7. Optogenetics in translational mammalian synthetic biology: the use of light-controlled mammalian designer cells is gaining broad accept-
ance, with numerous applications appearing every year. Optogenetic therapy can lead to precise and specific treatment with reduced side effects in
humans and in animal models. Additionally, light-controllable production of pharmaceuticals reduces the need for external inducers that might cause
problems in downstream processing. The use of light-controlled signaling pathways for the implementation of ligand-free, cost-effective, and efficient
screening systems can promote drug development.
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optogenetic system are some of the most important para-
meters that should be taken into account during the selection
of optogenetic devices.

Cell-based therapy is considered a very promising approach
for next-generation medicine.l'** Some designer cells such as
Kymriah, a preparation of T cells expressing a chimeric antigen
receptor (CAR), are already on the market. However, a non-
negligible side effect associated with CAR-expressing cells is
unspecific cytotoxicity (“on-target-off-tumor” toxicity). It should
be possible to apply optogenetics to improve the safety of CAR
technology by enabling user-defined light-controlled activation
of designer T cells exclusively at the site of the tumor.M*! Near-
infrared-light-inducible BphP1-PpsR2 is emerging as a prom-
ising tool that is consistent with deep tissue penetration of the
light stimulus, and should be especially useful for therapeutic
synthetic biology.

Moving beyond cell-based therapy, commercial production
of biopharmaceuticals in a light-inducible bioreactor without
any chemical inducer can facilitate downstream processing and
reduce the number of purification steps needed in the manu-
facture of bioproducts (Figure 7).

Finally, we believe that the combination of optogenetics and
synthetic biology will play a major role in opening up new
applications, not only in the clinic and pharmaceutical industry,
but also in basic research.
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