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Abstract: Synthetic biology enables rational design of regulatory molecules and circuits to reprogram cellular
behaviors, and its applications to human cells could lead to powerful gene- and cell-based therapies, which are well
recognized as central pillars of next-generation medicines. However, the safety of these therapies remains to be
assessed, and controllability is a critical issue affecting their safety and limiting their clinical applications. In recent
years, optogenetic technologies have been widely used in biomedical applications, which provides new insights for
treating intractable diseases due to their distinguishing features of non-invasiveness, reversibility, and spatiotemporal

resolution. Light is an ideal inducer to control gene expression, enabling precise and spatiotemporal manipulation of
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gene expression and cell behaviors by illuminating with light of appropriate intensity and wavelength as a triggering
signal to achieve pinpoint spatiotemporal control of cellular activities. With the development of optogenetic toolkits,
optogenetics has recently been developed for therapeutic applications. In this review, we summarize various
optogenetic tools responsive to different wavelengths and their applications for precise treatment of neurological
diseases, tumors, cardiovascular diseases, diabetes, enteric diseases as well as for the optogenetic control of gene
transcription, gene editing, gene recombination and organelle movement. At the same time, we introduce recent
research progress in portable bioelectronic medicine and artificial intelligence-assisted diagnosis and treatment
systems, which are based on optogenetic techniques and the intelligent electronic devices. The rapid development of
optogenetics has enormously extended the scope of traditional bioelectronic medicine, and the remote-controllability,
reversibility, and negligible toxicity of optical control systems provide a solid foundation for the application of
optogenetics in biomedicine. The success of these approaches would have an impact on precision medicine in the future
practice. Finally, we also discuss the shortcomings of existing optogenetic tools and the challenges that would be faced

in the future clinical applications as well as the prospects of their development.

Neuroscience

Bioelectronic

; Oncotherapy
medical

UV light
Violet light
Blue light

Organelle

Optogenetic Cardiovascular
movement Siadicina Green light S ocith
Yellow light
Red light
Far-red light
Epigenome Diabetes

regulation

h
\

I Gene editing |

Keywords: synthetic biology; optogenetics; light-controlled gene switch; gene therapy; cell therapy

T AL F R — PR B 2 A NMIREAI R K & A ETES) . 2005 4, B4R

—EFDEEEREEA, B blE s UL
T AR A B 7 HOR$2 il 40 i ) 25 P 3 . 3L
SRR R ARG ML P BN E G A O R B
R, A LS T 5% — B O R S0 B e s 1

K% [¥ Karl Deisseroth i 78 HI A ™ 1 1R 22106k B
KW — POt B B (Channelrhodopsin-2,
ChR2) T4, ST H W L= %
KBRS B, —FE, FEM



104 BRENE F45E

SR E R AR AL AT B PO OB B ChR2 BN
MR B 2 0, ST O IR K R T S AR
WL o 2010 4F, 38 A% 2 B AR A H T T 2% 4 T
CREY PPN 21t mrHAEME R — P, #
CHAR-TTEY MATIVP N Tk s

Jeh AL E R AR KR AR AN & P I 2 R 5
L VST T UL K (= R (S R AR v T i =57 3
TEIRE, HRAENEEF KR T ZHMGEES
TH, 2Pl 7HZEMEE. oo g
AID ARNIE 14 1, A NI TR AW i N1 /i 1S
40 9 SR 42 o 40 it IR e % B 1 IR R IA U R
B[R gmdE MY, wEHI ARG S EER T, g0
TR iE sl Y & [N, e EAR
AN H T SRR T A RGUR T R O
M BRI . M il e 5 2 P« Jeisi ik
AR € R R T O T ORS R 4 ) R R YR T R4
M7 BRI BT ot . B, 19 HR TOK %
) Zhou Yubin B\ " R R EZR L FE, N4 T b
22 T B Ry AR A A BEE S P i & 2B R . A
SO SR AR T A b A% 2% T AR AR IR 2 AT )
IS FHRE AT

1 SegfeE T R

AR, BHEFAIEOL Ttk % T RAKIT
Ko GEUE AE RGBT R AR T, B
A IR S8 G YR I 6 H T AR e B IR RE T . D BUER
FoRIE 2, AW, HE. ®mE. Emwh
TR B LA RO ME B S R R SR L AR .
HORT, JE-F Xm0 A [\ R, et fe 2 T A
FEAT LT AR, OFEFWED, W
JEWOE IR FIEE M S IR Y @GR ED
JRAE R BB B @ JR KT R BUR R 1)
BooE B @ma RO L BooE B X,
A OB w0 I AL B A
o b HDOEBUE B B R AT TR R R
g (KD,

1.1 EIMEFIESERGERIS ST

FAT, BRI T BE % 57 w85 A

[ UVRS (UV-B resistance 8) Fl M v 45 5 24 i
ff) 7% Jt % [ PhoCl. UVRS & K H #l ¥ IF
(Arabidopsis thaliana) WIHHEA "™, f£H S 6
ER IR AE R RO AR (285~315 nm)
HRAEME [E1(@]. E£REIRSET, UVRS
PLIR) IS — SRR AR AE s FER AP, UVRS#
R H5COPL EH A4 &, R RE KK
[E1M ], HizEaEzE, MEERAERE
YR R AR 7, PhoCT 2 75 A —Fh g B 25 )6
FotEoTtE, B MR ER, EEE (4
400 nm) HIPEM N KA B-HER RN, FEHKE
JEEFE, B2 A B KRR RN IR R BORT— AN
Ky <=7 B [E 1], 2R, mrigid
ZEBUCA AT IS, DA R A B0 5 A B 1 R SRR
il 7 IR RGO B R -

1.2 BYERIERISEETH

fEGE AR 2 T o, W B ) % BT A
Z, GF. HTHWEAMNE FEEEA ChR2 ™Y,
MR EE (melanopsin) ;Wi N 1 ' 1) 48 44 25
1 LOV (light-oxygen-voltage domain family) "*7*;
BOC T RAETRIKVVD ™ Y, ), CRY2-
CIB1"™ A%, KHARKABE (Chlamydomonas
reinhardtii) ) ChR2 & fi 5L F Tt 18 4% 2% A0 4 1)
oL, BTOGITEME FEEEA, AR
JE RN T PA = A0 9 RS BE PRI T JF 9 51 K Na'
Ca"SMBE TR [F2]. MEBEREREAN
ek B FLA N G B AR A, WO R
HoOR A 7 AR AL T 5 S — 2R 51 A0 2% K N
[E 2], 43 Ca™ W IF WU T il NFAT {5 %5
g T

-5 R S5 R U A KO LOV J2 )2 A7 AR
THEE. EER. #yhmiotmMER, 251K
ARKFER TIPS W LgER, T LOVE
HRpGE A TREAR T ZMMNH, G
FER R Y Rz s . Wi E A
PR DL JCHE A R AR Y S . o, AsLOV2
(Arabidopsis sativa LOV2) #5382 st fe & T R
iR I LOV & H . EBDLRIBCE, 4sLOV2
IR% 0 5 85 25 B 11 FMIN 2 [H] [ JE SR AE FH 36 A8 R

Magnets



% 4% www.synbioj.com

105

R R YA R G BUE R R
Table 1 Characteristics of photosensitive proteins commonly used in mammalian cells
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Fig. 1 Schematic diagram for the optogenetic tools responsive to ultraviolet and violet light

(a) In the presence of UV light, homodimerized UVRS8 dissociates into monomers and its fused proteins also depolymerizes. (b) Homodimerized
UVRS cannot bind to its ligand COP1 under dark conditions, but UVRS binds to COP1 to form a heterodimer upon UV light illumination. (c¢) Violet
light induces irreversible self-photocleavage of PhoC1 resulting in the quenching of green fluorescence.
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Fig.2 Schematic diagram for the optogenetic tools responsive to blue light

(a) The blue light-responsive cation channel protein ChR2 is activated to induce influx of Ca** and Na' by blue light illumination. (b) Under blue
light illumination conditions, the chromophore retinal is isomerized to lead to the conformational changes of melanopsin thereby activating phospho-
lipase C (PLC) through G protein (Gaq) and phospholipase C (PLC), which triggers Ca>" influx by activating transient receptor potential ion channels
(TRPCs) on the cell membrane and from the endoplasmic reticulum (ER). (c) With blue light illumination, a light-induced conformation is developed
between the AsLOV protein core and the flavoprotein FMN, which results in undocking and unwinding of the LOV2 C-terminal Ja helix. (d) With
blue light illumination, a light-induced conformation is formed between the cpLOV and the flavoprotein FMN, which leads to undocking and unwind-
ing of the LOV2 C-terminal Ja helix. (¢) Blue light induces the homodimerization of VVD, thus enabling proximity of the fused proteins. (f) Blue
light induces the heterodimerization of pMag and nMag, thus enabling proximity of the fused target protein (g) LOVTRAP is a blue light responsive
protein dissociation system, which is a reversible light-induced protein system. Zdk1 binds to LOV domain to form a heterodimer under dark condi-
tions, but dissociates from LOV domain upon blue light illumination. (h) Under dark conditions, the N-terminal LOV photoreceptive domain of the
light-sensitive protein EL222 binds to its C-terminal HTH DNA-binding domain, thus preventing EL222 dimerization and DNA binding, while blue
light irradiation enables EL222 dimerization to recognize its target DNA sequences. (i) Blue light triggers heterodimerization of CRY2 and CIB1 to
initiate gene expression. (j) Blue light triggers oligomerization of CRY2, while CRY2 forms a monomer under dark conditions. (k) Blue light triggers
multimerization of CRY2clust/olig.
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Fig.3 Schematic diagram for the optogenetic tools responsive to cyan and yellow light
(a) The fluorescent proteins Dronpal45N and Dronpal45K dimerizes under dark conditions, while the Dronpa protein undergoes a conformational
change that enables depolymerization into monomers in the presence of cyan light. (b) Under dark conditions, pdDronpa homodimerizes and thus
blocks the active sites of target proteins, while blue light illumination causes dissociation of the homodimers to expose the active sites of target pro-
teins. (¢) Cyan light illumination causes dissociation of the homotetramerized TtCBD. (d) Synthetic light-gated GPCRs (Opto-XRs) undergoes a con-

formational change that enables the activation of G-protein-mediated intracellular signaling cascades by cyan light illumination. () Yellow light-me-
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Fig.4 Schematic diagram for the optogenetic tools responsive to red/far red light
(a) Phytochrome B (PhyB) maintains at Pr form which is biologically inactive in the dark. Red light illumination converts PhyB into the Pfr form and
induces heterodimerization with PIF6 in the presence of the photosensitive pigment PCB. (b) In the dark, truncated Phytochrome A (APhyA) main-
tains at Pr form, red light illumination converts APhyA into the Pfr form and induces heterodimerization with FHY'1 in the presence of the photosensi-

tive pigment PCB. (c) Red light induces dissociation of homodimerized BphP1 which can interact with PpsR2 to form a heterodimerization pair.
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Fig. 5 Development and application of optogenetic tools in neurobiology

(a) Three major types of opsins used in neurobiology. The blue light-responsive cation channel protein ChR2 is activated to induce influx of Ca** and
Na" and trigger an action potential. The yellow light-responsive NpHR is activated to allow chloride ions to enter the cytoplasm. Synthetic light-gated
GPCRs (Opto-XRs) is engineered by replacing the intracellular domain of rhodopsin with that of G protein-coupled receptors to enable G-protein me-
diated intracellular signaling cascades. (b) Genetic targeting of ChR2 into the amygdala region of mouse brain enables optical control of the neural
pathway of the mouse-hunting behavior by implanting optical fibers. (c) Genetic targeting of ChR2/NpHR into the cervical dorsal spinal cord of mice
enables specific activation or suppression of the neurons, and avoids stimulation of non-targeted cells. (d) ChR2 is delivered into the deep brain neu-
rons of mice by coupling with lanthanide-doped upconversion nanoparticles (UCNP), which can convert blue light to tissue-penetrable NIR light to

activate ChR2 expressed dopaminergic neurons.
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Fig. 6 Optogenetic tools used for tumor therapy

(a) Photochemokine receptors used for immunotherapy in murine melanoma. Under 505 nm light illumination, the chimeric photoactivated chemo-

kine receptor composed of rhodopsin a subunit and chemokine receptor-4 (CXCR4) is activated to induce T cell polarization, resulting in the inhibi-

tion of tumor growth. (b) Opto-CRAC for cellular immunotherapy. Under blue light illumination, the Ja helix at the carboxyl terminus of LOV2 do-

main dislocates to expose the C-terminus of STIM1 protein, which stimulates the ORAI1 Ca®" channel to initiate the calcium-dependent cascade and
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modulation of T cell activities. (¢) Melanopsin-based optogenetic systems for tumor immunotherapy. Blue light illumination changes the conforma-

tion of the light receptor melanopsin, which sequentially triggers calcium influx and initiates the calcium-dependent NFAT signaling pathway to in-

duce expression of the anti-tumor cytokines (IL-2/IL-15/TNF-a). (d) Photo-controlled autophagy for tumor therapy. The coupled nanomaterial UC-

NPs convert near-infrared light to blue light, which can further induce dimerization of CIBN and CRY?2 proteins, thereby recruiting the autophagy-re-

lated protein FADD to the FAS protein on plasma membranes and initiating the autophagy cascade. (¢) LINTAD systems used for cancer therapy. Un-

der blue light illumination, LOV undergoes allosterically change that exposes the nuclear localization signal NLS, which causes translocation LexA-

CIB1-biLINuS into the nucleus, wherein CIB1 and its photosensitive chaperone protein CRY2 colocalize on the operon sequence to initiate CAR ex-

pression. (f) LICAR systems for cancer therapy. The CD3( domain is recruited by photosensitive proteins responsive to blue light to form a complete

CAR-receptor to inhibit the tumor growth.
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Fig.7 Applications of optogenetic tools in treating cardiovascular diseases

(a) Cyanobacterial photosynthetic systems for myocardial ischemia treatment. The cyanobacteria are injected into the hearts of the acute myocardial
infarction model rats to produce oxygen through photosynthesis under light illumination conditions, which increases the metabolic activity of cardio-
myocytes to improve ventricular function and alleviate acute tissue ischemia. (b) Optogenetic pacemakers. The non-selective cation channel ChR2 is
used to control the cardiac excitability. (¢) Inhibitory photosensitive protein systems for cardiovascular diseases treatment. ARCH-T mediated H' ef-
flux can inhibit myocardial activity and alleviate arrhythmia under yellow light illumination. (d) Optogenetic pacemakers for modulating cardiomyo-
cyte activity. Melanopsin, a photoactivated G-protein-coupled receptor, activates the phospholipase C and catalyzes the hydrolysis of PIP2 to produce
IP3, enabling release of Ca>"and enhancement of the pacing activity of cardiomyocytes under blue light (470 nm) illumination conditions.
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Fig. 8 Optogenetic tools for diabetes therapy

(a) Melanopsin-based blue light regulatory systems for diabetes treatment. Upon blue light stimulation, the melanopsin conformation is changed,
thereby activating phospholipase C (PLC) through G protein (Gaq) and phospholipase C (PLC), which triggers Ca®" influx by the activation of
transient receptor potential ion channels (TRPCs) on the cell membrane and from the endoplasmic reticulum (ER). The activated NFAT translo-

cates into the nucleus, and binds to its specific promoter (P which initiates the GLP-1 gene expression to control blood glucose homeostasis.

NFAT)’
(b) The light-oxygen-voltage domain-based blue light regulatory system for diabetes treatment. In the presence of substrate, blue light is produced
by the luciferase-catalyzed reaction, leading to the dimerization of the photosensitive protein Vivid. The DNA binding domain Gal4 (1-65 aa) fus-
es with Vivid and VP16 for incorporation into the nucleus to bind to the DNA operator (5 X UAS), which initiates the expression of insulin to con-
trol blood glucose homeostasis. (¢) APhyA-based red light regulatory systems for diabetes treatment. Under red light illumination, the hybrid
transactivator FHY 1-VP64 can be translocated into nucleus by photosensitive DNA binding elements (APhyA-Gal4), in which it can bind to a par-
ticular operon sequence (5xUAS) to initiate the expression of insulin. The microcapsules containing engineered cells are implanted into the back
of diabetic mice, through which the cells can be induced to produce insulin to control blood glucose homeostasis under red light illumination con-

ditions.
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Fig. 9 Light-controlled DNA recombination based on split-Cre recombinase

(a) Photoactivatable Cre recombinase systems based on Cry2-CIBN. Under dark conditions, Cre recombinase is dissociated into two inactive parts.
Under blue light illumination, CRY?2 undergoes a conformational change and binds to CIBN, which induces CreC and CreN to form a complete Cre
recombinase for restoration of its activity. (b) Photo-controlled Cre recombinase systems based on Magnet (pMag and nMag). Blue light illumination
enables the dimerization of pMag and nMag to reconstitute a complete Cre recombinase to permit light-dependent DNA recombination. (c) A far-red
light-inducible split Cre-loxP (FISC) system. Under far-red light illumination, the photosensitive protein BphS converts GTP into ¢c-di-GMP within
cells, which triggers the dimerization of BldD to fuse with transcriptional activator p65-VP64 for translocation into the nucleus to initiate the expres-
sion of DocS-CreC. Constitutive expressed CreN-Coh2 is driven by the CMV promoter. The catalytic activities of Cre recombinase can be restored

through affinity interactions of their respective Coh2 and DocS fusion domains.
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Fig. 10 Light-controlled gene editing systems based on CRISPR-Cas9

(a) Photoactivatable CRISPR-Cas9 systems based on pMag-nMag. Under dark conditions, Cas9 is splitted into two fragments without nuclease activity.
With blue light illumination, the NCas9 and CCas9 domains can be reassociated to form a complete Cas9 by the light-dependent dimerization of
pMag and nMag, thereby reconstituting editing for targeted genes. (b) Photoactivatable CRISPR-Cas9 systems based on protected sgRNA. Under
dark conditions, the seed sequence of sgRNA is bound by an oligonucleotide that could be cleaved by UV light. With UV light illumination, the oligo-
nucleotide is broken, and the seed sequence of sgRNA is exposed to allow Cas9 to bind to and cleave the target DNA. (c) Near-infrared light-regulat-
ed CRISPR-Cas9 systems based on UCNPs. The Cas9-sgRNA complex is wrapped on the outside of UCNPs by PEI and SiO,, which have the capa-
bility to convert near-infrared light (980 nm) to ultraviolet light for the Cas9-sgRNA complex to bind to target genes. (d) CRISPR-Cas9 systems
based on APC gold nanoparticles. Cas9 plasmids carrying the heat-induced promoter can be efficiently delivered into mice by APC gold nanoparti-
cles. Under near infrared light irradiation at 1064 nm, APC gold nanoparticles can convert light energy to heat, which activates the expression of
Cas9 nuclease for genome editing. (e) A far-red light-activated split-Cas9 (FAST) system. The far-red light activates the expression of the fusion pro-
teinNCas9-Coh2, and the CMV promoter drives the expression of the fusion protein DocS-CCas9, which consequently activates Cas9 nuclease by

heterodimerization between Coh2 and DocS.
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Fig. 11 Light-controlled gene transcription systems based on CRISPR-dCas9

(a) Photoactivable dCas9-meidated transcription systems based on CRY2-CIBN. Under dark conditions, dCas9 is splitted into two fragments without
catalytic activity. With blue-light illumination, CRY?2 undergoes a conformational change that enables interactions with CIBN, which causes translo-
cation of the transactivator VP64 to activate downstream gene transcription. (b) Blue light-controlled dCas9-meidated gene transcription systems
based on SAM and pMag-nMag. SAM, a synergistic activation mediator that extends guide RNAs with an insertion of a MS2-box sequence into the
loop of gRNA, can recruit effector protein to initiate gene transcription. Under blue-light illumination conditions, the NdCas9 and CdCas9 domains
can be reassociated to form a complete dCas9 by the light-dependent dimerization of pMag and nMag, thereby activating the downstream gene tran-
scription. (c) A far red light-controlled gene transcription system based on SAM and BphS-BldD. Under far-red light illumination conditions, the
fused protein MS2-p65-HSF1 can express to activate the target gene transcription. (d) Light-controlled dCas9-midated gene transcription systems
based on REDMAP. Under red-light illumination conditions, the heterodimerization of APhyA and FHY 1 enables the expression of the fused protein
MS2-p65-HSF1 to activate endogenous gene expression by sgRNAs-mediated recruitment of the transcriptional activator domain.
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Fig. 12 Light-controlled gene transcription and editing systems based on CRISPR-Cas12a/dCas12a

(a) Blue light-controlled split-Cas12a gene editing systems. Under blue-light illumination conditions, pMag and nMagHighl that are fused to
dCas12a are reassociated by the dimerization of pMag and nMag, thereby recovering the catalytic activity of Casl2a to cleave the target DNA se-
quence. (b) Far-red light-controlled Casl2a gene editing systems. Under far-red light illumination conditions, BphS can convert GTP into c-di-GMP
to trigger the dimerization of p65-HSF1-B1dD for binding with the operator to induce the expression of Cas12a for targeted genome cleavage. (c) Far-
red light-controlled gene transcription systems based on SunTag and BphS-BldD. Under far-red light illumination conditions, the expression of the fu-

sion protein dCas12a-GCN4 can be induced to activate the target gene transcription by the recruitment of the transactivator fused with ScFv.
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Fig. 13 Light-controlled transgene expression systems based on RNA level

(a) Light-controlled transgene expression systems based on PAL. Under dark conditions, PAL is dissociated from the RNA aptamer to initiate reporter

gene expression. With blue light illumination, PAL can bind to RNA aptamer, which can suppress the reporter gene expression. (b) Light-controlled

transgene expression systems based on LicV. A stem-loop inserted termination sequence hinders the reporter gene expression, and under blue light il-

lumination, the dimerized VVDs enables dimerization of CATs, which binds to the RAT sequence and unfold the stem-loop, thereby restoring the re-

porter gene expression.
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Fig. 14 Light-controlled movement and localization of organelles

(a) Light-controlled organelle localization based on CRY2-CIB1. Under blue-light illumination conditions, CRY?2 undergoes a conformational change
that enables interactions with CIBN for the movement of organelles driven by the molecular motor. (b) Light-controlled localization of organelles
based on LOV. Under blue light irradiation conditions, the organelles fused with PEX-LOV can bind to the engineered PDZ domain ePDZb!fused

with molecular motor, leading to the movement and localization of organelle.
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Fig. 15 Optogenetic tools for intelligent bioelectronic medicine

(a) A brain-controlled wireless-powered optogenetic implant device for transgene expression. This brain-controlled transgenic expression device can

wirelessly control gene expression through human brain activities. Electroencephalogram (EEG) headset captures brain wave activities and transmits

them to the field intensity generator interface (BCI) through Bluetooth, which integrates with a near-infrared LED. The bacterial diguanylate cyclase

(DGC) can be activated by near-infrared light, which converts GTP into c-di-GMP for the activation of the STING signal pathway to initiate the trans-

gene expression. (b) Semi-automatic intelligent diagnosis and treatment systems based on optogenetic designer cells for diabetes treatment. The blood

glucose value detected from the blood glucose monitor can be automatically transmitted to the smart controller and smart phone through Bluetooth. The

smart controller can regulate far-red light intensity based on the blood glucose value. Under far-red light irradiation, BphS converts intracellular GTP in-

to c-di-GMP, which dimerizes the hybrid transcriptional activator p65-VP64-BldD into the nucleus for binding to the chimeric promoter to initiate the

expression of insulin or GLP-1 for controlling blood glucose homeostasis. (c) Wearable smart watch-controlled optogenetic systems for disbetes treat-

ment. The system utilizes green light from a smartwatch to activate artificially customized cells implanted into the skin of mice. The green light-respon-

sive TtCBD is anchored onto the cell membrane. When the LEDs are turned on, TtCBD is depolymerized, and the hybrid transcriptional activator TetR-

VPR is separated from the cell membrane to initiate the transcription expression of GLP-1for controlling blood glucose homeostasis.
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