#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Photochemically controlled activation of STING by
CAlX-targeting photocaged agonists to suppress
tumor cell growtht

i ") Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 5956

8 All publication charges for this article
have been paid for by the Royal Society ;
of Chemistry Chunyong Ding, & £*29 Mengyan Du, " Zhi Xiong, ¢ Xue Wang,+* Hongji Li,?
Ende He,? Han Li,”" Yijing Dang, © € Qing Lu,? Shicong Li,? Ruoxuan Xiao,? Zhiai Xu, & ¢
Lili Jing,*® Liufu Deng,? Xiyuan Wang, ©2® Meiyu Geng,”® Zuoquan Xie**®

and Ao Zhang*®

Controllable activation of the innate immune adapter protein — stimulator of interferon genes (STING)
pathway is a critical challenge for the clinical development of STING agonists due to the potential “on-
target off-tumor” toxicity caused by systematic activation of STING. Herein, we designed and
synthesized a photo-caged STING agonist 2 with a tumor cell-targeting carbonic anhydrase inhibitor
warhead, which could be readily uncaged by blue light to release the active STING agonist leading to
remarkable activation of STING signaling. Furthermore, compound 2 was found to preferentially target
tumor cells, stimulate the STING signaling in zebrafish embryo upon photo-uncaging and to induce

proliferation of macrophages and upregulation of the mRNA expression of STING as well as its
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Accepted 5th May 2023 downstream NF-kB and cytokines, thus leading to significant suppression of tumor cell growth in
a photo-dependent manner with reduced systemic toxicity. This photo-caged agonist not only provides

DOI: 10.1039/d35c01896b a powerful tool to precisely trigger STING signalling, but also represents a novel controllable STING
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Introduction

The stimulator of interferon genes (STING) is a major
component of the innate immune system that senses cytosolic
double stranded DNA (dsDNA) and triggers antiviral and anti-
tumour immunity.’* STING is an endoplasmic reticulum-
transmembrane adaptor protein for recognition of 2',3"-cyclic
guanosine monophosphate-adenosine monophosphate
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activation strategy for safer cancer immunotherapy.

(cGAMP), which is a second messenger produced by dsDNA
recognition receptor cyclic guanosine monophosphate-adeno-
sine monophosphate synthase (cGAS).*® Upon binding with
¢GAMP, STING undergoes a large conformational change to
trigger a series of downstream signalling activation events,
leading to production of type I interferons and many other
inflammatory cytokines,'*** which can induce cross-priming of
tumor-specific antigens and facilitate a T cell-inflamed tumor
microenvironment, and eventually promote the adaptive
immune response for antitumor immunity."*** Therefore,
STING is a promising tumour immunotherapeutic target for
turning immunologically “cold” tumor to “hot”.'**®* STING
agonists with various chemotypes have been extensively
explored.”?* For instance, small molecule MSA-2 with the
benzothiophene scaffold was revealed to be an orally available
STING agonist showing potent systemic antitumor immunity
with promising clinical potential.®®* However, activation of
STING is a double-edged sword when manipulated as cancer
immunotherapy. Due to the ubiquitous expression of STING in
both tumor and normal tissues, systemic administration of
STING agonists can result in “on-target off-tumor” toxicity, such
as an uncontrolled cytokine storm and autoimmunity."**” Over-
activation of STING results in persistent generation of
cytokines, not only creating an inflammatory tumor
microenvironment (TME) to promote tumour development, but
also inducing cell stress and death in T-lymphocytes.®*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Although intratumoral delivery of STING agonists has the
potential to avoid the off-tumor side effects, this strategy suffers
from limited application to a narrow subset of tumors.'***
Accordingly, controllable activation of STING in cancerous
tissue is critical for STING agonists as a new stimulatory
immuno-oncology therapy.

Due to the non-invasive properties and spatiotemporal
accuracy, the utilization of light to precisely regulate biological
processes has become increasingly evident.**-** Particularly, the
photo-induced drug release strategy has received considerable
attention in medicinal research owing to the controllable
bioactivity in the desired tissues and cells while avoiding side
effects elsewhere.**** Similar to a prodrug strategy, a photo-
removable protecting group (PPG) is utilized to mask the key
pharmacophore of a drug (warhead).** The resulting photo-
caged drug is then uncaged by irradiation with light of an
appropriate wavelength to liberate the bioactive parent
molecule, thereby exhibiting desired therapeutic effects with
low systemic side effects.***” Therefore, it would be of critical
importance to add a photo-controllable trigger on a potent
STING agonist,””” thus enabling its spatial activation in
desirable tissues and cells to facilitate precise controllable
activation of cellular STING as well as to eliminate potential off-
tumor toxicity.

Herein, we describe the design, synthesis, and biological
evaluation of photo-activatable STING agonists 1 and 2 based
on MSA-2. The principle of photo-triggered activation of STING
signalling is depicted in Fig. 1. The caged agonists with or
without a tumor-specific carbonic anhydrase warhead in the
absence of light irradiation are unable to stimulate STING,
whereas upon light irradiation, the active agonist MSA-2 is
irreversibly released, leading to STING activation and secretion
of interferon-stimulated genes (ISGs). This photoactivatable
strategy may offer a promising option to precisely manipulate
the STING signalling and eliminate systemic side effects caused
by the STING agonist.

Results and discussion
Design of photoactivatable STING agonists

The photocaged STING agonist was designed on the basis of the
benzothiophene oxobutanoic acid scaffold of MSA-2, which is
an orally available non-nucleotide STING agonist recently
disclosed by Merck.*® According to the X-ray crystal structure of
MSA-2 bound to human STING (Fig. 1A), the carboxylate group
not only forms a hydrogen bond with the proximal Thr263, but
also forms hydrogen bonds (yellow dashed lines) with the
Arg238 guanidinium group side chain across the STING
homodimer. These interactions are critical and responsible for
STING activation.?® Due to the high quantum yield and aqueous
solubility of the 7-(diethylamino)-4-(hydroxymethyl)coumarin
(DEACM),*** we used it as the PPG to cage the carboxylate
group of MSA-2 to yield compound 1, in which the carboxylic H-
bonding interactions of MSA-2 were masked to turn “OFF” its
STING activity (Fig. 1B). Due to the photoactive cleaving nature
of DEACM, 1 can be easily uncaged under 450 nm blue light to
recover MSA-2 to turn “ON” its STING signalling. To increase
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Fig. 1 Design of photo-activatable STING agonists. (A) Co-crystal
structure analysis of MSA-2 bound to human STING protein (PDB:
6UKM26) identifies the terminal oxobutanoic acid as the critical
structural motif for the activation of STING, evidenced by several key
hydrogen bond interactions (orange dashed line). (B) STING agonist
MSA-2 is caged with DEACM PPGs placed at the terminal oxobutanoic
acid, which prevents the activation of the STING signalling. Irradiation
with blue light at 450 nm removes the caging group to release MSA-2,
which activates STING to induce the phosphorylation of the
downstream signalling.

tumor tissue-specific targeting, a carbonic anhydrase IX (CAIX)
ligand (arylsulfonamide) is attached to the acrylic acid moiety of
the DEACM component of 1, leading to a CAIX-targeting
photoactivatable STING agonist 2 (Fig. 1B). Since CAIX is
generally over-expressed in various aggressive tumors over
normal tissues,** this targeted photoactivatable molecule 2
represents a photo-controllable STING agonist specifically
targeting cancer.

Chemical synthesis of photo-caged STING agonists

As described in Scheme 1, the synthesis of 1 was commenced
from the fully protected coumarin 4, which was readily prepared
from 7-amino-4-methyl coumarin 3 by following a five-step
literature procedure.*® Selective removal of the silyl group in 4
with tetrabutylammonium fluoride (TBAF) afforded alcohol
coumarin 6, which was further coupled with MSA-2 in the
presence of EDCI/HOBT followed by deprotection of the tert-
butyl group under TFA to give the desired product 1.
Deprotection of the tert-butyl group in 6 with TFA afforded the
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Scheme 1 Synthesis of the photocaged sting agonist 1. Reagents and
conditions: (a) TBAF, THF, DCM, rt, 1 h, 70%; (b) MSA-2, EDCI, HOBT,
DIPA, rt, overnight, 69%; (c) TFA, DCM, rt, 1 h, 90%.

/@)k /@/U\N/\/O\/\o/\/NHZ
/S

HN™ \\
tBuMeZS|
b
4 _—
/\N
P s
2 _NH,
OH S‘b .
SN N/\/O\/\o/\/N
N o0 Yo 9 0
o
s
/ o]
0
—d o o W ~NH;
o N °
X N/\/O\/\O/\/N
H
“N 0" Yo °
/l 2
Scheme 2 Synthesis of the CAIX-targeting photoactivatable
sting agonist 2. Reagents and conditions: (a) tert-butyl

(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate, EDCI, HOBT, DIPA, rt,
overnight, 70%; (b) TFA, DCM, rt, 1 h; (c) EDCI, HOBT, DIPA, rt,
overnight, 78%; (d) TBAF, THF, rt, 1 h, 68%; (e) MSA-2, EDCI, HOBT,
DIPA, rt, overnight, 69%.

carboxylic acid coumarin 5 as the photo-releasing side product
of 1. The synthesis of 2 is described in Scheme 2. 4-
Sulfamoylbenzoic acid was amidized with tert-butyl(2-(2-(2-
aminoethoxy)ethoxy)ethyl)carbamate  followed by  Boc-
deprotection to give linker 7. Selective deprotection of the tert-
butyl group in 4 with TFA provided carboxylic acid 8, which was
further coupled with 7 followed by deprotection of the silyl
group to give alcohol coumarin 9. Esterization of 9 with MSA-2
using EDCI/HOBT furnished the desired product 2.

Photochemical properties of photo-caged STING agonists 1
and 2

The photochemical properties of the caged STING agonists 1
and 2 were investigated under physiological conditions. The
absorbance and fluorescence spectra were investigated in PBS
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buffer (10 mM, pH = 7.4, containing 5% DMSO, v/v). As shown
in Fig. S1A,f compound 1 displayed two absorbance peaks
centred at 325 and 450 nm, respectively, representing the
maximum absorption wavelength of MSA-2 and compound 5.
Upon excitation at 450 nm, obvious fluorescence emission
peaking at 525 nm was observed for 1 (Fig. S1Bf). Similar
photochemical behaviours were also observed in the case of 2
(Fig. S1C and Dt). The photo-release of MSA-2 from the caged
agonists 1 and 2, respectively, were investigated by high-
performance liquid chromatography (HPLC). Under
irradiation with 450 nm blue light, the caging groups were
readily removed, and the peaks of 1 and 2 decreased gradually
along with the accumulation of MSA-2 and PPGs 5 and 9, as well
as an unknown side product (Fig. 2). The high efficiency of
photo-cleavage of 2 allowed for nearly complete degradation
within 40 min of irradiation (Fig. 2B). Moreover, no significant
spontaneous hydrolysis of 2 in PBS buffer (Fig. S21) and human
plasma (Fig. S3) at 37 °C was observed in the HPLC-MS assay,
indicating its good stability in buffer (>95% remaining at 24 h)
and plasma (>80% remaining at 5 h). Therefore, the caged 2 is
suitable for various physiological assays within a short time of
irradiation by biocompatible visible (450 nm) light.

Compounds 1 and 2 photo-controllably activate STING
downstream ISG signalling

THP1-Dual cells, which possess the STING downstream ISGs
reporter, were used to evaluate the photo-activation effects of
the caged agonists 1 and 2 on the STING signalling. Compounds
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Fig.2 Photouncaging of compounds 1 and 2 (0.5 mM) in CHsCN/PBS
buffer. HPLC analysis of compounds 1 (A) and 2 (B) uncaging with
450 nm blue light (intensity: 6.7 nm W cm™2), exhibiting efficient
photochemical conversion to the desired MSA-2 in a time-dependent
manner. Samples with light irradiation for different times are stacked.
The peaks of compounds MSA-2, 1, 2, 5 and 9 are labelled with arrows.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photo-controllable activation on the STING downstream
signalling pathway under blue light. (A) THP1-Dual cells were treated
with each compound (MSA-2, 1, 2, 5, and 9) at 10 pM or vehicle (0.1%
DMSO), in the presence or absence of blue light (450 nm) for 15 min
and then incubated for 24 h. (B) Dose-dependent activation on the ISG
reporter of compounds 1 and 2 in THP1-Dual cells under blue light
irradiation for 15 min followed by incubation for 24 h. (C) Time-
dependent activation on the ISG reporter of compound 1 (5 uM) in
THP1-Dual cells under blue light (40 mA, 3.35 mW cm™2) for indicated
times, followed by incubation for 24 h. (D) Time-dependent activation
on the ISG reporter of compound 2 (5 pM) in THP1-Dual cells under
blue light (80 mA, 6.7 mW cm™2) for indicated times, followed by
incubation for 24 h. (E) Activation of compounds 1 and 2 (5 pM) on the
ISG reporter was dependent on STING under light irradiation for
15 min. The ISG fold change was calculated relative to the vehicle
control, and the tests were carried out in triplicate. (F and G) THP1-
Dual cells were treated with the indicated concentration of
compounds (MSA-2, 1 and 2) with or without 15 min blue light
exposure, and then incubated for 4 h. The expression of proteins was
determined by western blotting. (H) IFN-B secretion of THP1-Dual
cells upon treatment with compounds (MSA-2, 1 and 2) for 24 h after
15 min of blue light exposure. (I) IP-10 secretion of THP1-Dual cells
upon treatment with compounds (MSA-2, 1 and 2) for 24 h after 15 min
of blue light exposure. Results are expressed as mean 4+ SEM from two
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, as
compared to the vehicle using one-way ANOVA.

1 and 2 were tested on the induction of ISG reporter in the
presence or absence of blue light (450 nm) irradiation. As
depicted in Fig. 3A, MSA-2 as the positive control significantly
stimulated the ISG reporter, which was independent of the
irradiation of blue light. Neither 1 nor 2 at 10 pM induced any
ISG reporter responses without light irradiation, which
validated our hypothesis that caging the carboxylic acid moiety

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of MSA-2 nearly abolished STING activity. Upon being irradiated
with 450 nm blue light, both compounds dramatically activated
the ISG reporter with approximately 50- and 100-fold increment,
respectively, which is comparable to that of MSA-2. No
activation was observed for PPGs 5 and 9 under the same
irradiation conditions. Moreover, both 1 and 2 dose-
dependently activated the ISG signalling in THP1-Dual cells
under 15 min irradiation of blue light (Fig. 3B), as well as time-
dependently activating the ISG signalling in THP1-Dual cells
under irradiation of blue light (Fig. 3C and D). These results
suggest that both 1 and 2 could photo-controllably activate
STING signalling with the potential of spatiotemporal accuracy.
To determine if the photo-induced activation of the ISG reporter
is dependent on STING protein, we further investigated the
photo-induced effects of 1 and 2 in THP1-Dual KO-STING cells.
As shown in Fig. 3E, both 1 and 2 were active in the wild type
cells, but totally lost their photo-induced STING activity in
THP1-Dual KO-STING cells, indicating the photoactivatable
agonists 1 and 2 exerted their effects through targeting STING.

Both 1 and 2 induce phosphorylation of STING downstream
signalling and secretion of IFN-B and IP-10 in a light-
dependent manner

We also examined the photo-triggered effects of 1 and 2 on the
downstream TBK1/IRF3 phosphorylation and cytokines
secretion at 2.5 uM, 5 uM, and 10 uM, respectively. As expected,
both 1 and 2 failed to induce the phosphorylation of the TBK1
and IRF3 in the absence of blue light exposure (Fig. 3F and G).
However, after a period of 15 min of light irradiation, the
phosphorylation of STING downstream signalling was
significantly increased in a dose-dependent manner (Fig. 3F
and G). As a contrast, MSA-2 significantly phosphorylated TBK1
and IRF3, which was independent of irradiation. The photo-
induced secretion of IFN-B and IP-10 in THP1-Dual cells, two
critical cytokines of the ISG signalling pathway, was further
determined in an ELISA assay. As shown in Fig. 3H and I, both 1
and 2 dose-dependently increased the secretion of IFN-B and IP-
10 under 15 min light irradiation at concentrations ranging
from 2.5 to 10 uM. Both 1 and 2 can activate the STING
downstream signalling pathway in a photo-controllable
manner.

Compound 2 binds to CAIX on the membrane of tumor cells

CAIX is highly over-expressed on the membrane of various
cancer cells, especially those under hypoxic conditions.**** The
photoactivatable STING agonist 2 was designed containing the
benzenesulfonamide moiety, a key pharmacophore that binds
to CAIX. To determine whether 2 is accumulated in the tumor,
flow cytometry assay was employed to measure the binding of
the fluorescent 2 to the membrane CAIX of CT-26 colon cancer
cells. As shown in Fig. 4A, a significant right shift of the
fluorescence signal was observed for 2, while there was no such
shift for 1. Accordingly, the mean fluorescence intensity of the
wild type cells treated with 2 was significantly increased but not
in the case of 1 (Fig. 4B). The fluorescence intensity in the CAIX-
knocked down cells treated with 2 was decreased (Fig. 4C and

Chem. Sci., 2023, 14, 5956-5964 | 5959
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Fig.4 Compound 2 binds to CAIX of CT26 colon cancer cells. (A) Flow
cytometric analysis of CT-26 cells treated with 1 and 2 (10 uM),
respectively; (B) median fluorescence intensity of (A); (C) flow
cytometric analysis of wild type and CAIX knock-down CT-26 cells
treated with 2 (10 uM) and western blotting analysis of the CAIX knock-
down cells by siRNA; (D) median fluorescence intensity of (C); (E) flow
cytometric analysis of CT26 cells treated with acetazolamide (10 uM)
and 2 (10 uM), respectively, as well as the acetazolamide-preincubated
CT26 cells treated with 2; (F) median fluorescence intensity of (E). (G)
CT26 cells were cultured under normoxia and hypoxia (0.5% O,), and
24 h later the cells were incubated with or without 2 (10 uM) and
subjected to flow cytometry analysis, besides the expression of CAIX
was determined by western blotting at different time points; (H)
median fluorescence intensity of (G). Results are expressed as mean +
SEM from two independent experiments (*p < 0.05, **p < 0.01, t-test).

D), suggesting CAIX is a target of 2 accounting for its specific
targeting of CT-26 tumor cells. Moreover, pretreatment of CT-26
cells with acetazolamide,** a CAIX specific inhibitor, followed by
2 decreased the fluorescence intensity (Fig. 4E and F), compared
to treatment with 2 alone, indicating acetazolamide
competitively binding to CAIX with 2. It seems that the binding
of 2 to CAIX-expressing tumor cells is one of mechanisms for
targeting tumor cells, while other pathways may exist, such as
targeting other subtypes of carbonic anhydrase. Further, we
compared the binding of 2 to CT26 cells under hypoxia and
normoxia, and found that the binding was dramatically
increased under hypoxia compared to normoxia, which was
consistent with the increased expression of CAIX under hypoxia
(Fig. 4G and H), indicating a binding advantage of 2 in the
hypoxic tumor microenvironment. Similarly, the binding of 2 to
HT29 colon tumor cells was dramatically increased under
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hypoxia compared to normoxia (Fig. S4A and BfY), and also
decreased by acetazolamide pre-treatment (Fig. S4C and Df).
These results collectively illustrated that the photoactivatable
agonist 2 possessed promising potential to accumulate in
tumor tissues at least due to its CAIX binding capacity.

Compound 2 photo-controllably activates STING signalling in
zebrafish embryos and preferentially targets tumour cells in
zebrafish xenografts

The zebrafish embryo model has various biological advantages,
especially its ex vivo development and optical transparency,
making it an ideal system for quickly monitoring drug
responses in vivo.**** The innate and adaptive immune systems
in zebrafish are also highly conserved with mammals, and
immune cells and cancer cells can be fluorescently labelled and
directly observed in live zebrafish.***® Thus, it is also frequently
used to study the anti-tumor immune responses.****

We used the zebrafish containing fluorescent-labelled
immune cells with Tg (coro1a:EGFP) or Tg (mpegl:mCherry)
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STING expression analysis
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Fig.5 Photo-triggered activation of the STING signalling pathway by 2
in zebrafish. (A) The time scheme for the experiments in (B)—(E). MSA-2
(40 uM) and 2 (10 uM) were added to the embryo medium accordingly.
(B) STING is highly expressed in Tg (corola:EGFP)* cells (labelling
macrophages and neutrophils). (C) Relative expression of the genes
involved in the STING signalling activation in embryos after MSA-2 and
2 treatment with or without light irradiation compared to the DMSO-
treated embryos in sorted corola:EGFP-labelled cells. Results are
expressed as mean + SEM from three independent experiments, n =
50 embryos per condition (*p < 0.05, t-test). (D) Representative
confocal images of Tg (mpegl:mCherry) embryos (mCherry
fluorescence labelling macrophages) after DMSO, MSA-2 and 2
treatment with or without light irradiation. (E) Summary of relative
mCherry fluorescent intensity from (D). Results are expressed as mean
+ SEM from three independent experiments, n = 15 embryos per
condition (***p < 0.001, **p < 0.01, *p < 0.05, t-test). Scale bar in (D):
125 pum; dpf, days post fertilization.
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reporter as in vivo model organisms to evaluate photo-triggered
activation of STING by 2. Tg (coro1a:EGFP) labels macrophages
and neutrophils in zebrafish embryos,” while Tg
(mpeg1:mCherry) mainly marks macrophages.*®* As shown in
Fig. 5A and B, STING is highly expressed in coro1a:EGFP" innate
immune cells (macrophages and neutrophils). Photo-triggered
STING activation assay was performed in the sorted
coro1a:EGFP" cells. It has been reported that STING-dependent
activation of IRF3 and NF-kB signalling varies between
species.” Different from human and mouse STING alleles,
activation of zebrafish STING (zSTING) causes dramatic
enhancement of NF-kB signalling and weak IRF3-interferon
signalling.* Therefore, the downstream NF-kB-related mRNA
expression of zSTING was measured to monitor the light-
induced activation of zSTING by 2.°° As shown in Fig. 5C,
zebrafish at 4 days post-fertilization (dpf) was treated with 2 at
10 pM using MSA-2 (40 uM) as a positive control. After exposure
to blue light at 450 nm for 30 min, zebrafish was incubated for
another 3 h for mRNA expression analysis. As shown in Fig. 5C,
zebrafish treated with 2 under blue light exposure significantly
increased the mRNA expression of STING and its downstream
NF-KB, VIPERIN, TNFA, and IL-6, a phenomenon similar to that
of MSA-2. However, low expression of these effectors was
observed for 2 without light irradiation, suggesting 2 could
photo-controllably activate zSTING signalling in zebrafish
embryo. In Tg (mpegl:mCherry) zebrafish, the mCherry red
fluorescence density is positively correlated with the number of
macrophages. As illustrated in Fig. 5D and E, the vehicle group
with light irradiation showed no significant difference in terms
of fluorescence density relative to that without irradiation. The
positive control group treated with MSA-2 significantly
enhanced the fluorescence density regardless of light
irradiation, indicating STING activation is beneficial for the
proliferation of zebrafish macrophages. The zebrafish treated
with 2 without irradiation displayed very weak red fluorescent
intensity similar to that of the vehicle group. Upon 30 min light
irradiation followed by incubation for another 12 h, the
mCherry red fluorescence intensity was significantly enhanced
to the level of the MSA-2 treated group, suggesting that decaging
of 2 by blue light increased the number of macrophages in
zebrafish. These results further confirmed that the light-
induced activation of zSTING signalling by 2 could stimulate
and activate innate immune cells in zebrafish embryo.
Moreover, zebrafish embryo xenografts of human cancer have
been widely used to track tumor progression, drug responses, and
tumor interaction with the host immune microenvironment due to
the conserved cell intercommunication across species.**** We then
examined the targeting of compounds 1 and 2 to tumor cells in
zebrafish xenografts. First, CT26 cells or HT29 human colon cells
labelled with lipophilic dye Dil were microinjected into the yolk of
2 dpf zebrafish embryos to establish the xenograft model, by
following the protocol as previously reported.>>*® After incubation
with 1 or 2 (10 uM) at 1 day-post-injection (dpi), as shown in the
panel of merge in Fig. 6 and S5, compound 2, but not 1,
preferentially accumulated around HT29 or CT26 cells in injected
embryos at 4 dpi, indicating tumor cell-targeting ability of 2 in vivo.
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Fig. 6 Compound 2 targets tumor cells in zebrafish xenografts. (A)
The time scheme for the experiments in (C) and (D). 1 (10 uM) and 2 (10
uM) were added to the embryo medium accordingly. (B) Scheme of the
tumor cell injection site and subsequent imaging area. (C)
Representative confocal images of HT29 tumor cells, compounds 1
and 2 in zebrafish xenografts at 6 dpf. (D) Summary of the fluorescent
intensity of compounds 1 and 2 from (C), obtained by the excitation
wavelength of 450 nm (Aex = 450 nm). Results are expressed as mean
+ SEM from three independent experiments, n = 6-10 embryos per
condition (**p < 0.01, t-test). Scale bars in (C): 25 um; dpf, days post
fertilization.

Photo-triggered activation of zZSTING signalling by compound
2 stimulates immune cells to suppress tumor cell growth in
zebrafish xenografts

We next investigated if photo-induced activation of zSTING
signalling by 2 could activate immune cells to suppress tumor
cell growth in zebrafish xenografts. To do that, we designed
a dual-imaging assay (Fig. 7A and B). Briefly, Tg (coro1a:EGFP)-
labelled zebrafish was implanted with CT26 or HT29 cancer
cells at 2 dpf, and further incubated with 2 (10 uM) at 1 dpi
using MSA-2 (40 uM) as the positive control. We confirmed that
the fluorescence of 2 did not interfere with the fluorescence
of Tg (coro1a:EGFP) (Fig. S6t1). At 3 dpi, the zebrafish was
irradiated by 450 nm blue light for 30 min. Confocal images
were acquired at the tumor cell injecting area at 12 h after light
exposure. As shown in Fig. 7C-F, the group treated with 2 in the
absence of light irradiation exhibited similar fluorescence
intensity of Dil to that of the control group, indicating no
change of the tumor mass. Upon light irradiation, the Dil
fluorescence intensity was significantly decreased, and the
inhibitory rate was more than 50% compared with the control
group, which is comparable to those of the MSA-2 group,
suggesting potent photo-triggered inhibitory activity of 2
against CT26 or HT29 tumor growth.

We also compared the anti-tumoral effects of 1 and 2 in
zebrafish larvae xenografted with HT29 cells. Without light
activation, 1 and 2 showed minimal effects on tumor growth.
After light activation, 2 showed a significantly increased
inhibition of tumor growth compared with 1 (Fig. 8), supporting
that enhanced tumor-targeting of 2 by CAIX increased anti-
tumoral effects in vivo. Interestingly, both MSA-2 and 2 with
or without light irradiation displayed no cytotoxic effects on
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Fig. 7 Photo-triggered suppression of tumor cells by 2 in zebrafish
xenografts. (A) The time scheme for the experiments in (C)—(F). MSA-2
(40 pM) and 2 (10 pM) were added to the embryo medium accordingly.
(B) Scheme of the tumor cell injection site and subsequent imaging
area. (C) Representative confocal images of CT26 tumor cells and
innate immune cells from Tg (corola:GFP) zebrafish xenografts at 4 dpi
treated with MSA-2, 2 and 2 irradiated by light. (D) Relative tumor
growth at 4 dpi versus 1 dpi. Results are shown as the mean + SEM
from multiple experiments, n = 9 embryos per group (***p < 0.001,
***¥p < 0.0001, t-test). (E) Representative confocal images of HT29
tumor cells and innate immune cells from Tg (corola:GFP) zebrafish
xenografts at 4 dpi treated with MSA-2, 2 and 2 irradiated by light. (F)
Relative tumor growth at 4 dpi versus 1 dpi. Results are shown as the
mean + SEM from multiple experiments, n = 9 embryos per group
(***p < 0.001, ****p < 0.0001, t-test). Scale bars in (C) and (E): 50 um;
dpf, days post fertilization; dpi, days post injection.
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CT26 and HT29 cells at various concentrations in vitro (Fig. S77).
Thus, the light-triggered anticancer activity of 2 is likely
attributed to the STING-mediated activation of host immune
cells, such as macrophages and neutrophils, to suppress tumor

cell growth.
Indeed, as depicted in Fig. S8, compared to the control or
2-treated embryos without light irradiation, more Tg

(coro1a:EGFP)-labelled immune cells were recruited to and co-
localized with the CT26 or HT29 cells upon treatment with
MSA-2 or 2 under light irradiation. Particularly, in the HT29
xenograft embryo, about 80% of tumor cells co-localized well
with the immune cells after treatment with 2 irradiated by light
or MSA-2, which is about 7-fold more than that without light
exposure (Fig. S8C and Dt). Besides, most of the immune cells
have a rounded cellular morphology with fewer protrusions
(Fig. S8Cft), and they are likely phagocytotic macrophages
exhibiting characteristics of killing tumor cells.’”*® In contrast,
more immune cells in the control or that without light
irradiation remain separate from tumor cells that indicates
their limited phagocytosis capability.””*® These results together
suggested that photo-triggered activation of zSTING signalling
by 2 stimulates host innate immune cells to suppress tumor cell
growth in the zebrafish xenograft model.
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Fig. 8 Compound 2 displayed better antitumor effects than 1 in
zebrafish xenografts. (A) The time scheme for the experiments in (B)
and (C). 1 (10 pM) and 2 (10 uM) were added to the embryo medium
accordingly. (B) Representative confocal images of HT29 tumor cells
and innate immune cells from Tg (corola:GFP) zebrafish xenografts at
4 dpi treated with MSA-2, 1, 2 or 1 and 2 irradiated by light. (C) Relative
tumor growth at 4 dpi versus 1 dpi. Results are shown as the mean +
SEM from multiple experiments, n = 6-9 embryos per group (***p <
0.001, **p < 0.01, *p < 0.05, t-test). Scale bar: 25 um; dpf, days post
fertilization; dpi, days post injection.

Finally, we compared the toxicity of 2 and MSA-2 in live
zebrafish with or without light irradiation. It was found that
neither drug affected the overall survival of embryos, and 2
induced bent tails in about 25% of embryos after light
activation, whereas MSA-2 caused bent tails in about 48% of
embryos (Fig. S91). In addition, 2 also induced significantly less
cellular apoptosis-related gene expression compared with MSA-
2 in the presence or absence of light (Fig. S9t). These results
together support that the caged compound 2 has a better safety
profile.

Conclusions

Due to the potential “on-target off-tumor” toxicity arising from
the ubiquitous activation of STING in various tissues in
addition to tumor cells, clinical use of STING agonists is
challenging. The controllable activation of the STING signalling
specifically near cancerous tissues might be a promising option
but with limited success yet. In this work, we designed and
synthesized a three-component photo-caged STING agonist 2 by
incorporating a photo-protecting group (DEACM), a tumor-
targeting carbonic anhydrase IX warhead (arylsulfonamide),
and a highly potent STING agonist (MSA-2). This caged STING
agonist 2 could be readily uncaged by blue light irradiation to
release the parent agonist MSA-2. In THP-1 cells, the caged
agonist 2 without irradiation failed to stimulate STING
activation; however, upon irradiation with biocompatible
450 nm blue light, it remarkably activated STING signalling
leading to phosphorylation of its downstream proteins in
a dose- and time-dependent manner. The tumor cell-preferring
ability of 2 was further confirmed by flow cytometric analysis
and fluorescence colocalization. More strikingly, photo-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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triggered activation of STING signalling by 2 was demonstrated
in the zebrafish embryo model, leading to upregulation of
mRNA expression of the downstream NF-kB and cytokines and
proliferation of zebrafish macrophages. Compared to 1 without
the carbonic anhydrase warhead, compound 2 more preferen-
tially targeted tumor cells in zebrafish xenografts, and photo-
activation of 2 potently stimulated effector immune cells to
display better antitumor effects than 1, and lower systemic
toxicity compared to MSA-2. Thus, compound 2 is a promising
tumor cell-targeting photoactivatable STING agonist, which
upon light irradiation, can efficiently release the “real” STING
agonist and “turn on” the innate antitumor immunity.

The major conceptual advancement of this work is the
achievement of the photo-controllable activation of STING
signalling by a photo-caged CAIX-targeting STING agonist,
thus exerting targeted anti-tumor effects in zebrafish xeno-
grafts. Since DEACM with 450 nm absorbance is used as PPG,
our photo-caged STING agonist is limited by short irradiation
light wavelength (<650 nm) for uncaging, which restricts the
photo-release of STING agonists in deep tissues of mamma-
lian animal models due to strong background light absor-
bance. Therefore, development of a photo-caged STING
agonist with long wavelength of uncaging light (>650 nm) is
highly desired for clinical translation. In the near future, we
will develop new photo-removable protecting groups with
long uncaging wavelength, instead of DEACM, to cage the
STING agonist, and the related results will be reported in due
course.
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