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The STING pathway is a promising target for cancer immunotherapy,
but systemic activation by small-molecule agonists can cause adverse
effects. We report a visible light-activatable STING agonist, BODIPY-
MSA-2, enabling precise, light-dependent uncaging and restoration of
STING activity in vitro, with potential to enable spatiotemporal control
of immunostimulation.

The STING (stimulator of interferon genes) pathway is a central
mediator of cytosolic DNA sensing’? and plays an important
role in antitumor immunity by promoting a type I interferon
response.””® Non-nucleotide, small molecule STING agonists,
such as MSA-2, have emerged as promising immunotherapeutic
agents.”® However, systemic administration of STING agonists
can lead to widespread inflammation,” limiting -clinical
application."”™" Additionally, chronic activation of the STING
pathway is associated with autoimmune'"® and metabolic
diseases.”'*"

To address this, spatiotemporal control of STING activation
is desirable. Photopharmacology—the use light to modulate
biological activity—offers an attractive solution by enabling
precise control over drug activation in target tissues.'®'” Recent
efforts to implement photopharmacology to improve STING
pathway control have been successful.'®*° For example, diBSP01,
a dimerized form of an MSA-2 analogue, successfully enhanced
STING protein binding and pathway activation; its photocaged
form, caged with diethylaminocoumarinyl-4-methyl (DEACM),
exhibited masked activity in the absence of irradiation in a
zebrafish xenograft model.”® Non-dimerized MSA-2 was also used
as the starting molecule for photocaging, with its photocaged
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form equipped with tumor-cell targeting via carbonic anhydrase
IX (CAIX), a protein commonly expressed on the surface of
cancerous cells.”! Furthermore, photocaged STING agonists have
shown success in enhancing dendritic cell maturation and tumor
antigen cross-presentation, M1 macrophage polarization,> and
sustaining a prolonged immune response. However, these tech-
nologies rely on uncaging at a specific wavelength which requires
a specialized laser making translation more challenging, and
thus, expanding this range to the full visible spectrum would
allow for greater translatability.

Photocaging with chromophores such as BODIPY (boron-
dipyrromethene), which release cargo in response to visible
light, allows deeper tissue penetration with reduced toxicity®*
compared to ultraviolet (UV)-based systems.*®> Along with lim-
ited penetration,*® prolonged exposure to UVA, a form of UV
light, can lead to unwanted effects in epidermal and dermal
immune cells, accelerated skin aging, and an increased risk of
carcinogenesis.>’ Additionally, BODIPY proved advantageous
in biomedical applications due to its high chemical and
photostability,>*?® its invariance in environments with varying
pH and polarity.>**°

In this study, we report the development of a visible-light-
activatable STING agonist generated by covalently linking the
small-molecule agonist MSA-2 to a BODIPY-based photocaging
group, rendering the compound inactive until light exposure.
The BODIPY chromophore enables efficient photolysis under
visible-light irradiation, at which point BODIPY-MSA-2 is
uncaged to release bioactive MSA-2. The liberated MSA-2 can
then bind STING on the endoplasmic reticulum membrane
and activate downstream IRF-mediated interferon signalling.
We characterize the synthesis, photochemical properties, and
biological activity of this photoactivatable STING agonist
and demonstrate robust light-dependent STING activation in
immune cells. This strategy enables precise, spatiotemporal
control of innate immune activation and holds promise for
minimizing off-target or systemic immune responses in vivo.
Notably, BODIPY-based photocages are particularly advantageous
because they enable the release of carboxylate-containing
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molecules using visible light, circumventing the need for high-
energy UV excitation required by most conventional photo-
caging groups.**?

Masking the free carboxylic acid functionality on MSA-2 with
a BODIPY moiety was anticipated to not only enable controlled
photoactivation under mild light conditions but also enhance
the compound’s membrane permeability. To confer light sen-
sitivity to MSA-2, we identified the carboxylic acid in MSA-2 as
suitable for coupling to a hydroxyl-functionalized BODIPY
photocage, effectively photo-caging the STING-binding capacity
of MSA-2. A custom BODIPY-based photocage with a red-shifted
absorption maximum (~530-650 nm) was synthesized and
conjugated to MSA-2 via an ester linkage (Fig. 1). The resulting
BODIPY-MSA-2 compound was purified by column chromato-
graphy and confirmed by high resolution mass spectrometry
(HRMS), high-performance liquid chromatography (HPLC) and
nuclear magnetic resonance (NMR) spectroscopy.

The synthesis of the target BODIPY-MSA-2 analogue (1) was
accomplished via esterification. The coupling of BODIPY-Me,-
OH*** with the carboxylic acid MSA-2® was performed via a
Steglich esterification using EDC as the coupling reagent and
DMAP as the catalyst in THF at room temperature overnight.
This reaction yielded the desired analogue, BODIPY-MSA-2, as
an ester conjugate, which is purified by column chromatogra-
phy and characterized by HRMS and NMR spectroscopy.

BODIPY-MSA-2 exhibits a pronounced absorption band in
the visible region of the spectrum (approximately 500-550 nm),
arising from the characteristic electronic transition of the
BODIPY chromophore. Excitation at these wavelengths enables
photochemical activation using visible light, which offers
improved tissue penetration and reduced phototoxicity relative
to UV-based photocaging strategies. Upon visible-light irradia-
tion, the BODIPY photocage undergoes rapid and efficient
photolytic cleavage through an excited-state intramolecular
charge transfer mechanism, resulting in the quantitative
release of free MSA-2. The photo-uncaging process was com-
prehensively characterized by HPLC and NMR spectroscopy,
which confirmed the disappearance of the caged precursor
(compound 1) and the concomitant formation of the liberated
MSA-2 (Fig. 2A). These findings collectively indicate that the
BODIPY caging strategy can provide a reliable and efficient
platform for light-controlled activation of STING agonists in
biological environments.

Photouncaging of compound 1 was further validated
through detailed "H NMR spectroscopic analysis (Fig. 2B).
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Fig. 1 Schematic representing the synthesis of BODIPY-MSA-2 (1).
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Fig. 2 (A) Schematic illustration of the release of MSA-2 on visible light
irradiation. (B) *H NMR spectra of compound 1 in MeOD upon visible light
irradiation at t = 0, 10, and 20 min. (C) Samples were prepared in DMSO :
MeOH (5:1) and irradiated with visible light for 0, 10, 20, and 30 minutes,
followed by HPLC analysis. The HPLC chromatograms revealed a pro-
gressive decrease in the peak corresponding to compound 1 (retention
time: 29.8 min), accompanied by a concomitant increase in the peak
corresponding to free MSA-2 (retention time: 16.8 min), confirming time-
dependent photo-uncaging of MSA-2.

Compound 1 was dissolved in deuterated methanol (CD;0D)
and divided into three aliquots: one was maintained in the dark
as a control, while the other two were exposed to visible light
irradiation for 10 min and 20 min, respectively. The resulting
NMR spectra were compared with that of MSA-2 to assess the
extent of photolytic release.

In the dark control sample, characteristic aromatic proton
signals of the caged compound were observed at ¢ 8.03, 7.43,
and 7.40 ppm, each integrating for one proton, consistent
with the aromatic protons of the MSA-2 moiety in its protected
form. Additionally, the methylene protons adjacent to the ester
linkage appeared as a distinct signal at ¢ 2.86 ppm, confirming
the intact BODIPY-MSA-2 conjugate.

Upon irradiation, the spectrum showed time-dependent
changes consistent with photochemical cleavage of the BODIPY
cage. After 10 minutes of light exposure, the signals corres-
ponding to the caged species began to diminish, and new
resonances corresponding to free MSA-2 emerged. Following
20 minutes of irradiation, the transformation was nearly com-
plete, as evidenced by the appearance of diagnostic aromatic
proton peaks at 4 8.09 ppm (1H) and ¢ 7.44 ppm (2H), matching
those of authentic MSA-2. Concomitantly, the methylene reso-
nance shifted from J 2.86 to 2.70 ppm, consistent with cleavage
of the ester bond and liberation of free MSA-2.

Collectively, these NMR results, in agreement with the HPLC
analysis, confirm efficient and time-dependent photouncaging
of MSA-2 from compound 1 under visible-light irradiation. After
confirming the photo release of MSA-2 further in vitro analysis
was done to confirm the activity of MSA-2 released from the
photo cage.

To validate the light-induced uncaging of compound 1 prior
to conducting cell-based experiments, a solution of 1 was
prepared in a DMSO: MeOH (5:1) solvent mixture and subjected
to controlled visible-light irradiation for varying time intervals
(0, 10, 20, and 30 min). Immediately following irradiation,
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the reaction mixtures were analysed by HPLC to monitor the
photolysis process (Fig. 2C). The chromatographic profile
revealed a progressive decrease in the peak corresponding
to the caged precursor 1 (retention time = 29.8 min), which
diminished completely upon extended light exposure. Concur-
rently, a new peak corresponding to the released MSA-2 (retention
time = 16.18 min) appeared and increased in intensity, confirming
successful photouncaging. Additional peaks observed at 20.1
and 22.7 min were assigned to photoproducts derived from the
BODIPY chromophore, consistent with the formation of known
photooxidation or fragment byproducts. These results collectively
demonstrate efficient and time-dependent photolytic release of
MSA-2 from compound 1 upon visible-light irradiation.

The ability of photoirradiation to restore STING pathway
activation of the photocaged agonist BODIPY-MSA-2 was eval-
uated in vitro using THP-1 Dual™ reporter monocytes, which
express a luciferase reporter under control of interferon reg-
ulatory factor (IRF) elements, allowing for relative lumines-
cence to be assessed as a measure of STING activation.

Non-irradiated cells treated with BODIPY-MSA-2 exhibited
baseline activity indistinguishable from that of the BODIPY
only control, indicating that the STING agonist was suppressed
while the photocage remained intact. In contrast, photoactivated
BODIPY-MSA-2 displayed a significant increase in IRF-driven
luminescence, approaching the levels induced by unmodified
MSA-2. ECs, values for BODIPY-MSA-2 and native MSA-2 were
6.8 UM and 7.8 uM, respectively, with photoirradiation (Fig. 3A
and C). These values fall within a comparable range, indicating
similar potency and immune activation.

Importantly, cell viability assays demonstrated comparable
compound toxicity across all three groups under both photo-
activated and dark conditions, indicating that the recovered
immune activity resulted from photochemical uncaging, rather
than any chances due to light exposure. Although both BODIPY-
MSA-2 and unmodified MSA-2 exhibited some cytotoxicity, cell
viability remained high (>75%) in the range where STING activa-
tion was observed. In vitro testing revealed that ECs, values without
light exposure for BODIPY-MSA-2, unmodified MSA-2, and BOD-
IPY were 111.536 pM, 85.9 puM, and 232.4 pM, respectively (Fig. 3B).
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Fig. 3 (A) QUANTI-Luc™ dose-response curve showing relative lumines-
cence vs [agonist] without any light exposure (B) cell viability curve of
THP1-Dual™ cells in response to agonists without any light exposure (C)
QUANTI-Luc™ dose-response curve showing relative luminescence vs
[agonist] after light exposure (D) cell viability curve of THP1-Dual™ cells in
response to agonists after light exposure.
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IC5, values after light exposure for BODIPY-MSA-2, unmodified
MSA-2, and BODIPY were 60.8 uM, 185.8 puM, and 155.2 pM,
respectively (Fig. 3D). Collectively, these results confirm that
BODIPY-MSA-2 remains functionally inert under dark conditions
and can be reactivated in vitro through brief photoirradiation,
providing control over STING pathway activation.

We developed a visible-light activatable STING agonist by
covalently caging the small-molecule STING agonist MSA-2 with
a BODIPY photocage, generating a construct that remains
pharmacologically inert in the absence of light but rapidly
restores bioactivity upon visible-light irradiation. This platform
establishes a modular strategy for irreversible, non-invasive
control of STING activation, providing a powerful tool for
precision immunotherapy.

While past approaches demonstrated successful photo-
controlled STING agonism with coumarin-based photocaging
groups, such as by using 7-(diethylamino)-4-(hydroxymethyl)
coumarin (DEACM) to photocage MSA-2 and its analogues,**>®
the overall efficiency of photo-release is limited by chemical
stability and photolysis quantum yields. While coumarin-based
groups show high chemical stability, they are limited in their
sensitivity to irradiation;>” BODIPY-based photocaging groups
exhibit high chemical stability and can resist hydrolysis under
ambient light conditions, reflecting high photochemical stabi-
lity and photolysis quantum yields.?” Motivated by these prop-
erties, we employed BPDIPY caging of MSA-2 to achieve light-
triggered STING activation.

A significant challenge associated with photoactivation in
biological systems is the generation of reactive oxygen species
(ROS), arising from the energy transfer between the photocage
and molecular oxygen,*® which can lead to cell death®® through
apoptosis®® and necrosis.*"*> While the BODIPY scaffold was
chosen for its low phototoxicity relative to other UV-activated
chromophores,'® low-intensity irradiation with visible light can
still produce peroxides and other ROS that influence cell
viability, consequently impacting interpretations of immune
activation and limiting the therapeutic dose. In preliminary
experiments, photoirradiation of the culture media without
ROS scavenging agents led to reduced cell viability. Beyond
demonstrating proof-of-concept photoactivation, this study
provides a foundation for achieving local and kinetically regu-
lated immunomodulation in vivo, where innate immune path-
ways can be activated site-specifically with light exposure.
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