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Abstract

Psoriasis is a chronic and relapsing inflammatory skin disease lacking a cure that affects
approximately 2% of the population. Defective keratinocyte proliferation and differentiation,
and aberrant immune responses are major factors in its pathogenesis. Available treatments
for moderate to severe psoriasis are directed to immune system causing systemic
immunosuppression over time, and thus concomitant serious side effects (i.e. infections
and cancer) may appear. In recent years, the G; protein-coupled Ag receptor (A3R) for
adenosine has been suggested as a novel and very promising therapeutic target for
psoriasis. Accordingly, selective, and high affinity AzR agonists are known to induce robust
anti-inflammatory effects in animal models of autoimmune inflammatory diseases. Here, we
demonstrated the efficacy of a selective A3R

agonist, namely MRS5698, in preventing the psoriatic-like phenotype in the IL-23 mouse
model of psoriasis. Subsequently, we photocaged this molecule with a coumarin moiety to
yield the first photosensitive A3R agonist, MRS7344, which in photopharmacological
experiments prevented the psoriatic-like phenotype in the IL-23 animal model. Thus, we
have demonstrated the feasibility of using a non-invasive, site-specific, light-directed
approach to psoriasis treatment.



Graphical Abstract

12, MO,

N\ \
| NEt, Msct |
N e P s
L == L 1)
O’; Na” N\ x o_//"\ PR
) re; DCM o NEY, 60% NaH
DEAC DEAC-OMs

Keywords

psoriasis; anti-inflammatory; adenosine receptor; photopharmacology

1. Introduction

The immune system relies on complex interactions between cells and effector molecules to eliminate
pathogenic agents through both innate and adaptive mechanisms. Indeed, disorders involving the immune
system are challenging to treat pharmacologically without impacting other physiological processes, which
can cause side effects.

The term psoriasis refers to a long-lasting immune-mediated disorder primarily characterized by cutaneous
and systemic manifestations. Global psoriasis prevalence values fluctuate around 2% of the population,
from which 70% to 80% present a mild variant, which is equally present in both sexes [1]. Although
psoriasis mainly causes skin-related symptomatology (such as dryness, itchiness, scaly skin and abnormal
skin patches and plaques), many other symptoms besides the skin-related may appear. Unfortunately,
those comorbidities are associated with patients with chronic psoriasis, commonly affecting body joints as
well as muscles and bones [1]. In addition, individuals with psoriasis have an increased risk of developing
other chronic and serious health diseases, including psoriatic arthritis, cardiovascular disorders, Crohn’s
disease, and lymphoma. Although psoriatic lesions are able to appear in any skin region (including nails),
typical locations have been reported [2]. Specifically, predilection sites include the extensor surfaces of
forearms and shins, peri-umbilical, peri-anal, and retro-auricular regions and scalp. The psoriatic disease
hallmarks rely on histopathological characteristics of diverse layers of the skin mucosa. Specifically, both
epidermis and dermis are affected by the disease. In contrast to normal skin, psoriasis-injured epidermis
develops three main features: i) epidermal acanthosis (i.e. thickening of viable layers), ii) hyperkeratosis
(i.e. thickened cornified layer) and iii) parakeratosis (i.e. cell nuclei are present in the cornified layer). In
addition, epidermal rete ridges (i.e. thickenings that extend down between dermal papillae) are markedly
elongated. On the other hand, the subjacent layer, known as the dermis, presents dilated and contorted



blood vessels, which reach into the tips of the dermal papillae. In the dermis, an inflammatory infiltrate is
produced involving neutrophils, dendritic cells, and T helper (Th) lymphocytes. Importantly, psoriasis
pathogenesis onset and maintenance rely on a complex interplay between immune cells and keratinocytes,
involving amplifying cytokine cascades. In particular, IL-23 (interleukin-23) and IL-12 released by
inflammatory dendritic cells trigger differentiation and activation of Th17, Th1 and Th22 to produce IL-17,
IFN-y, TNF and IL-22 that impact keratinocyte proliferation and differentiation to increase skin thickness by
inflammatory-dependent mechanisms [3].

Because psoriasis consists of a complex disease related to immune dysregulation, and this medical
condition exclusively affects humans, there is a lack of both naturally occurring and virtual animal models
mimicking the complex phenotype and pathogenesis of psoriatic disease. Nevertheless, numerous murine
models of psoriasis have been generated over the past decades, as preclinical models [4]. Among the
immunological reconstituted models in which local administration of several immune-related compounds
(i.e. cytokines and interleukins) is used, is the IL-23-induced psoriatic-like phenotype mice model. This
model relies on intradermal administration (i.e. into mouse ear dermis) of IL-23, which has been associated
with skin swelling and psoriasis-like phenotype induction [5].

To date, because no psoriasis cure is available, treatments are focused on symptomatology management
and based on general pharmacological groups (i.e., NSAIDs and immunosuppressants. There exist several
high-quality evidence-based guidelines for psoriasis management [6]. These guidelines propose treatments
for psoriatic lesions, as well as for disease progression. Needless to say, due to the complexity and intricate
signal pathways of the immune system, immune drug-based therapies are extensively associated with the
occurrence of severe adverse effects, especially when treatments involve immune- suppressant
medications or chronic administration. However, in recent years, promising novel targets are being
explored. An example is the use of non-immune system suppressant regulation factors, such as adenosine.
Adenosine acts through four G protein-coupled receptor (GPCR) subtypes, all of which are of interest in
treatment of chronic diseases, such as inflammation, by various pathways [7]. Interestingly, A3R-selective
agonist IB-MECA (CF101) is currently in advanced clinical trials as a potential therapeutic target for
inflammatory diseases [7-9], and the receptor has been reported as a propitious drug-target for psoriatic-
related disorders [10]. Here, we assess the efficacy of a new A3R-selective agonist designed to be locally
activated by light in the psoriatic lesioned skin.

2. Materials and methods
21. Synthesis of MRS7344

7-Diethylamino-4-hydroxymethylcoumarin (DEAC) was obtained from Indofine Chemical Co.,
Hillsborough, NJ. All reagents and solvents (regular and anhydrous) were of analytical grade and
obtained from commercial sources. (1S,2R,35,4R,5S)-4-(6-((3- Chlorobenzyl)amino)-2-((3,4-
difluorophenyl)ethynyl)-9H-purin-9-yl)-2,3-dihydroxy-N- methylbicyclo[3.1.0]hexane-1-carboxamide
(MRS5698) was synthesized as reported [17]. All reactions using anhydrous solvents were carried out
under a nitrogen atmosphere using oven-dried glassware Thin-layer chromatography was performed
using commercially prepared silica gel plates with a fluorescence indicator, and visualization was
achieved with UV light (254 and 365 nm). Preparative chromatographic separations were performed on
silica gel (0.040-0.063 mm). All NMR spectral assignments were determined by 'H (400 or 500 MHz),
13C (100 or 125 MHz) in CDCl3 or CD30D. Peaks were referenced to residual chloroform signals (5H
7.26 ppm, or 8C 77.0 ppm). High resolution mass spectra were recorded on a MALDI-TOF instrument.

The MRS7344 synthetic route is described in detail and summarized in Figure 1. In brief, to an ice-



water cooled solution of DEAC (50.0 mg, 0.202 mmol) in DCM (2.5 mL) was added sequentially
triethylamine (56 pL, 0.40 mmol) and methanesulfonyl chloride (24 uL, 0.30 mmol), and the solution
allowed to stir at 0-5 °C for 2 h. The reaction was quenched with cold saturated aqueous sodium
bicarbonate diluted with DCM and separated, dried (Na2SOg4) and concentrated in vacuo to give 64.4

mg, 98% of a yellow solid. "H NMR (400 MHz, chloroform-d) & 7.34 (d, J = 9.0 Hz, 1H), 6.62 (dd, J =
9.1, 2.6 Hz, 1H), 6.54 (d, = 2.6 Hz, 1H), 6.19 (t, J = 1.1 Hz, 1H), 5.32 (d, J = 1.1 Hz, 2H), 3.44 (q, J =
7.1 Hz, 4H), 3.13 (s, 3H), 1.23 (t, J = 7.1 Hz, 6H).

The following reaction was carried out in a dimly lit hood. To an ice-water cooled solution of MRS5698
(24.8 mg, 44 pmol) and DEAC-OMs (17.6 mg, 54 umol) in 0.4 mL of anhydrous DMF under argon was
added 60% NaH (2.0-2.4 mg, 84—100 pmol). The reaction was kept cold for 30 min, then stirred at rt
overnight. After 18 h, the solvent was evaporated and co-distilled with toluene (3x), and the residue
dried under high vacuum. The residue was taken up in 5% MeOH in DCM and applied to a preparative
silica gel TLC plate (500 um thickness) for separation using 50:1, EtOAc:MeOH. From the mixture, the
yellow band at R 0.28 was collected to give 4.9 mg (14%) of the 3’-mono-alkylated material. The
assignment of the 3’-hydroxyl group as the unambiguous site of the ether modification of MRS5698
was based on heteronuclear multiple bond correlation (HMBC) contacts between H3’ and both the
amide carbonyl and the coumarin methylene (Fig. S1).

MALDI-TOF m/z cald for C42H3gCIFoN7O5 [M + H]* 794.27, found 794.28 and [M + Na]* 816.25, found
816.30. 'TH NMR (400 MHz, CD30D) & 8.23 (s, 1H), 7.55 (m, 2H), 7.45 (m, 2H), 7.40-7.25 (m, 4H),
6.71 (dd, J = 9.0, 2.6 Hz, 1H), 6.51 (d, J = 2.6 Hz, 1H), 6.26 (t, J = 1.2 Hz, 1H), 5.01 (d, J = 6.4 Hz, 1H,
H3"), H1" peak obscured by HoO in MeOD, 4.73 (dd, J = 14.7, 1.2 Hz, 1H), 4.45 (bdd, J = 6.4, 2.6 Hz,
1H, H2"), 3.47 (q, J = 7.1 Hz, 4H), 2.73 (s, 3H), 2.15 (dd, J = 8.8, 4.8 Hz, 1H), 1.91 (t, J = 5.2 Hz, 1H),
1.58 (m, 1H), 1.3 (t, J = 7.1 Hz, 6H).

2.2. Photochemical characterization

The uncaging process of MRS7344 was investigated by irradiating a 40 uM solution of this compound
in phosphate buffered saline (PBS):DMSO 86:14 at 405 nm and 0.56 W cm™ using a cw laser (MDL-E-
405, Scitec Instruments Ltd., Wiltshire, UK). The changes observed in UV-vis absorption upon
irradiation were monitored using a HP 8453 spectrophotometer (Agilent Technologies, Inc., Colorado
Springs, CO, USA). Control experiments were conducted by irradiating MRS5698 and DEACM
(Indofine Chemical Co., Hillsborough, NJ) solutions at the same conditions. From the UV-vis absorption
measurements, the photouncaging quantum vyield of MRS7344 was determined using the
photoisomerization process of  the closed state of 1,2-bis(5-chloro-2-methyl-3-
thienyl)perfluorocyclopentene in hexane at 405 nm as a reference (®jgo = 0.13) [11,12].

2.3. Cell culture and stable transfection

Human embryonic kidney 293 (HEK-293) cells obtained from ATCC (American Type Culture Collection,
Rockville, MD, USA; CRL-321, RRID: CVCL_0063) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) pre-heated at 37°C and supplemented with: 5% (v/v) fetal bovine serum (previously
inactivated at 55°C for 30 min), 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine and
non-essential amino acids. Manipulation and maintenance were done in a biological safety cabinet
class 1 and in an incubator at 37°C, 5% CO> and 90% relative humidity. Absence of mycoplasma was
checked regularly, thus only mycoplasma-free cells were used. HEK-293 cells were transfected with 10
pug of pIREShyg3-SP-HA-NL-A3R plasmid (obtained from GenScript, Leiden, Netherlands), a cDNA
encoding the human A3R inserted in a vector containing the signal peptide of metabotropic glutamate
receptor type 5 (i.e. SP), influenza hemagglutinin peptide (i.e. HA) and NanoLuc protein (i.e. NL).



Transfection was performed by using polyethylenimine (PEI) transfection reagent [13]. Then, 24 hours
after transfection, cells were selected by seeding them in 60 cm? plates with supplemented DMEM in
the presence of 0.1 mg/ml hygromycin for 3 weeks to enrich the percentage of cells expressing the
receptor, thus ensuring its stable expression. As a result, HEK-293 cells stably expressing the human
A3R were used in pharmacological experiments.

24. cAMP accumulation inhibition assay

cAMP accumulation was measured using the LANCE Ultra cAMP kit following manufacturer’s
indications [14]. In brief, cells (8x10° cells/200ul) were firstly incubated with 2 mL of stimulation buffer
consisting of DMEM supplemented with 0.1% BSA, adenosine deaminase (ADA, 0.5 U/ml) and the
phosphodiesterase inhibitor zardaverine (100 pM) for 1 hour at 37°C and 300 rpm double orbital
agitation. Subsequently, stimulation buffer was removed, and cells incubated with fresh stimulation
buffer containing vehicle or the different drugs (i.e., MRS5698 and MRS7344), which were then
continuous light-irradiated (or mock manipulated) with 420 nm wavelength light at 1.18 mW/cm?2
intensity LED. After 8 min, post-irradiated cells were challenged with forskolin (1 uM) for 30 min. Cells
were plated at a 384-wells plate and Eu-cAMP tracer and ULight™-anti-cAMP reagents added. Cells
were then incubated for 1 h in the dark at R.T. Thereafter, measurements at 620 nm and 665 nm were
performed in a CLARIOstar Plus multi-mode microplate reader to determine cAMP levels following
manufacturer’'s instructions. The results were expressed as the percentage of receptor (i.e. A3R)

activation induced by treatments following the equation:

cAMP accumulation % = FVd,(ug)(F[/fsk x100 ]

Where FVgng and FVigk represent the area FRET value in the drug+forskolin- and forskolin-treated
conditions, respectively.

2.5. Animals

Adult C57BL/6N (Envigo Rms Spain SL., Sant Feliu de Codines, Spain) male and female mice bred in
the animal facility of University of Barcelona (Campus of Bellvitge) weighing 25-35 g were used. The
University of Barcelona Committee on Animal Use and Care (CEEA) approved the protocol. Following
the approved experimental protocol all animals were supervised daily to assess signs of adverse effects
during treatment. A retrospective analysis of the protocol demonstrated that no corrective measures
(i.e. use of analgesics) were needed. Animals were housed and tested in compliance with the
guidelines provided by the Guide for the Care and Use of Laboratory Animals [15] and following the
European Union directives (2010/63/EU). Mice were housed in groups of five in standard cages with ad
libitum access to food and water and maintained under a 12 h dark/light cycle (starting at 7:30 AM), at
22 °C and 66% humidity (standard conditions). All animal experimentation was carried out by a
researcher blind to drug treatments.

2.6. IL23-induced psoriatic-like phenotype

The IL23-induced mouse model of psoriasis was performed using C57BL/6N mice, as previously
described [5]. The experimental approach consisted in a 5 consecutive days protocol. Briefly, mice
were anesthetized by the i.p. administration of a ketamine (100 mg/kg)/xylazine (10 mg/kg) mixture and
ear thickness was measured using a digital calliper. Then recombinant mouse 1L23 (500 ng) or PBS
were i.d. injected into the ears by using a Hamilton syringe during three consecutive days (days 0, 1,
and 2). At days 2 and 3 animals were treated intraperitoneally (i.p.) with vehicle (14.2% DMSO and
14.2% Tween80 in saline) or drugs (MRS5698 or MRS7344. 1mg/Kg) 20 min before being



anaesthetised. Light irradiation of the corresponding ear was conducted before IL-23 administration by
using a custom-made 9 x 4 light-emitting diode (LED) matrix (12 x 9 cm) placed at a height of 8 cm
above the animals’ heads. Upon that approach, a 420 nm wavelength light regime consisted continuous
light-irradiation at 1.18 mW/cm? intensity LED was performed during 8 min. Contralateral ear was
covered in order to be protected from the collateral light-irradiation.

2.7. Histochemistry

Tissue samples from mice were fixed with 4% paraformaldehyde, embedded in paraffin and then cut in
5 pum sections. Sample processing for hematoxylin and eosin (H&E) staining was performed according
to standard procedures [5].

2.8. Statistical analysis

GraphPad Prism 9.0.2 (San Diego, CA, USA) software was used for statistical analysis. Statistical
significance was accepted when P < 0.05. Data are represented as mean + standard error of mean
(SEM). The number of samples/animals (n) in each experimental condition is indicated in the
corresponding figure legend. Outliers were assessed by the ROUT method [16] assuming a Q value of
1% in GraphPad Prism 9.0.2. No animals were excluded. Comparisons among experimental groups
were performed by Student’s t test. Otherwise, statistical analysis was performed by one-way analysis
of variance (ANOVA) followed by Bonferroni or Dunnett’s multiple comparison post-hoc tests.

3. Results

3.1. Design and synthesis of a caged A3R agonist

The AzR-based ligand MRS7344, a caged derivative containing a violet light-absorbing coumarin, was
designed and synthesized using MRS5698 [17] as a template. In brief, MRS7344 was synthesized by
coupling one of the hydroxyl groups of MRS5698 to an O- methanesulfonyl derivative of the violet-light
absorbing coumarin DEAC in a one-pot procedure (Fig. 1). The adenosine 2" and 3" hydroxyl groups
are generally required for receptor binding, and the ribose binding region on the adenosine receptors is
quite sterically restricted [18]. Thus, by reversibly blocking either or both of these hydroxyl groups the
biological activity of adenosine agonists is expected to be prevented.

Once MRS7344 was synthesized and structurally validated, its photochemical properties were
investigated. The absorption spectrum of MRS7344 in PBS:DMSO mixture (86:14, by volume) showed
maxima at A = 264, 317 and 383 nm that can be assigned to their separate MRS5698 and coumarin
components (Fig. 2A). Because of the lack of absorption in the visible region of MRS5698, the
photochemical behaviour of MRS7344 could be assessed upon selective excitation of its coumarin
moiety by irradiation with 405 nm light. To this end, absorption spectral changes were concomitantly
monitored, which showed a clear reduction of the coumarin absorption band under continuous
illumination (Fig. 2B). These results are consistent with the photolysis of the coumarin benzylic bond
and the release of the appended MRS7344 fragment [19,20]. For this process, a photo-uncaging
quantum vyield of ®chem = 0.013 was determined, which is in reasonable agreement with the
photochemical behaviour reported for other biologically relevant hydroxyl groups caged with coumarins
through an ether linkage [21,22].

3.2 Optical control of A3R function in cultured cells

We assessed the light-dependent MRS7344-mediated A3R activation by using classical cAMP



accumulation experiments in cells permanently expressing AzR. To this end, we assessed the light-
dependent MRS7344-mediated modulation of cAMP accumulation induced by AsR activation. Thus,
cells were incubated with forskolin before being challenged with increasing concentrations of a
prototypical A3R full agonist (i.e., MRS5698) or of the new photocaged A3R agonist (i.e., MRS7344)
and under different irradiation conditions (Fig. 3). As expected, agonist challenge (MRS5698) induced a
robust AgR-mediated cAMP reduction, regardless the illumination condition (Fig. 3A). Thus, MRS5698
induced comparable [F4 36) = 0.4628, P = 0.5007] nanomolar concentration- dependent effect both in
dark (plCs0= 8.02 + 0.12) and light (pIC50= 8.18 + 0.15) conditions (Fig. 3A). Of note, MRS5698 did not
inhibited forskolin-induced cAMP accumulation in non-transfected HEK-293 cells (Fig. 3A, black
triangles). Conversely, although MRS7344 was unable to inhibit forskolin-induced cAMP accumulation
in dark conditions (Fig. 3B, black circles), it elicited concentration-dependent cAMP effects, equivalent
to MRS5698, upon 405 nm visible light-irradiation, thus displaying nanomolar potency (plC50= 7.81 %
0.18) comparable to that observed for MRS5698 (pIC50= 8.18 + 0.15; [F(1,36) = 1.538, P = 0.2230] (Fig.
3B, blue circles).

3.3. Light-dependent efficacy of MRS7344 in the IL-23 mouse model of psoriasis

Once MRS7344 light-dependent activity was validated in living cells, we aimed to assess its efficacy in
a well-established animal model of psoriasis disease. Accordingly, the IL-23- induced psoriasis-like
preclinical model of inflammation was implemented [23]. Briefly, recombinant mouse IL-23 interleukin
was injected (i.d.) into the mouse ears following a consecutive paradigm (i.e., once daily for 3 days).
Ears intradermally injected with PBS were used as control. Subsequently, ear thickness was measured
daily using a digital calliper as an indication of the course of progression toward psoriasis (Fig. 4A). As
expected [24], intradermal mouse ear injection of IL-23 induced marked swelling compared with PBS
(Fig. 4B, left panel). The administration of MRS5698 during the second and third day after the first IL-23
injection, significantly (P = 0.001) reduced the IL-23 induced ear thickness during the third and fourth
experimental days (Fig. 4B, middle panel). Conversely, under the same experimental conditions
MRS7344 was unable to prevent the IL23-induced ear inflammation (Fig. 4B, right panel). Importantly,
when the ear of a MRS7344-treated animal was illuminated with 420 nm light during 8 min after each
MRS7344 administration, a significant (P = 0.0001) reduction of IL-23-induced ear inflammation was
observed during the third and fourth experimental days (Fig. 4B, right panel, blue circles). In addition,
no anti-inflammatory effect was observed in the contralateral to illumination ear of an animal treated
with MRS7344 (Fig. 4B, right panel, black circles), thus suggesting the lack of systemic diffusion of
MRS5698 upon photorelease. Of note, the illumination regime of IL-23 administered ears (blue
symbols) from animals treated with either vehicle (triangles) or MRS5698 (squares) did not alter the
expected result, thus demonstrating that ear light irradiation neither affected IL-23-induced inflammation
nor the MRS5698-mediated anti- psoriatic effect, respectively (Fig. 4B, left and middle panels).
Accordingly, H&E staining (Fig. 5) showed reduced thickness and immune cell infiltration in the 1L23-
treated ears of MRS5698-treated and MRS7344-treated/irradiated mice compared to the 1L23-treated
ears of vehicle-treated mice and MRS7344-treated/non-irradiated mice (Fig. 5, right panels, arrows).
On the other hand, no significant differences among drug treatments were observed in IL23-induced
keratinocyte hyperplasia (number of epidermal layer) (Fig. S2), suggesting major effects of the AsR
agonist in the activation of psoriatic-driven immune cells rather than in keratinocyte proliferation.
Overall, these results are indicative that MRS7344 photo-uncaging occurred in intradermal tissue upon
non-toxic, non-invasive topical irradiation of the mouse ear, thus releasing MRS5698 locally and
precluding IL-23-induced inflammation.



4. Discussion

In the present work, we characterized a photocaged compound for the treatment of psoriasis, a
common chronic inflammatory skin disease that requires treatment over a patient’s lifetime.
Unfortunately, in spite of the increasing understanding of the molecular players, signalling pathways
and cellular basis involved in the pathogenesis of psoriasis, no cure currently exists.

Depending on the variant and severity of psoriasis, different therapies are prescribed. For low to mild or
highly focalized and located skin lesions, topical therapies are available, whereas for high severity
subtypes or those widely spread over the skin and diffuse, systemic drug treatments are commonly
prescribed. Of note, most of the local and systemic therapies target the immune system in a gross
(e.g., glucocorticoids, methotrexate and cyclosporine) or relatively specific (e.g., antibodies against
TNF-a, IL-23 and IL-17, cytokines responsible of the inflammatory phenotype) manner. Thus, both
treatment categories are usually associated with the appearance of unwanted immunosuppressive
side- effects, including the risk of liver and kidney dysfunction, infection and cancer. Moreover, some
patients are or become non-responders to current therapies [1,25]. Indeed, due to these side effects
and limitations, novel therapies are urgently needed. In recent years, the A3R has been suggested as a
novel and very promising therapeutic target for psoriasis and other inflammatory conditions [7]. Thus,
numerous A3R agonists, partial agonists, antagonists, and allosteric modulators have been studied,
culminating in the development of potent and selective molecules. The AzR has been found to be
upregulated in peripheral blood mononuclear cells (PBMCs) obtained from patients affected by different
autoimmune disorders such as rheumatoid arthritis, Crohn’s disease, and psoriasis [7]. Interestingly,
A3R agonism has been shown to induce important anti-inflammatory effects in several cellular and
animal models [26—33]. Furthermore, the results achieved with A3R agonists in clinical studies are quite
promising. Thus, the prototypical AzR selective agonist methyl 1-[N6-(3- iodobenzyl)-adenin-9-yl]-B-D-
ribofuronamide (IB-MECA, Piclodenoson) is in clinical trials for inflammation, showing safety and
clinical efficacy in earlier Phases | and Il trials [34]. Indeed, IB-MECA has entered larger Phase Il trials
for rheumatoid arthritis and psoriasis [9,10,34,35]. However, one difficulty in developing adenosine
receptor drugs is the ubiquitous expression of ARs within an organism leading to side effects, and AzR
agonists are no exception. Based on clinical trials with the systemic application of an A3R agonist by
oral administration, widespread or serious adverse effects would not be expected. However, a case of
hyponatremia was observed in a patient receiving CI-IB-MECA (25 mg BID dose) as 2nd-line treatment
for advanced hepatocellular carcinoma and moderate hepatic dysfunction [36]. Also, IB-MECA (2 mg
BID dose) in a clinical trial for plaque psoriasis was noted to cause infections and gastrointestinal
events [35]. Consequently, here we used MRS7344, derived from MRS5698, as a light-dependent,
highly selective agonist of A3R, able to be photoactivated in a tissue- and time-controlled manner. The
A3R selectivity compared to other adenosine receptors of the liberated drug MRS5698 is >3000-fold,
and its drug-likeness was established in preclinical testing [17]. The site of reversibly masking the
nucleoside with a coumarin ether was chosen according the expectation that the receptor- bound ribose
moiety is surrounded by a conserved, polar and sterically restricted region on the A3R, based on X-ray
crystal and cryo-EM structures of the nucleoside agonist-bound, closely related A4 and Aop receptors
[18,37]. The approach of using light to activate drugs by photoisomerization, photosensitization or
photocleavage for treating dermatological conditions, such as skin cancer and pain, is especially
appealing [38—40]. There are numerous examples of photodynamic therapy for skin conditions, but our
approach of unmasking a potent, bioactive receptor ligand specifically on the skin by cleaving a
photolabile group is uncommon [20,41].



We initially investigated the basic characteristics and photoreactivity of the molecule (i.e., irradiation
time). Subsequently, we evaluated light-dependent effects of MRS7344 in HEK cells stably expressing
the A3R. Accordingly, we evaluated the pharmacological activity of MRS7344 monitoring intracellular
cAMP levels changes. Interestingly, MRS7344 was able to dose-dependently inhibit forskolin-mediated
cAMP intracellular accumulation upon 420 nm light irradiation. Thus, we obtained similar efficacy to that
obtained for the parent drug, MRS5698. Once the light-dependent effects of MR7344 were ascertained
in a heterologous system, we aimed at examining its pharmacological activity within the IL-23 psoriatic
mouse model. A remarkable advantage of this model resides in its ability to be replicated. Additionally,
each of the animal’s ears can be treated with a different compound (or eventually vehicle) or even
different light schedules (i.e., illuminating one ear and mock manipulating the other), thus allowing the
use of one animal as both the experimental subject and the internal negative control. Interestingly,
MRS7344 demonstrated anti- psoriatic-like efficacy in a light-dependent fashion and upon non-toxic
non-invasive topical procedure. The obtained anti-inflammatory outcomes were comparable to those
observed for MRS5698 treatment. Indeed, further MRS7344 pharmacological studies, including
pharmacokinetics and bioavailability, upon oral administration would be necessary before any potential
therapeutic exploration. Also, it would be interesting to compare topical administration (i.e., unguent) of
different MRS7344 doses and photoactivation duration according to pathology severity. Overall, the
photopharmacological approach using MRS7344 demonstrated similar benefits to that observed when
using a specific monoclonal antibody (i.e. anti-IL-23) or employing genetically manipulated animals
[42,43].

In conclusion, we have used a photocleavable masking group, a coumarin ether, to clearly demonstrate
a proof of concept of using light to unmask a potent and selective receptor (GPCR) ligand for skin
treatment. Noteworthy, while A{R and AsaR agonists may lead to important cardiovascular side effects,
A3R agents display a better therapeutic index and tolerability, which may be suitable for the treatment
of psoriasis, among other neuroinflammatory-related syndromes [44]. Indeed, by using photocaged
compounds [45] the drug would be even safer, totally avoiding possible cardiovascular effects.
Nevertheless, it would be important to further examine these putative secondary effects, in order to
establish a safe approach based on the use of A3R light-dependent drugs.
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Figure 1. Design, synthesis, and photo-uncaging of MRS7344.
The synthesis of MRS7344 involves a procedure using MRS5698 and 7-diethylamino-4-

hydroxymethylcoumarin (DEAC). Upon irradiation with 420 nm visible light the irreversible photolytic
reaction produced MRS5698.
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Figure 2. Photochemical properties of MRS7344.
(A) Absorption spectra of MRS7344 and its separate MRS5698 and DEAC units in PBS:DMSO 86:14
(c = 40 uM). (B) Variation of the absorption spectrum of MRS7344 in PBS:DMSO 86:14 (¢ = 40 yM)

upon continuous irradiation at 405 nm (0.56 W/cm?; irradiation time = 0-25 min).
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Figure 3. Determination of AzR-mediated inhibition of intracellular cAMP accumulation in

HEK cells.

HEK-293T cells permanently expressing the AzR were incubated with increasing concentrations (from
0.1 nM to 10 uM) of MRS5698 (A, squares) and MRS7344 (B, circles) in dark conditions (black
symbols) or upon 420 nm light irradiation (blue symbols). In addition, non-transfected HEK-293 cells
(mock cells) were treated with increasing concentrations of MRS5698 (A, triangle) in dark conditions
and the cAMP accumulation determined. The percentage of cAMP accumulation was calculated as
described in materials and methods. The data are expressed as the mean + SEM of three independent
experiments performed in triplicate.
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Figure 4. IL-23-induced psoriatic phenotype in C57BL/6 mice.
(A) Temporal scheme for IL-23-induced mouse model of psoriasis. The ear thickness of animals was

measured upon anaesthesia every single day for the 5-day duration of the protocol. Animals were
treated with IL-23 (i.d.) in both ears during three consecutive days (day 0, 1 and 2). At day 2 and 3
animals were previously intraperitoneally (i.p.) administered with vehicle (Veh, 14.2 % DMSO + 14.2%
Tween80 in saline) and drugs (i.e., MRS5698 and MRS7344). When indicated the left animal’s ear was
irradiated with 420 nm light at day 2 and 3. (B) Mice ear thickness determinations. At day 2 and 3 IL-23
(i.d.) treated mice were administrated (i.p.) with vehicle (left panel, triangles), MRS5698 (1 mg/kg;
middle panel, squares) or MRS7344 (1 mg/kg; right panel, circles) before the left ear was irradiated at
420 nm for 8 min (day 2 and 3, blue symbols) whereas right ear was covered to keep it in dark
conditions and used as animal internal control of IL-23 mediated inflammation (black symbols). In
addition, a contralateral control was performed consisting in a group of animals intradermally injected
(day 0, 1 and 2) with IL-23 in the left ear and with PBS in the right ear while its thickness was monitored
overtime (left panel, black rhombus). Ear thickness was measured in millimeters (mm) and shown as
mean + S.E.M., n = 5 mice per group. Similar results were obtained in three independent experiments
using male and female.****P < 0.0001. ***P < 0.001 and **P < 0.01 Student’s t test.
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Figure 5. IL-23-induced psoriatic phenotype in C57BL/6 mice.
Representative H&E-stained ear sections of IL-23-treated mice from each experimental group shown in

Figure 4. A magnification of the indicated ear region (dashed white square) is shown. Arrows indicate
infiltrated immune cells, mainly neutrophils. Scale bars: 100 ym.



