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Furanocoumarins, particularly furo[3,2-c]lcoumarins, are found in many natural products. However, coumarins
annulated to a thiophene ring have received scarce attention to date in the literature. Therefore, we synthesized
4-ox0-4H-thieno[3,2-c]chromene derivatives and tested in vitro their anti-inflammatory activity. Anti-in-
flammatory potential of the synthesized compounds (1, 2, 6-8, 9a-e and 10a—c) has been evaluated by mea-
suring various pSTAT (signal transducer and activator of transcription) inhibition within the JAK (Janus-acti-
vated family kinase)/STAT signaling pathway. Ethyl 7-hydroxy-4-oxo-4H-thieno[3,2-c]chromene-2-carboxylate
(7) showed best inhibition properties on pSTAT5 in GM-CSF (Granulocyte-macrophage colony-stimulating
factor)-triggered PBMC assay, with ICs, value of 5.0 pM.

JAK/STAT is one of the major pathways through which many cy-
tokines exert and integrate their function. JAK is a family of non-
receptor cytoplasmic tyrosine kinases, consisting of four members in
mammals: JAK1, JAK2, JAK3 and TYK2." When JAK kinases are acti-
vated by their respective effector molecules (ILs, IFNs, colony-stimu-
lating factors, growth factors and hormones) they phosphorylate
themselves (auto-phosphorylation) and/or adjacent molecules (trans-
phosphorylation) including STAT which consists of seven members in
mammals (STAT 1-4, 5a, 5b and 6), facilitating their translocation to
the nucleus, direct binding to DNA and activation of the transcription

process of target genes.? Although JAK family has only four members,
different cytokines may act through the same JAK family member.
Additionally, each cytokine may engage with more than one JAK family
member to a varying degree facilitating different duration and signal
intensity of STAT.? Exaggerated or protracted cytokine signaling has
been implicated in many inflammatory and autoimmune diseases. Im-
paired delicate balance comes with a steep price of inflicting great
bodily harm. Therefore, targeting cytokines or their receptors presents a
favorable approach to treat diseases related to disturbed cytokine bal-
ance.

Abbreviations: DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; GM-CSF, granulocyte-macrophage colony-sti-
mulating factor; IFNa, inerferon alpha; IL-2, interleukine-2; JAK, Janus kinase; PathScan, Intracellular Signaling Array Kit; PBMC, peripheral blood mononuclear cell;
PBS, phosphate buffered saline; STAT, signal transducer and activator of transcription
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Fig. 2. Ethyl 4-ox0-4H-thieno[3,2-c]chromene-2-carboxylate (1) and 4-oxo-4H-
thieno[3,2-c]chromene-2-carboxamide (2).

Derivatives of coumarin have attracted considerable attention due
to their diverse range of biological activities* which include anti-in-
flammatory,” antimicrobial,® antiangiogenic,” antinociceptive,® anti-
HIV,” antitumour,'®~ "' and anticoagulant.'” The last decade resulted
in over 5000 publications on coumarin derivatives in PubMed database
with a currently total of more than eleven thousand publications.

Furanocoumarins, particularly containing psorlen or angelicin
scaffold (Fig. 1), are found in many natural products and have been
seen to possess antifungicidal, insecticidal, insect antifeedant, anti-HIV
and anticancer activities,">® as well as anti-inflammatory properties
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through their ability to modulate inflammatory cells."’

In contrast, coumarins annulated to a thiophene ring, known as
thieno[c]chromen-4-ones, have received scarce attention to date in the
literature (Fig. 1).

Thiophene and its derivatives represent a prevalent structural motif
in many natural products (Gronowitz et al., 1985) and pharmaceuti-
cally active agents®°>° with some of the top selling marketed drugs
including thiophene as part of their structure (including clopidogrel,
raloxifene, zileuton, and tiotropium bromide),>® as well as many others,
such as duloxetine (antidepressant), eprosartan (anti-hypertensive),
rivaroxaban (oral anticoagulant) and olanzapine (antipsyhotic). An
overview of the sulfur-containing FDA-approved drugs and their
structures was recently published.®

Coumarins with additional rings condensed at the 3,4-position, have
long been reported to exhibit potent biological activity.**~>* Most of
the literature concerning thieno[3,2-c]coumarin derivatives focusses on
different protocols for their synthesis®*~*® with only a small portion of
publications describing biological activities such as anticancer,*™"
anticancer and antimicrobial,>* antifungal activities®>>* or those re-
lated to psoralen®>°°,

A number of thieno[3,2-c][1]benzopyran-4-ones synthesized by
thermal thio-Claisen rearrangement demonstrated anti-inflammatory,
antipyretic, and antiallergic potential®” ',

In searching for novel anti-inflammatory compounds, we synthe-
sized 4-oxo-4H-thieno[3,2-c]chromene derivatives with an ami-
noalkoxy chain linked at the benzene ring of the chromene scaffold.

To test the anti-inflammatory effect on various cytokine-triggered
production of pSTAT within the JAK/STAT signaling in cells, PBMCs
(peripheral blood mononuclear cells) stimulated with IFNa, IL-2 and
GM-CSF were utilized, with levels of pSTAT1 and pSTAT5 production
used as a readout in ELISA-based method.®*
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Scheme 1. Reagents and conditions: (a) NaH, Et,CO3, 100 °C, 3 h; (b) DMF, POCl3, 90 °C, 12 h; (c) ethyl-2-mercaptoacetate, pyridine, Et3N, 70 °C, 4 h; (d) 1 M BBr3,
CH,Cly, rt, 5 h; (e) K,CO3, DMF, 100 °C, overnight; (f) NH3, methanol, r.t., overnight.
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Fig. 3. Molecular structure of 6, with the atom-numbering scheme.
Displacement ellipsoids for non-hydrogen atoms are drawn at the 50% prob-
ability level.

Previously synthesized derivatives (1 and 2)°° are shown in Fig 2.
Inhibitory potential of these compounds on pSTAT1 and pSTAT5 pro-
duction was also evaluated together with a newly synthesized com-
pounds 6-8, 9a-e and 10a-c.
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Synthetic route to 4-oxo-4H-thieno[3,2-c]chromene scaffold and its
aminoalkoxy derivatives of thiophene esters (9a-e) and thiophene
amides (10a-c) is depicted in Scheme 1.

The parent compound (3) (1-(2-hydroxy-4-methoxyphenyl)ethan-1-
one) is commercially available and prone to base-mediated cyclization
(ring closure) with diethylcarbonate. Reaction of 4-hydroxycoumarin
(4) under Vilsmeier-Haack reaction conditions using POCl3/DMF af-
forded f-chlorovinyl aldehyde (4-chloro-3-formylcoumarin; 4-chloro-
coumarin carboxaldehyde) (5), that is essentially a gem-activated al-
kene with a good leaving group (chlorine). In the consecutive step
annulation of thiophene ring is achieved according to the well-estab-
lished process®>” by reaction of S-chlorovinyl aldeyde 5 with ethyl 2-
mercaptoacetate in the presence of triethylamine and pyridine (6).
Fiesselmann thiophene synthesis has been well studied and it is known
that the formation of thiophene to take place via a domino process
involving Michael addition, followed by intramolecular Knoevenagel
reaction in the presence of different bases. This mechanism has been
well studied on ethyl thioglyconate and p-halo-a,B-unsaturated alde-
hydes.®® Deprotection of methoxy group with 1 M BBrs in di-
chloromethane yielded 7 with a hydroxyl group in the 7-position. Five
different aminoalkoxy chains were introduced to thieno[3,2-c]chro-
mene-2-carboxylate (9a-e) by Williamson ether synthesis using K,CO5
as a base. An important beneficial feature of introducing an alkoxy-
amino side chain is improved solubility of compounds in polar solvents
(methanol, ethanol, water). Amide derivatives 10a-c were readily ob-
tained by ammonolysis using gaseous ammonia in methanol.
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Fig. 4. Inhibition of pSTATS5 production in PBMCs triggered with IL-2 or GM-CSF with tested compounds in one testing concentration (150 pM). Results are presented

as average values of duplicates in two separate experiments.
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Fig. 5. Inhibition of pSTAT1 production in PBMCs triggered with IFNa with tested compounds in one testing concentration (150 uM). Results are presented as

average values of duplicates in two separate experiments.

In 6°°, ethyl carboxylate and methoxy groups are bonded to the
thienyl and phenyl rings, respectively, of thieno[3,2-clchromene
moiety (Fig. 3).

The whole molecule is essentially planar. The biggest deviation one
of non-hydrogen atoms from mean plane is 0.215(2) A, for the terminal
C16 atom of the methoxy group. Only one similar structure has been
published until now, in which methyl carboxylate and trifluoromethyl
groups are bonded to the thienyl ring carbon atoms.** Bond lengths and
angles in 6 show no unexpected features, and in common parts of the
molecule agree well with equivalent ones in structurally related com-
pound.” The sulphur S1 atom of the thienyl ring adopts an anti-
periplanar conformation with respect to the oxygen O3 atom of the ethyl
carboxylate group, as defined by the S1-C12-C13-03 torsion angle of
—179.86(14)".

All compounds’® were tested on IFNa-triggered measurement of
pSTAT1 production, and IL-2 or GM-CSF-triggered measurement of
PSTATS production in PBMCs”" in one single concentration (150 uM) in
two separate experiments for each of the assay.”” Results are presented
in Figs. 5 and 6. Tofacitinib and Baricitinib, marketed potent anti-in-
flammatory drugs (low nanomolar JAK inhibitors which interferes with
the JAK/STAT signaling pathways), were used as control compounds
for inhibition of JAK/STAT signaling, and their obtained activities were
in correspondence with internal historical data values in all cell-based
assays (Fig. S2, Supporting information).

Taken all together, only compound 7 showed more significant in-
hibition of pSTAT5 production in both IL-2 or GM-CSF triggered assay
in PBMCs (Fig. 4), as well as inhibition of pSTAT1 production in IFNa

assay (Fig. 5).

Since compound 7 showed more significant inhibition in all above
mentioned tests, its activity was additionally analysed in secondary
screening (10-concentration dose-response inhibition profile, 300 uM
final starting concentration, 1:3 dilution factor), in order to calculate
ICsq value for every assay and to estimate its full inhibitory profile and
potency. Compound 7 showed best activity properties on inhibition of
pSTAT5 production in GM-CSF-triggered assay, with ICsy value of
5.0 uM. Inhibition of pSTATS5 in IL-2-triggered assay showed ICs, value
of 12.1 uM, while inhibition of pSTAT1 in IFNa-triggered assay showed
ICso value of 11.9 uM, with lower top values in both of those assays
(Fig. 6).

In summary, a series of 4-oxo-4H-thieno[3,2-c]chromene deriva-
tives with an aminoalkoxy side chain have been synthesized and their
anti-inflammatory potential on JAK/STAT signaling pathway eval-
uated. Among the three different JAK/STAT cellular assays in PBMCs
(pSTAT5 in GM-CSF-triggered PBMCs, pSTAT5 in IL-2-triggered
PBMCs, and pSTAT1 in IFNa-triggered PBMCs, it is observed that tested
compounds inhibit much stronger production of pSTAT5 induced by
GM-CSF, in comparison to the production of pSTATS5 triggered by IL-2
in PBMCs, which could point to the conclusion that compounds are
more selective toward signaling pathways which goes over JAK2, in
comparison to pathways which are more selective to JAK1/3. Although
most of the tested compounds showed some level of activity on the
production of the pSTAT5 and pSTAT1 in PBMCs, only compound 7
showed more significant inhibition of pSTAT5 production in both, IL-2
and GM-CSF triggered assay, as well as inhibition of pSTAT1 induced by

GM-CSF L2 FNa. Fig. 6. Inhibition of pSTAT5 production in PBMCs
ICso/pM 121 1.9 triggered with IL-2 or GM-CSF, or pSTAT1 produc-
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c d7 R square 0.988 0.913 0.914 7 (10-concentration dose-response inhibition pro-
100 ompoun Bottom 0 3 file, 300 uM final starting concentration, 1:3 dilu-
c Top 82.83 =50.00 =50.00 tion factor). Results are presented as average values
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IFNa in PBMCs. Compared to compound 1, pSTAT inhibitory activity of
thienochroemene derivative 7 having OH-7 group was increased.
Hydroxyl group is generally known to bring favorable features to many
biologically-active coumarins. Therefore, compound 7 is a good can-
didate for further structural modifications to improve detected anti-
inflammatory potential. Nevertheless, it should be noted that the rules
linking the structural features of coumarin derivatives and their me-
chanisms of action are unfortunately still lacking.

We are already working on a series of analogue compounds repla-
cing a-pyrone ring with an oxepine ring with a goal to use SAR to
clearly discuss on the activities of these class of compounds.
Furthermore, we will test the ability of compounds to inhibit NF-xB
pathway which is deeply involved in the onset of various inflammatory-
related autoimmune disorders.
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Mother plates with compounds in pure DMSO were prepared from 10 mM DMSO
stock solutions. 96-well V-bottom plate (Greiner) were used for mother plate pre-
paration. An aliquot of 600 nL of compound solution was transferred from the mo-
ther plate to the test plate with a Mosquito nanoliter liquid handling system (TTP
labtech). The assay was performed in 96-well cell culture plate (Greiner) using a 200
uL assay volume. The total percentage of DMSO was 0.3%. Compounds were tested at
150 uM final concentrations in duplicate (primary screening), and as 10-concentra-
tion dose-response (300 pM final starting concentration, 1:3 dilution factor) as sec-
ondary screening. Control compounds were tested together with tested compound.
Human PBMCs was isolated from buffy coat (Croatian Institute for Transfusion
Medicine, Zagreb) diluted 1:1 with PBS (Sigma) by using Lymphoprep™ (Axis-
Shield). Diluted buffy-coat (25 mL) on top of Lymphoprep was centrifuged for 35 min
at 400g and the upper plasma layer was removed. White layer containing the
mononuclear cells was isolated and diluted with PBS and centrifuged at 300g, 10 min
at 25°C. Cell pellet was resuspended again in PBS, and centrifuged again at 200g, 10
min, 25°C, repeating washing step 2 times until a clear supernatant is obtained.
PBMCs was resuspended in RPMI1640 (Lonza) + 10% FBS (Sigma) + 1x pen/strep
(Gibco) and cell concentration was determined with the cell counter (Countess II,
Life Technologies).

10° PBMCs was seeded per well of a 96-well plate in 180 pL, and 0.6 puL compound
and vehicle control are added to the plate by using Mosquito (TTP labtech). After 30
min incubation at 37°C, 5% CO2, 20 pL IL-2 (final 100 ng/mL), GM-CSF (final 0.05
ng/mL), IFNa (final 5 ng/mL), or 20 pL medium for non-triggers was added, which is
than incubated for 30 min at 37°C, 5% CO2. Cell suspension was transfered from 96-
well plate into a V-bottom plate, centrifuged 5 min at 1,000rpm, 4°C and supernatant
was discarded. Adherent cells were lysed by adding 100 pL of lysis buffer (Cell sig-
nalling). Lysate was transfered from 96-well plate to the cells on the V-bottom plate
and the plate was stored at -80°C overnight. Plate was thawed on ice, and samples/
standards were diluted 1:1 in ELISA Sample Diluent, and incubated overnight at 4°C.
Detection ELISA was done with instructions from the kit (PathScan phospho-stat5
(Tyr694) and phospho-statl (Tyr701) sandwich ELISA kits, Cell signalling), and
readout is done on the EnVision (Perkin Elmer). Calculation of IC50 data, curves and
QC analysis was made by using Excel tools and GraphPadPrism software.
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