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Aberrant activation of the cGAS-STING signaling results in innate
immune response induction. Herein, we report HSKB142, an orally
bioavailable compound containing the 3H-pyrazolo [4,3-flquino-
line synthesized via a Povarov—Doebner MCR. HSKB142 is non-
cytotoxic towards immune cells and suppresses type-1 interferon
expression in human THP-1 monocytes upon treatment with 2'3’-
cGAMP.

The stimulator of interferon genes, STING has gained wide-
spread attention since the seminal discovery by Barber and
Ishikawa in 2008." STING is now appreciated as a key regulator
of chronic inflammation, metabolic diseases as well as
cancer.>? As an important protein that plays a critical role in
the immune system’s response to infection, the cGAS-STING
pathway is essential for detecting and limiting the transmission
of extraneous DNA.** The accumulation of double stranded
DNA (dsDNA) in the cytosol other than in the nucleus or
mitochondria of the cell, where it is natively bound, suggests
the possibility of infection, uptake of exogeneous dsDNA, or
lack of activity of nucleases such as TREX1 and DNAse IL."">° As
a defensive mechanism, mammals have developed a host of
mechanisms, such as involving TLR9,” ZBP1,® AIM2,° IFI16,"°
through which dsDNA is detected with the prominent amongst
these being the ¢cGMP-AMP synthase (cGAS),"""” a cytosolic
nucleotidyltransferase. Upon sensing misplaced genomic,
mitochondrial, and microbial double-stranded DNA (dsDNA),
cGAS dimerizes and forms a complex of two cGAS molecules
and two dsDNA molecules. Further conformational changes
allow cGAS to catalyze the coupling of ATP to GTP and
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cyclization to generate the second messenger, cyclic guanosine
monophosphate-adenosine monophosphate, cGAMP."* cGAMP
diffuses through the cytosol to bind to the universal cyclic
dinucleotide sensor protein, STING, a protein localized to the
endoplasmic reticulum (ER). After ¢cGAMP binding, STING
undergoes a conformation change that promotes oligomeriza-
tion and subsequent translocation from the ER to the Golgi
apparatus leading to its recruitment and further phosphoryla-
tion of tank binding kinase I (TBK1)."* Phosphorylated TBK1
then recruits and phosphorylates interferon regulatory factor 3
(IRF3) and nuclear factor kappa-light-chain- enhancer of acti-
vated B cells (NF«xB) leading to their trafficking into the nucleus
where these proteins bind DNA and activate certain cytokines,
including the transcription of type I interferons (IFN), which
are essential towards mounting appropriate immune responses
against pathogen invasion.'>™"”

Through the activation of the cGAS-STING pathway, the
innate immune defense is beneficial in mammals but the
aberrant activation of this axis leads to robust inflammatory
response, which can lead to the development of chronic auto-
immune disorders and severe pathology in human diseases such
as amyotrophic lateral sclerosis (ALS),"® familial chilblain lupus,®
Aicardi-Goutieres syndrome (AGS),>** Lupus,*® and STING asso-
ciated vasculopathy with onset in infancy (SAVI).>**

Recent studies have shown that the cGAS-STING pathway
plays an important role in acute kidney injury (AKI), a disease
characterized by a rapid decline in renal function with the
possibility of chronic kidney disease (CKD) setting in.”**° With
such a central role played by activated cGAS-STING axis in
numerous diseases, efforts have begun to intensify in the
identification and development of STING inhibitors (see
Fig. 1 for examples of STING antagonists).*'>°

Our group previously reported novel class of STING antago-
nists, such as HSD1077 (Fig. 1), which are synthesized via
multi-component Povarov-Doebner type reaction.*' Using a
fluorescence polarization assay (Fig. 2), developed in our
group,”” we demonstrated that HSD1077 could compete with
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Fig. 1 Structures of reported small molecule STING antagonists.
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Fig. 2 Schematic diagram showing competitive binding of F-c-di-GMP in
STING by a small molecule.

fluorescein-labeled c-di-GMP in binding hSTING CTD contain-
ing residues 155-341, which has previously been shown to be
soluble and capable of binding to CDNs in solution.*® At
100 nM, HSD1077 was able to inhibit IL-6 production in both
THP-1 and Raw macrophage cell lines. Mechanistic studies
revealed that HSD1077 inhibited both TBK1 and STING
phosphorylation.®® While HSD1077 is orally bioavailable
[(F = 91%)], unfortunately it suffers from high clearance (Clops =
222 mL min~ " kg~ " after IV dosing of 2 mg Kg~ ') in mice.

We were therefore motivated to continue searching for
STING antagonists that could be used in vivo. Our group has
identified many compounds that contain the same 3H-
pyrazolo[4,3-flquinoline scaffold in HSD1077, which are effica-
cious in vivo.*® Therefore, we reasoned that the unsubstituted
pyrazole group in HSD1077 might be responsible for the PK
liability. Unfortunately, substituting the pyrazole in HSD1077 to
potentially reduce metabolic inactivation also reduced STING
binding. Luckily, screening our proprietary 3H-pyrazolo[4,3-
flquinoline-containing library identified benzamides 1 and 2
(see Fig. 3) as potential STING binders. Herein, we detail
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Fig. 3 Synthesis of quinoline compounds using the Povarov—-Doebner
type multicomponent reaction. STING binders, HSD1077, compound of
types A and B.

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm

structure-activity relationship studies of these new STING
binders. Pleasingly HSKB143 (compound class A, Fig. 3)
and HSKB142 (compound class B, Fig. 3) antagonize STING.
However, only HSKB142 is bioavailable while HSKB143 is not
bioavailable when dosed orally.

We synthesized 22 compounds via a tandem one-pot three-
component Doebner/Povarov type MCR followed by amidation
(Fig. 4). With potential STING binders in hand (Fig. 5), we
proceeded to evaluate binding to STING, using the binding
assay described in Fig. 2.

Briefly, 20 pM of compounds and 50 nM of the c-di-GMP-
fluorescein probe (c-di-GMP-FAM) were incubated with 10 uM
of hSTING for 5 minutes prior to evaluation of fluorescence
anisotropy. As a positive control, we used ADU-5100, a known
agonist of STING that binds to the cyclic dinucleotide binding
site of STING.* It was observed that compounds containing
ethyl piperazine 1, morpholine 2, methyl piperidinol 3, thio-
morpholine dioxide 4, and dimethyl morpholine 5 benzamides
were poor STING binders, whereas methylsulfonyl piperazine 6
could bind to STING, albeit only moderately (Table 1 and
Fig. S1, ESIt). Further substitutions of methylsulfonyl piper-
azine analog 6 revealed that fluorine substitution on the
benzamide moiety, 7 and HSKB142, improved STING binding
whereas changing the benzamide to picolinamide 8 or nicoti-
namide 9 abrogated STING binding (Table 1). Substituting the
ring appended to positions 8 and 9 of pyrazolo[4,3-f]quinoline
core with OH (10, 13) or Me (11), and replacing a carbon with S
(12) did not improve STING binding. Compound 14, the
tetrahydro-2H-pyran analog of compound 6 was equally good
at binding to STING. The N-(2-sulfamoylethyl)benzamide ana-
logs, HSKB143, 17-19 could also bind to STING. As expected,
the nicotinamide or picolinamide analogs, 16 and 17, were not
STING binders (Table 1).

With HSKB142 and 143 as lead compounds from the single
concentration screen, we proceeded to determine the half
maximal inhibitory concentration (ICs,) values for competing
with c-di-GMP-FAM binding to STING. HSKB143 and HSKB142
could compete with c-di-GMP-FAM with ICs, of 10 and 12 uM
respectively (Fig. 6A). To validate the c-di-GMP-FAM binding
assay, we employed differential scanning fluorimetry (DSF)
assay to measure the shifts in temperature which arises upon
stabilization of hSTING"' when HSKB142, HSKB143, HSD1077
are bound. We used H151,>* a known STING antagonist that
binds to a non-CDN site and ¢cGAMP, the native ligand, as
controls. HSKB142, HSD1077, HSKB143 caused AT, =4 °C, 3 °C
and 2 °C respectively, whereas H151 caused ATy, =1 °C. These
values are significantly less than the thermal shift for 2'3'-
¢GAMP (AT, = 15 °C) but nonetheless show that the antago-
nists do bind to STING and cause protein stabilization.
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Fig. 4 Synthetic steps for synthesis of analogues.
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Fig. 5 Compounds screened for STING binding.

Table 1 Compounds used, and percentage of c-di-GMP-FAM bound
to STING

Percent Percent Percent
Compound bound® Compound bound® Compound bound®
HSKB142 19 7 49 15 33
HSKB143 9 8 95 16 100
1 64 9 100 17 98
2 76 10 89 18 24
3 84 11 90 19 73
4 99 12 64 20 64
5 93 13 64 ADU-5100 0
6 64 14 34

“ The % c-di-GMP bound to STING.
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Fig. 6 Biochemical assays to characterize STING. (A) ICso curves of
inhibitors displacing c-di-GMP-FAM from STING. (B) Second derivative
of the thermal shift assay varying temperature from 15 °C to 80 °C with
AT, values.

Next, we investigated whether HSKB142 and HSKB143 could
attenuate the expression of interferons in human derived THP-
1 monocytes via the STING pathway upon cGAMP stimulation.
Using THP-1 dual cells incorporated with a luciferase gene
under the control of an ISG54 inducible promoter, relative
quantifications of type 1 interferon expression could be
achieved through luciferase detection upon cGAS-STING path-
way induction. Pre -treating THP-1 monocytes with HSKB142,
HSKB143 and H151 (known Sting antagonist)** reduced cGAMP
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Fig. 7 HSKB142 and HSKB143 attenuate interferon induction in human
THP-1 cells. (A) Treatment of HSKB142 and HSKB143 to THP-1 dual
monocytes. (B) Treatment of HSKB142 and HSKB143 to THP-1 dual
(KI' STING N154S).

activated type 1 interferon expression in a dose dependent
manner with ICs, values of 8, 10 and 29 nM respectively.
Similarly, the compounds could antagonize the action of
¢GAMP in THP-1 dual cells expressing a knock in constitution-
ally active STING (N1548S), with ICs, of 25 nM (HSKB142), 28 nM
(HSKB143) and 39 nM (H151), Fig. 7B.

HSKB142 and HSKB143 were not cytotoxic when tested
against immune cells, Jurkat, RAW and THP-1 macrophages
at a higher concentration of 10 uM (Fig. S2, ESI}). For success-
ful clinical translation of STING antagonists, it is essential that
the compounds are bioavailable. So, we evaluated the pharma-
cokinetic properties of HSKB142 and 143 after dosing at
20 mg kg~ ! via oral gavage (PO). As shown in (Fig. S5B, ESIY),
the plasma concentration of HSKB142 peaked at 0.5 hours after
oral administration (Cmax = 1650 ng mL ™) and dropped to
around 6.73 ng mL™' after 24 hours. HSKB143, on the
other hand, displayed poor oral bioavailability with Cpax =
4.5 ng mL~'. We speculate that the poor oral availability of
HSK143 is probably due to hydrolysis of the amide bond.
Comparing the pharmacokinetic parameters of HSKB142 to
the earlier reported HSD1077 (see Fig. 8 and Tables S1-S4,
ESIt), HSKB142 shows enhanced properties such as a lower
clearance, Clops, Of 32.7 mL min~" kg™ ' after IV dosing of
2 mg kg~ " compared to Clyys of 222 mL min~" kg™ ' after IV
dosing of 2 mg kg~' for HSD1077. The exposure of HSKB142
(AUC .5 = 4147.6 h ng mL ™" after PO dosing of 20 mg kg ') is also

2000 4 HSKB142_Oral dosing 20 mg/kg
W HSD1077_Oral dosing 20 mg/kg
@ HSKB142_IV dosing 2 mglkg
H HSD1077_IV dosing 2 mglkg

1500

Plasma concentration (ng/mL)
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Fig. 8 Total plasma concentration vs. time profile for HSKB142 and
HSD1077 after 20 mg kg™ dosing (PO) and 2 mg kg™t dosing (IV) in Male
CD1 Mice (n = 3). The three samples were pooled together, and drug
concentration analyzed via LC-MS (as contract research at Pharmaron).

This journal is © The Royal Society of Chemistry 2024
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higher than that of HSD1077 (AUC,g = 1272.0 h ng mL ™" after PO
dosing of 20 mg kg™ ).

In conclusion, using the Povarov-Doebner type reaction, we
have developed 3H-pyrazolo[4,3-flquinoline containing com-
pounds that inhibit the ¢cGAS-STING pathway. HSKB142 is
orally bioavailable and serves as a lead compound for the
development of novel therapeutics targeting STING for the
potential treatment of chronic autoimmune diseases, such as
SAVI and AGS.
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