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Chronic immune activation is a hallmark of progressive HIV infection. Recent reports point to the engage-
ment of toll-like receptor 7 (TLR7) and -9 by viral RNA as contributing to the activation of innate immune
responses, which drive viral replication leading to immune exhaustion. The only known class of TLR7
antagonists is single-stranded phosphorothioate oligonucleotides, which has been demonstrated to inhi-
bit immune activation in human and Rhesus macaque in vitro models. The availability of a selective and
potent small-molecule TLR7 antagonist should allow the evaluation of potential benefits of suppression
Innate Immunity of TLR?-mediated immune activatign in HIY/AIDS. Gardiquimod .is a known N'-substituted 1H-i.m‘idazo-
Toll-like receptors quinoline TLR7 agonist, the synthesis of which has not been published. We show that the 3H regioisomer
TLR7 is completely inactive as a TLR7 agonist and is weakly antagonistic. A des-amino precursor of the 3H reg-
ioisomer is more potent as a TLR7 antagonist, with an ICsq value of 7.5 uM. This class of compound may
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serve as a starting point for the development of small-molecule inhibitors of TLR7.

© 2009 Elsevier Ltd. All rights reserved.

Chronic immune activation is a hallmark of progressive HIV
infection which is strongly associated with dysregulated cellular
and humoral immune responses;'? furthermore, the resulting
accelerated turnover of CD4" lymphocytes provides a milieu for
HIV replication.> The majority of the lymphocytic pool resides in
the gastrointestinal tract and it has recently been demonstrated
that during acute HIV infection, a tremendous depletion submuco-
sal CD4" lymphocytes occurs as a result of massive viral replica-
tion.*® The loss of mucosal integrity is due to the resultant
enteropathy, which has been shown to contribute to sustained sys-
temic immune activation as a consequence of translocation of bac-
terial products such as lipopolysaccharide,” an agonist of toll-like
receptor 4 (TLR4).2 The engagement of TLR7 and -9 by single-
stranded viral RNA has recently been reported to play a central role
in immune activation-driven HIV replication. For instance, progres-
sive CD4"* T lymphocyte depletion in non-human primates is highly
correlated with TLR7-mediated interferon-o (IFN-ot) by plasmacy-
toid dendritic cells, and antagonists of TLR7 inhibit immune
activation.?

Certain 4-aminoquinolines such as chloroquine and hydroxy-
chloroquine inhibit TLR7 indirectly via blocking endolysosomal
maturation,'®!! and the only known true TLR7 receptor antago-
nists are single-stranded phosphorothioate oligonucleotides.!>13
The availability of a selective and potent small-molecule TLR7
antagonist should allow the formal testing of potential benefits
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of suppression of TLR7-mediated immune activation in HIV/AIDS.
Gardiquimod is a commercially available N'-substituted 1H-imi-
dazoquinoline TLR7 agonist,'* the synthesis of which is not avail-
able in the scientific literature, although closely related
analogues have been disclosed in a patent.!® The syntheses of both
gardiquimod and its 3H regioisomer were undertaken in an effort
to explore hitherto poorly-characterized structure-activity rela-
tionships of substituents on the imidazoline ring (Scheme 1); the
3H regioisomer was found to be completely inactive as a TLR7 ago-
nist and was, in fact, weakly antagonistic. A des-amino precursor of
the 3H regioisomer was more potent as a TLR7 antagonist, with an
ICs value of 7.5 pM. This class of compound may serve as a useful
lead and a starting point for the development of small-molecule
inhibitors of TLR7.

Following literature precedents,'® anthranilic acid 1 was con-
densed with 2-nitroacetaldehyde oxime which was prepared
in situ from nitromethane and sodium hydroxide to give 2-(2-
nitroethylideneamino)benzoic acid, 2; this was then cyclized to
form the quinoline ring using acetic anhydride and potassium ace-
tate to give 3-nitro-4-hydroxyquinoline (3). Treatment with phos-
phorous oxychloride afforded 3-nitro-4-chloroquinoline (4), which
served as the common precursor for the synthesis of gardiquimod
(9), as well as its regioisomer 15. 1-amino-2-methylpropan-2-ol
(18) was obtained by reacting NH,OH with 2,2-dimethyloxirane
at 0°C; isolation and purification were facilitated by temporary
N-Boc protection, which was eventually deprotected with
CF3CO,H. The N-Boc-protected N-ethylglycine derivative (22),
was synthesized from the methyl ester of glycine (19) via reductive
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Scheme 1. Synthesis of gardiquimod, its 3H-regioisomer, and the 4-desamino-3H-regioisomer. Reagents and conditions: (i) HCl, HON=CH CHCH,NO,; (ii) (CH3CO),0,

CH3COOK; (iii) POCl3; (iv) NaNs, DMF; (v) Pd/C, H,, MeOH; (vi)
dimethyloxirane; (viii) 3-chloroperoxybenzoic acid, CH,Cl,, CHCl3, MeOH; (i

2-(tert-butoxycarbonyl(ethyl)amino)acetic acid, HATU, DMF; (b)NaOH/H,O, EtOH; (vii) DBU, 2,2-
X) (a) benzoyl isocyanate, CH,Cl,, (b) NaOCH3, MeOH (c) CF3CO,H; (x) 1-amino-2-methylpropan-

2-ol, CH,Cly, Et3N; (xi) Pd/C, Hy, MeOH; (xii) (a) 2-(tert-butoxycarbonyl(ethyl)amino)acetic acid, HATU, DMF; (b) NaOH/H,0, EtOH; (xiii) 3-chloroperoxybenzoic acid, CH,Cl,,

CHCl;, MeOH; (xiv) (a) benzoyl isocyanate, CH,Cl, (b) NaOCH3, MeOH (c) CF;CO,H;

(xvii) (Boc),0, MeOH; (xviii) LIOH/H,0, THF/MeOH; (xix) CF3CO,H.

amination using acetaldehyde and sodium cyanoborohydride, fol-
lowed by N-Boc protection using (Boc),0, and subsequent ester
hydrolysis using LiOH.

Synthesis of gardiquimod: An SyAr reaction on 4 with 1-amino-2-
methylpropan-2-ol (18) afforded the 3-nitro-4-aminoquinoline
derivative (5), which was converted to the imidazoquinoline 7
via sequential Pd-catalyzed reduction of the nitro group of 6, ami-
dation with the N-Boc-protected amino acid (22), followed by
cyclization with NaOH to afford the intermediate 7.!” N-oxidation
of the quinoline nitrogen of 7 with m-CPBA yielded 8, which was
reacted with benzoyl isocyanate to provide a 4-N-benzoyl deriva-
tive. This amide was cleaved using NaOMe in MeOH as has been re-
ported!” to yield the N-Boc-protected precursor of gardiquimod.
Final deprotection was performed with CF;CO,H to give the target
molecule 9, as the TFA salt, which was as active as the commer-
cially-available reference compound (Fig. 1).

Synthesis of the 3H regioisomer of gardiquimod: An SyAr displace-
ment of 4 to the corresponding azido derivative 10 with NaNs, fol-
lowed by reduction of both the 3-nitro- and the 4-azido groups
with Pd/C under hydrogenation conditions gave the 3,4-diamino-

(xv) (a) NH40H, 0 °C; (b) (Boc),0, MeOH; (c) CF3CO,H; (xvi) CH3CHO, NaCNBH3, MeOH;
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Figure 1. NF-kB induction activities of 9 and reference gardiquimod in a TLR7-

specific reporter gene assay. ICsqo values of both compounds is 0.65 pig/mL. 15 was
inactive at the highest concentration test (25 pg/mL).
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quinoline 11. Amidation of 11 with 22, followed by cyclization
using NaOH afforded the C-2-substituted imidazoquinoline scaf-
fold 12. Reaction of 12 with excess of the 2,2-dimethyloxirane in
the presence of DBU afforded the N-3 substituted imidazoquinoline
13, which after deprotection yielded 16. Subsequent steps, similar
to the ones described above afforded the 3H-regioisomer 15. Com-
parison of the '"H NMR spectra of 9 and 15 showed, as expected,
differences in the chemical shifts of the substituents on the imid-
azole ring; significant differences were also seen for the C9 pro-
tons, probably due to through-space effects of the substituents
(Supplementary data).

TLR7 agonism and antagonism: A reporter gene assay using
TLR7-dependent NF-xB induction was used. The induction of NF-
kB was quantified using HEK-Blue-cells as previously described
by us.'® HEK293 cells were stably transfected with plasmids
encoding TLR7 as well as an NF-kB reporter gene coupled to se-
creted alkaline phosphatase (sAP) (InvivoGen, San Diego, CA), and
were maintained in HEK-Blue™ Selection medium containing zeo-
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Figure 2. Top: TLR7-antagonistic activities of the 3H regioisomer 15, and of its des-
amino precursor 16. Bottom: Crystal structure of 16 as the di-TFA salt. The locations
of all the hydrogens were determined from a difference Fourier and refined as
individual isotropic atoms.

cin and normocin. Stable expression of secreted alkaline phospha-
tase (SAP) under control of NF-KB/AP-1 promoters is inducible by
the TLR7 agonists, and extracellular sAP in the supernatant is pro-
portional to NF-xB induction. HEK-Blue-7 cells were incubated at a
density of ~10° cells/mL in a volume of 80 uL/well, in 384-well,
flat-bottomed, cell culture-treated microtiter plates until conflu-
ency was achieved, and subsequently graded concentrations of
stimuli were added. sAP was assayed spectrophotometrically using
an alkaline phosphatase-specific chromogen (present in HEK-
detection medium as supplied by the vendor) at 620 nm. The
TLR7 agonistic potency of 9 was indistinguishable from that of
the commercially available gardiquimod (Fig. 1), while 15 was de-
void of agonistic activity (Fig. 1).

None of the precursors of 9 displayed any significant agonistic
activities (data not shown). Antagonistic activities were examined
by incubating HEK-Blue-7 cells with graded concentrations of test
compounds in the presence of 250 ng/mL of gardiquimod. 15 dis-
played weak TLR7 antagonism (ICso: 25 puM, Fig. 2), which
prompted us to carefully examine all its precursors. The des-amino
compound 16 obtained after deprotecting 13 was found to be max-
imally antagonistic with an ICsy of 7.5 uM. Compound 16, fortu-
itously, also crystallized with ease in MeOH, the structure of
which is shown in Fig. 2.

Compound 16, to our knowledge, is the first small molecule
with TLR7-antagonistic activity, and may therefore be useful as a
lead for the syntheses of focused libraries toward the generation
of more potent small-molecule receptor antagonists of TLR7.
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Supplementary data

The crystal structure of 16 has been deposited at the Cambridge
Crystallographic Data Centre (Accession number: CDC 718787).
Synthetic procedures, 'H, '3C NMR, mass-spectral data of target
compounds and precursors, and 'H NMR spectra overlays of 9
and 15. Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2009.02.100.
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