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Pattern recognition receptors (PRRs) represent a re-emerging class of therapeutic targets for vaccine
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adjuvants, inflammatory diseases and cancer. In this review article, we summarize exciting developments
in discovery and characterization of small molecule PRR modulators, focusing on Toll-like receptors

(TLRs), NOD-like receptors (NLRs) and the cGAS-STING pathway. We also highlight PRRs that are currently
lacking small molecule modulators and opportunities for chemical biology and therapeutic discovery.
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Introduction

The ability of animals and plants to sense microbes provides an
important means to discriminate self from non-self and initiate
immune responses to establish homeostasis as well as defend
against potentially lethal infections. To do so, animals and
plants have acquired and evolved pattern recognition receptors
(PRRs) that detect and respond to common microbe, pathogen
and damage associated molecular patterns (MAMPs, PAMPs and
DAMPs, respectively)."> These molecular patterns are composed
of molecules foreign to a healthy host yet common among
different microbes or damaged host cells. These molecules vary
drastically in structure and complexity. MAMPs and PAMPs can
include components of the bacterial cell wall and membrane,
bacterial and viral nucleic acids, particulates, and potassium
efflux in the host. DAMPs include molecules associated with the
breakdown vital cellular components like organelles and the
extracellular matrix. The ability to sense diverse types of mole-
cules allow the host to mount an immune response and initiate
clearance of infected or damaged cells.

Several classes of PRRs are expressed in humans that signal
for MAMPs, PAMPs and DAMPs. These include but are not
limited to toll-like receptors (TLRs),”> NOD-like receptors
(NLRs),* and the cGAMP signaling (cGAS-STING) pathway.’
Activation of these receptors leads to downstream production
of inflammatory cytokines, antimicrobial factors, and cell death
factors. Disfunction of these receptors can lead to immune
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disorders and diseases resulting in chronic inflammation. For
example, improper function of the NLR, nucleotide-binding
oligomerization domain-containing protein 2 (NOD2), is asso-
ciated with Crohn’s disease and Blau syndrome,*” and disfunc-
tion of the NLR-family pyrin domain containing 3 (NLRP3)
inflammasome is associated with a myriad of disorders ranging
from diabetes to Alzheimer’s disease.®

Agonists of PRRs can be powerful immunostimulants and
are used as adjuvants. One of the earliest discovered immune
activators is Freund’s adjuvant, which is composed of heat
inactivated mycobacteria in a water/oil emulsion.’ The active
molecule of Freund’s adjuvant was later identified to be muramyl
dipeptide (MDP), which is the ligand of NOD2. MDP and its
derivatives that activate NOD2 have been found to be potent
immunostimulants that serve important roles in pathogen clear-
ance and increasing the efficacy of cancer immunotherapy.'""
Numerous immunologic adjuvants exist that target several PRRs.
For example, aluminum acts as a NLRP3 agonist, Lipid A deriva-
tives activate TLR4, and CpG oligonucleotides activate TLR9."

As each PRR has evolved to signal for specific MAMPs and
PAMPS, structural models of these receptors deepen the under-
standing of ligand specificity and activation mechanisms. Reliable
structures of PRRs can be used to assist the development of next
generation immunotherapies. This review seeks to summarize
natural PRR agonists from a structural and chemical perspective
and describe synthetic activators and inhibitors of these receptors.
Additionally, this review will highlight opportunities for chemical
biology and therapeutic discovery and complement existing
reviews on this topic.>**

Toll-like receptors

There are 10 TLR genes in humans and 12 in mice.”® TLRs 1-9
are conserved between the two species. TLR10 is expressed in
humans but is a pseudogene in mice. TLRs 11-13 are expressed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Toll-like receptors. (A) Sub-cellular localization and MAMPs, PAMPs and/or DMAPs of TLRs. (B) Domain structure of TLRs.

in mice but are pseudo genes in humans. Each TLR recognizes
a distinct set of molecular patterns that are atypical of healthy
host cells. TLR10 remains to be an orphan receptor. TLRs-1, 2,
4, 5, and 6 are localized on the plasma membrane, while TLRs-
3, 7, 8, and 9 are localized on the endosomal membrane
(Fig. 1A). TLRs are single-pass membrane proteins consisting
of an ectodomain, a transmembrane domain, and a Toll-IL-1
receptor (TIR) domain (Fig. 1B). The ectodomain contains 18-
25 copies of leucine rich repeat (LRR) and typically binds
ligands. The TIR domain interfaces the cytoplasm and interacts
with other TIR-type domains in signaling proteins. Agonistic
ligands induce receptor dimerization and bring the two TIR
domains together, which allows them to interact with the TIR
domains of cytoplasmic adapter molecules to trigger intracel-
lular signaling. There are four such adaptors used by TLRs:
MyD88, MAL (also known as TIRAP), TRIF, and TRAM. Most
TLRs interact with MyD88 except for TLR3, which interacts with
TRIF. All TLRs induce NF-kB-mediated cytokine production,
whereas endosomal TLRs also induce IRF-mediated production
of type-I interferons. TLRs are intricately involved in various
aspects of health and disease and are important therapeutic
targets for sepsis, lupus, and vaccine adjuvants to name a few.

TLR2. TLR2 is expressed on the plasma membrane and
recognizes bacterial lipopeptides.” Diacyl and triacyl lipopeptides
induce the formation of TLR2-TLR6 and TLR2-TLR1 hetero-
dimers, respectively, which brings the cytoplasmic TIR domains
closer to initiate signal transduction.”>*® The most studied TLR2
ligands are Pam,Cys and Pam;Cys (Fig. 2A). Pam,Cys is a synthetic
analogue of the 2 kDa molecule called Macrophage-Activating
Lipopeptide-2 (MALP2) which was isolated from Mycoplasma
fermentans."” On the other hand, Pam;Cys is a conserved motif
on the N-termini of Braun’s lipoprotein, which was prepared
from Escherichia coli, and most bacterial lipoproteins.’®'® In
addition to lipopeptides, TLR2 is also activated by various micro-
bial metabolites such as lipoteichoic acids and zymosan.® For
example, a recent study identified a lipid from Akkermansia
muciniphila’s cell membrane that recapitulates the immunomo-
dulatory activity of A. muciniphila in cell-based assays.>' The

© 2023 The Author(s). Published by the Royal Society of Chemistry

isolated immunogen, a diacyl phosphatidylethanolamine with
two branched chains, activates TLR2-TLR1 heterodimer.
Co-crystal structures of Pam,CSK, or Pam;CSK, bound to
the TLR2-TLR6 or TLR2-TLR1 heterodimers show exactly how
lipopeptides induce dimerization. The TLR2-TLR1 heterodimer
assumes an “m” shape with the two C-termini converging at
the middle and binds a single Pam;CSK, at the dimerization
interface which serves as a molecular glue (Fig. 2B).>* The two
ester-bound lipid chains of Pam;CSK, insert into an internal
pocket of TLR2 from its opening on the convex surface and the
amide-bound lipid chain interacts with a channel formed on the
convex surface of TLR1. In addition, the glycerol and Cys-Ser
backbone of the ligand fits tightly in the dimerization interface.
Amino acids from TLR2 and TLR1 also form hydrophobic,
hydrogen-bonding, and ionic interactions to further stabilize the
heterodimer. Similarly, the TLR2-TLR6 heterodimer binds a single
Pam,CSK, at the dimerization interface (Fig. 2C).>* The lack of the
amide-bound lipid chain appears to be compensated by stronger
protein—protein interactions between TLR2 and TLR6. These struc-
ture analyses advance further understanding and development of
the structure-activity relationship of lipopeptide analogues.>*
Recent studies have identified small molecule TLR2 agonists
that are structurally unrelated to the lipopeptides (Fig. 2A).>°
For example, high-throughput screening with reporter gene assays
yielded several compounds containing the 1,4-diphenyl-1H-
imidazole core such as CU-T12-9°**” and SMU-Z1.>® CU-T12-9
and SMU-Z1 specifically activated TLR2-TLR1 heterodimer and
presumably bind the same site as Pam;Cys as suggested by in vitro
competitive binding assays. Similar effort also led to the identifi-
cation of tricyclic dihydropyridine-quinolone compounds. Inter-
estingly, the agonist activity was highly dependent on the chirality
of the methyl substituent. Diprovocim is a class of potent syn-
thetic TLR2-TLR1 agonists that emerged from the screening of a
unique chemical library designed for promoting cell surface
receptor dimerization.>® Interestingly, co-crystal structure analysis
of diprovocim-1-bound TLR2 homodimer revealed that two mole-
cules of diprovocim-1 bind the ligand-binding pocket formed by
the two TLR2 ectodomains, which offers the first insight into how

RSC Chem. Biol., 2023, 4,1014-1036 | 1015
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Fig. 2 TLR2 modulators. (A) Representative TLR2 agonists. Co-crystal structures of PamzCSK4—TLR2-TLR1 complex (B), PamsCSK4—TLR2-TLR6
complex (C), and diprovocim-TLR2-TLR2 complex (D). (E) Representative TLR2 inhibitors.

non-lipopeptide ligands interact with TLR2 (Fig. 2D).*' In
addition, diprovocim-1 synergized with anti-PD-L1 treatment
to inhibit melanoma growth in mice.** Alternatively, structure-
based virtual screening of the ZINC database against the
Pam;CSK-bound TLR2-TLR1 heterodimer led to the identifi-
cation of SMU127 and the potency-optimized compound SMU-
C80.>*** 1t is noteworthy that SMU-C80 contains the N-aryl-N'-
(thiophen-2-yl)thiourea core that had been previously identified
through a high-throughput screening campaign.”® These studies

1016 | RSC Chem. Biol., 2023, 4,1014-1036

demonstrate that TLR2 is a tractable target for small and medium-
sized molecules.

Recent studies have also identified several TLR2 antagonists
(Fig. 2E). High-throughput screening led to the identification
of the first TLR2-selective antagonist CU-CPT22.** CU-CPT22
competitively binds TLR2-TLR1 dimer in vitro and inhibits
Pam;CSK-induced NO and inflammatory cytokine production
in RAW 264.7 macrophages. Similar effort led to the identifi-
cation of taspine and the derivative SMU-Y6.?® Virtual screening

© 2023 The Author(s). Published by the Royal Society of Chemistry
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approaches yielded several TLR2 antagonists.’”>° For example,
docking screening against a pocket located in the TLR2 TIR
domain led to the identification of C29.%° Interestingly, ortho-
vanillin which is generated from C29 imine hydrolysis turned out
to be the active species. Another study reported structure-activity
relationship of related N-benzylideneaniline derivatives.*® How-
ever, readers should note that most TLR2 antagonists in literature
contain alert structures for assay interference and stability.**
TLR4. TLR4 was the first human ortholog of fruit fly Toll to
be cloned.** TLR4 is expressed by several immune cells such as
dendritic cells and macrophages on the plasma membrane and
functions as a receptor for lipopolysaccharide (LPS).*>™*
Mechanistically, TLR4 and myeloid differentiation factor 2
(MD-2) form a complex that recognizes LPS.***° Co-crystal
structure shows that the TLR4-MD-2-LPS complex is an m-
shaped dimer of TLR4-MD-2 dimers which are bridged by two
molecules of LPS (Fig. 3A).>° Five of the six lipid chains of lipid
A are buried in the hydrophobic binding pocket inside MD-2
and the remaining chain is partially exposed to the surface
of MD-2 and interacts with TLR4. The phosphate groups of
lipid A form ionic interactions with positively charged residues
of TLR4 and MD-2. Eritoran is structurally similar to lipid
A but possesses only four lipid chains and functions
antagonistically.”! Eritoran binds MD-2 with all the lipid chains
occupying the hydrophobic pocket and substantially shifts the
disaccharide scaffold relative to lipid A, which precludes for-
mation of effective interactions with TLR4.>*>?
Structure-activity relationship of lipid A analogues has been
extensively studied, delineating the impacts of the number and
length of lipid chains as well as the identity and substitution
pattern of disaccharide scaffold (Fig. 3B).>* For example, mono-
phosphoryl lipid A (MPLA) lacks the 1-phosphono and 3-O-(R)-
3-hydroxytetradecanoyl groups. MPLA is a milder TLR4 agonist
and is less endotoxic compared to LPS, perhaps due to TRIF-
biased downstream signaling.”> MPLA is clinically approved by
FDA for the use as a vaccine adjuvant in humans. It is noteworthy
that lipid A analogues inspired the development of non-glycolipid
amphiphilic TLR4 agonists such as E6020 as a vaccine adjuvant.>®
In contrast, E5531%” and Eritoran,”* which is also known as E5564
and B1287, are penta- and tetra-lipidated analogues, respectively,
and potent TLR4 antagonists. Both compounds entered clinical
trials to treat sepsis but were discontinued. In addition, a recent
study identified a complex glucorhamnan polysaccharide from a
culture medium of Ruminococcus gnavus that activates TLR4 and
induces inflammatory cytokines.>® This molecule may contribute
to the association between R. gnavus and Crohn’s disease.
Recent studies have identified small molecule TLR4 agonists
that are structurally unrelated to the lipopeptides (Fig. 3C). For
example, high-throughput screening with a reporter gene assay led
to the identification of pyrimido[5,4-b]indoles and 4-aminoquina-
zolines as TLR4 agonists.>®” Optimization of the pyrimido[5,4-
blindole series achieved ~ 20-fold improvement in activity.*' The
pyrimido[5,4-blindoles and 4-aminoquinazolines require MD-2 for
activity and are presumed to bind the hydrophobic pocket inside
MD-2 based on docking studies. Similarly, high-throughput
screening of a nontraditional compound libraries including an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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o-helix mimetic library led to the discovery of neoseptins.”
Neoseptins exhibit flat structure-activity relationship and low
potency in vitro but are effective adjuvants in vivo. Co-crystal
structure analysis revealed that the overall conformation of the
TLR4-MD-2 complex and the local conformation of the MD-2
ligand-binding pocket were similar between neoseptin-3 and lipid
A (Fig. 3D).*® Interestingly, two molecules of neoseptin-3 bound to
each 1:1 TLR4-MD-2 heterodimer with each molecule adopting
different conformations and interacting with different areas of
TLR4 and MD-2. In addition, the two neoseptins bind to each
other via m—r interaction and two hydrogen bonds. Screening a
small library of 750 pure natural products led to the identification
of Euodenine A.** Structure-activity relationship development
around the cyclobutane ring resulted in a 10-fold increase in
potency. Alternatively, a cascade of ligand-based and structure-
based virtual screenings yielded 2,3-(9,10-dihydroanthracene-9,10-
diyl)succinimides.®”” These studies highlight a unique and unex-
pected binding mechanism of a synthetic ligand with little struc-
tural similarity with the natural ligand and should inspire new
approaches in library design and computer-assisted drug design.

Small molecule TLR4 antagonist have also been pursued.®®
For example, the 3-(indol-5-yl)-indazole weakly 22m binds TLR4
and MD-2 in vitro and inhibits LPS-induced cytokine release
(Fig. 3E). The authors demonstrated selectivity against kinases
with the KinomeScan assay.®” Another interesting example is
TAK-242.°® TAK-242 potently inhibits the production of inflam-
matory cytokines and nitric oxide induced by LPS in vitro and
in vivo and protects mice against LPS-induced lethality.®®®°
Mechanistically, TAK-242 is a non-competitive, covalent inhi-
bitor and binds the intracellular domain of TLR4 via Cys747.”°
TAK-242 does not affect the dimerization of TLR4 but instead
disrupts interactions between TLR4 and the adapter proteins
TIRAP and TRAM.”" This case study highlights the potential of
modulating pattern recognition receptor functions through
covalent mechanisms.

TLR5. TLR5 is expressed on the cell surface of macrophages,
dendritic cells, and epithelial cells. TLR5 senses bacterial
flagellin protein and triggers Myd88-dependent signaling.”>”*
Crystal structure analysis shows that TLR5 forms a symmetric
2:2 complex with flagellin and recognizes the ligand mostly on
the lateral surface (Fig. 4A).”* Entolimod also known as CBLB502
is a pharmacologically-optimized flagellin derivative.”> Numerous
studies demonstrated its anti-tumour efficacy in animal models.”
Development of small molecule TLR5 modulators remains chal-
lenging. The antagonist TH1020 is the only compound that has
been reported in literature (Fig. 4B).”” Its mechanism of action
remains unclear.

TLR3. TLR3 is expressed by macrophages, conventional
dendritic cells, and intestinal epithelial cells. TLR3 recognizes
double-stranded RNA (dsRNA), which is indicative of viral
genome and replication intermediates.”® Upon ligand engage-
ment, TLR3 dimerizes and activates TRIF-dependent NF-kB and
IRF3 pathways.”® Crystal structure analysis shows that two
molecules of TLR3 sandwich one molecule of dsRNA.** Both
N- and C-terminal regions of the ectodomain make sideway
contacts with the sugar-phosphate backbone of dsRNA. TLR3

RSC Chem. Biol., 2023, 4,1014-1036 | 1017
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can be activated by poly I:C, which is a synthetic polymer led to the identification of compound 4a as TLR3-selective
composed inosinic acid and cytidylic acid. antagonist.*’ Compound 4a competed with poly I:C for TLR3

TLR3 remains a challenging target for small molecule mod- binding and inhibited poly I:C-induced NO and inflammatory
ulator development (Fig. 5A). Structure-based virtual screening cytokine production. High-throughput screening with a cell-

1018 | RSC Chem. Biol., 2023, 4,1014-1036 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TLR5 modulators. (A) Co-crystal structure of flagellin—TLR5
complex. (B) TLR5 inhibitor TH1020.

based assay led to the identification of the potent TLR3-selective
antagonist SMU-CX24.%> Notably, SMU-CX24 directly bound TLR3
with high affinity (K4 ~ 20 nM) and exhibited in vivo efficacy in an
atherosclerosis model. Similarly, high-throughput screening with
a reporter gene assay yielded a chromene chemical series such as
CU-CPT17e that represented the first and only small molecule
TLR3 agonists.*® CU-CPT17e also activated TLR7 and TLRS.
However, a comprehensive structure-activity relationship study
of the series by another group failed to identify any analogues that
displayed significant activity and to reproduce the activity for CU-
CPT17e that was initially reported.®*

TLR7 and TLR8. TLR7 and TLRS8 are localised in the endo-
somal membrane and recognise viral single-stranded ribonu-
cleotides (ssRNAs).>*>*¢ In addition, TLR7 and TLR8 senses
imiquimod and related antiviral small molecules, which led
to their characterization as antiviral TLRs (Fig. 5B).>*°° Upon

© 2023 The Author(s). Published by the Royal Society of Chemistry
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agonist ligand binding, TLR7 and TLR8 trigger MyD88-
dependent production of interferons and pro-inflammatory
mediators.®” Synthetic agonists of TLR7 and TLR8 have been
extensively studied in the past several decades and summarized
elsewhere.”"®> In contrast, understanding of activation and
inhibition mechanisms is still evolving and will inspire new
approaches to ligand development.

Recent structural analyses have revealed mechanisms of
TLR7 and TLRS8 activation. TLR8 exists as a pre-formed dimer
and binds synthetic agonists such as CL097 at a dimerization
interface.”® This site also binds uridine derived from ssRNAs,
whereas another site located at the concave surface binds short
oligonucleotides.”® Agonist ligands induce a conformational
change that brings the two C-terminal TIR domains closer and
enables downstream signaling. On the other hand, TLR7 exists
as a monomer in the absence of ligands and forms a dimer
upon binding synthetic agonists such as R-848 or upon binding
guanosine and polyuridine.®® Synthetic agonists and guanosine
occupy a site at the dimerization surface in TLR7 that corre-
sponds to TLR8’s binding site for synthetic agonists and
guanosine. Polyuridine binds another site in TLR7 consisting
of the concave surface and a dimerization interface, which is
distinct from TLR8’s binding site for short oligonucleotides.
These studies will facilitate not only further understanding of
functional roles of TLR7 and TLR8 but also facilitate the
development of synthetic ligands.

Development of selective antagonists for TLR7 and TLR8
lagged compared to agonist development (Fig. 5C). A recent
study identified the potent and selective TLR8 antagonist CU-
CPT8m through a high-throughput screening with a reporter
gene assay and structural optimisation.’® Co-crystal structure
analysis revealed that CU-CPT8m binds a hydrophobic site
located at a dimerization interface and stablises the resting-
state conformation. This binding site is nearby, but distinct
from, the synthetic agonist-binding site and is only formed by
the pre-formed dimer in the resting state. Another recent study
identified the potent and selective TLR7 antagonist Cpd-7
through structure-based design.’” Co-crystal structure analysis
of the agonist ligand 8-oxadenine derivative suggested that the
substitution of the 8-oxo group to fill an additional space at
the dimerization interface would convert the agonist into an
antagonist. The resulting compounds exhibited antagonistic
activity in reporter gene assay and blocked TLR7-dependent
IFN-o secretion from PBMC. Surprisingly, crystallographic ana-
lysis revealed that the antagonist-bound complex adopted an
activated dimeric structure with the antagonist occupying
the same site as the original agonist. Interestingly, cryo-EM
analysis revealed that the antagonist-bound dimer adopted two
major forms: a closed form which was also observed in the
crystal structure and an open form in which the two C-termini
were separated from each other. These studies highlight impli-
cations of conformational dynamics in ligand design.

TLR9. TLRY is an endosomal nucleic acid sensor that is
expressed by plasmacytoid dendritic cells, B cells, and eosino-
philes. TLR9 recognises unmethylated cytosine-phosphate-
guanine (CpG) deoxynucleotide motifs, which are common in

RSC Chem. Biol., 2023, 4,1014-1036 | 1019
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bacteria and herpesvirus, by directly binding CpG-containing
DNA (CpG DNA).**'%° Agonistic ligand engagement triggers
TLR9 dimerization and downstream signaling through MyD88-
dependent NF-kB and IRF7 pathways.'®" Accordingly, various
synthetic oligodeoxynucleotides containing the CpG motif
entered clinical trials as adjuvants for vaccines targeting infec-
tious diseases and cancer.'”

Recent crystal structure analysis revealed that CpG DNA
induces the formation of a symmetric TLR9-CpG DNA complex
with 2 : 2 stoichiometry.'® In the active complex, the CpG DNA
wraps around the N-terminal region of one LRR domain from
the lateral surface to the concave surface and extends to the

1020 | RSC Chem. Biol., 2023, 4,1014-1036

C-terminal region of the other LRR domain, acting as a mole-
cular glue to bridge the two TLR9 molecules. The CpG motif is
accommodated in the groove on the lateral surface and recog-
nized via interactions with multiple amino acids and via water-
mediated hydrogen bonds. On the other hand, inhibitory DNA
binds the concave surface that overlaps with the binding site
for CpG DNA and prevents dimerization. Another study identi-
fied a second DNA-binding site in TLR9 that binds DNA
containing cytosine at the second position from the 5’ end.'®*
This site corresponds to the nucleoside-binding site in TLR7
and TLRS8 and cooperatively regulates receptor dimerization
and activation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Recent studies identified several small molecule TLR-
selective antagonists (Fig. 5D). For example, the antimalarial
drug chloroquine has inspired the development of multiple
TLR9 antagonists. Chloroquine inhibits TLR9 selectively over
TLR7 and TLR8.*® Chloroquine directly blocks TLR9-CpG DNA
interaction in vitro, perhaps by interacting with the nucleic
acid.'°>'® Regardless of exact mechanism of action, chloro-
quine’s evolved into more potent and selective CPG-52364 and
derivatives with the quinazoline core,'*® and further optimiza-
tion led to dihydropyrrolo[2,3-d]pyrimidines.'®” Similarly, CpG
DNA is a proposed target for benzoxazoles such as E6446.'°%'°
Alternatively, benzoxazole derivatives may bind the inhibitory
DNA site of TLRY, although experimental evidence is lacking."*°
Other TLR9-selective antagonists include COV08-0064, which
emerged from a screening of morphinans using a reporter gene
assay, and thiophene derivatives.''!

Dual-inhibition of TLR7 and TLR9 has potential clinical
benefit in autoimmune disorders such as lupus.* High-
throughput screening with TLR7 and TLR9 reporter gene
assays yielded a 2-pheny-indole-5-piperidine chemical series
(Fig. 5E).""* Optimisation efforts led to the lead compound 7f
with potent TLR7 and TLR8 inhibitory activity and modest TLR9
inhibitory activity as well as desirable pharmacokinetic and
pharmacodynamic profiles. Co-crystal structure analysis of
7f-TLR8 complex revealed that 7f stabilizes an inactive confor-
mation which aligns well with the apo conformation. The lead
compound demonstrated efficacy in rodent disease models for
psoriasis and lupus. Interestingly, an analogous 2-phenylimida-
zopyridine chemical series was developed and optimized into the
lead compound 42 with potent TLR7 and TLR9 inhibitory activity
and modest TLRS inhibitory activity.''* Alternatively, a purine-
based TLR7 agonist was converted to the dual TLR7 and TLR9
antagonist 29.""> Compounds 29 and 42 did not interact with
CpG DNA to a detectable level by isothermal titration calorime-
try. It remains unclear whether any of small molecule TLR9
antagonists directly bind TLR9 in vitro or in cells.

NOD-like receptors

There are 22 NLR genes in humans.'*® Although several human

NLR genes have multiple murine paralogs, some human NLR
genes lack murine counterparts (Fig. 6A). NLRs are intracellular
receptors and respond to diverse PAMPs and DAMPs (Fig. 6B).
Some NLRs activate NF-kB to initiate inflammatory responses
just like TLRs, while other NLRs trigger a distinct pathway that
induces cell death and the production of pro-inflammatory
cytokines. NLR typically consists of three functional domains,
namely N-terminal signaling, central [NAIP, CIITA, HETE, TP1
(NACHT)], and leucine-rich repeat (LRR) domains. NLRs are
classified into subfamilies according to the type of N-terminal
signaling domain: those with acidic activation domain (AAD)
are called the NLR AAD containing family (NLRA); those with
baculovirus inhibitor of apoptosis repeat (BIR) are called the
NLR BIR containing family (NLRB); those with caspase recruitment
domain (CARD) are called the NLR CARD containing (NLRC)
family; those with pyrin domain (PYD) are called the NLR pyrin
domain containing (NLRP) family. For example, an NLRC such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NOD1 and NOD2 recruits RIP2 via its CARD upon activation and
triggers proinflammatory cytokine production through NF-xB and
MAPK activation.” In contrast, NLRP members interact with ASC
via its PYD to recruit procaspase-1 and form oligomers called
inflammasomes.""” Inflammasome formation leads to the auto-
cleavage of procaspase-1 to release the active caspase-1, which
subsequently proteolytically processes the inflammatory cytokines
IL-1P and IL-18. Caspase-1 also induces the inflammatory cell death
called pyroptosis by cleaving gasdermin D.

NOD1 and NOD2. NOD1 and NOD?2 are intracellular pattern
recognition receptors that sense bacterial peptidoglycan meta-
bolites and ER stress."'®'"® NOD1 recognizes fragments of the
peptide stem containing vy-p-glutamyl-meso-diaminopimelic
acid (iE-DAP),"**'*! while NOD2 recognizes muramyl dipeptide
(MDP)"*>'?3 (Fig. 7A). NOD1 is ubiquitously expressed by
various cell types such as endothelial cells and stromal cells,
while NOD2 expression is confined to monocytes, dendritic cells,
intestinal epithelial cells, Paneth cells and intestinal stem cells."*®
In addition, NOD1 and NOD2 are interferon-stimulated genes
whose expression in tissues may only become detectable under
particular conditions, such as viral and bacterial infections."**

Biochemical evidence supports that NOD1 and NOD2
directly bind iE-DAP and MDP. For example, a biotinylated
MDP (of unknown structure) was used to isolate recombinant
NOD2 from cell lysate.">® This study suggested that MDP binds
to the NOD2 NBD based on a domain truncation analysis,
though the specificity of this interaction remains to be evalu-
ated with a diastereomer control and/or competition with
unmodified MDP. Another study demonstrated direct binding
using surface plasmon resonance employing an MDP-
functionalized chip."?® The active MDP-L,p isomer or an inactive
MDP-L,L isomer was covalently immobilized to the chip via the
6-amino group and purified full-length NOD2 was flowed over
the chip. Surprisingly, NOD2 was found to bind both isomers
with similar affinities: Kp = 51 nM for the active isomer and
Kp =150 nM for the inactive isomer. Subsequent studies from
the same group demonstrated that a LRR domain construct
binds 6-amino-MDP (Kp = 213 nM), 6-amino-GlcNAc (Kp =
354 nM), and the dipeptide (Kp = 428 nM) using the same setup.'”’
Binding affinities were weaker for constructs carrying muta-
tions on the concave surface of LRR that had been reported to
diminish NOD2 activation, suggesting these residues may be
directly involved in MDP binding. In addition, modification
via the 1- or 2-positions on MurNAc decreased to affinity to
~1 uM."?®12% A similar SPR study has also been performed
for iE-DAP analogs."*® However, the biotinylated analogues
and surface immobilization affect cellular uptake and activity,
which precluded target engagement analysis in cells. In this
regard, we have developed a series of photo-activatable
chemical reporters mimicking iE-DAP and MDP (Fig. 7B)."*
We demonstrated diastereo-selective and ligand-competitive
crosslinking of NOD1 and NOD2 with these chemical reporters
in HEK293T cells and bone marrow-derived macrophages.
In addition, chemical proteomics revealed the membrane
associated GTPase ARF6 as an unpredicted target of MDP
which is recruited to NOD2 upon activation. A recent study
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demonstrated N-acetylglucosamine kinase (NAGK) is required
for the immunostimulatory activity of MDP."*> Mechanistically,
NAGK phosphorylates MDP at the Cé6-hydroxyl group to yiled
6-O-phospho-MDP. While 6-O-phospho-MDP activates NOD2 in
NAGK '~ cells, whether it engages NOD2 remains unclear.
Membrane association of NOD1 and NOD2 is critical for
their function and is indirectly mediated by post-translational
modification.'**"** Indeed, a recent study identified multiple
S-palmitoylated cysteine residues and demonstrated that these
post-translational modifications are necessary for their
membrane localization and ligand-induced signaling."®® The
palmitoyltransferase ZDHHC5 was found to be responsible for
this critical post-translational modification. In addition, we
recently identified the membrane-associated GTPase ARF6 as a
component of the MDP-NOD2 complex with the photo-activatable
chemical reporter.”*' The mutation of an N-terminus myristoyla-
tion site of ARF6 from glycine to alanine diminishes MDP-NOD2
binding, presumably due to mis-localization off the plasma
membrane. In a follow-up study, we identified the conserved
aromatic triad of ARF is necessary for this interaction.'*® Inter-
estingly, the lipid-modified MDP analogue L18-MDP induces
stronger ARF6-NOD2 association and NF-kB activation than
MDP. These studies suggest that membrane-targeting is poten-
tially an effective design strategy for NOD2 ligand development.

1022 | RSC Chem. Biol., 2023, 4,1014-1036

NOD1 and NOD2 are attractive targets for therapeutic
development.*” For example, our recent studies on the Enter-
ococcus species revealed peptidoglycan remodeling and NOD2
activation as key mechanisms for microbiota-mediated enhance-
ment of immune checkpoint inhibitor therapy.'® Agonist ligand
development for these receptors has remained focused on
analog design and derivatisation of the peptidoglycan metabo-
lites over the past several decades."®” For example, FK-156 was
isolated and synthesized as an immunostimulatory component
of Gram-positive Streptomyces olivaceogriseus and S. violaceus
strains in 1981 (Fig. 7C)."**'** FK-156 was found to induce
proliferation of murine splenocytes, protect against lethal chal-
lenge with Escherichia coli, and improve carbon clearance from
the blood, an early assay for phagocytic activity in vivo. Through a
reductionist approach, a subsequent study identified iE-DAP is
the minimal prerequisite structure of FK-156 that elicits activity
in 1982, revealing the minimal NOD1 ligand 20 years before the
discovery of the receptor.’*® Further synthetic studies yielded
several lipophilic analogues of iE-DAP including FK-565 which
improved overall activity.'**'** Subsequent studies delineated
structural elements required for NOD1 activation including the
terminal carboxyl and amine groups of DAP and the terminal
carboxyl group of glutamic acid."**'*” More recently, rigidifica-
tion of DAP via the introduction of a double bond retained

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Freund’s adjuvant in 1974."° Over the next decade, its structure-
activity relationship was defined and various lipophilic deriva-
tives were synthesized to improve the pharmacological profile.'>*

activity relative to lauroyl iE-DAP while rigidification via cyclisa-
tion involving the terminal amine abrogated activity."*®**° Simi-
larly, MDP was found to be the minimal adjuvant molecule from
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These efforts yielded clinical molecules such as romurtide and
mifamurtide (Fig. 7D).'*> Alternatively, the N-acetylmuramic acid
moiety was replaced with various lipophilic surrogates containing
adamantyl,'>* oxo fatty acid,"* phthalimido,"** or carbocyclic'*®
groups to yield desmuramyldipeptides (Fig. 7E). More recently,
cinnamoylglycine emerged as a promising scaffold to replace
MurNAc."””'% The authors identified a hit compound from a
small panel of saccharine- and indole-based desmuramyl dipep-
tides and empirically morphed it into the optimized scaffold to
achieve high nanomolar NOD2 activity in vitro. Further optimiza-
tion of the series led to lipophilic analogues with the adjuvant
activity promoting antibody production in vivo'™' and single
nanomolar NOD2 activity in vitro."®® In addition, we recently
disclosed N-arylpyrazole NOD2 agonists that promote immune
checkpoint therapy.'®® We identified the N-arylpyrazole dipeptides
from a structure-based virtual screening and empirically optimized
the hit compounds. Importantly, our N-arylpyrazole NOD2 agonist
is enantiomer-specific, effective at promoting immune checkpoint
inhibitor therapy and requires NOD2 for activity in vivo.

In contrast, the development of antagonists for NOD1 and
NOD2 relies on high-throughput screening (Fig. 7F).'®* For exam-
ple, noditinib-1 emerged from a HTS campaign and is selective for
NOD1 over NOD2."® Similarly, selective inhibitors based on the
benzimidazole diamide and several other scaffolds are
published.'®*"®” Protein target of these inhibitors remain unclear.

NLRP1. Human NLRP1 was the first protein identified to
form inflammasome.'®® Mice carry several Nlrp1 paralogs; how-
ever, the Nirp1b allele, which encodes NLRP1B protein, is best
characterized."® Both human NLRP1 and mouse NLRP1B have a
similar domain architecture consisting of a disordered domain,
NACHT, LRR, FIIND, and CARD. Human NLRP1 has an addi-
tional PYD at the N-terminus. FIIND domain undergoes constitu-
tive autocleavage and generates N- and C-terminal fragments that
remain non-covalently associated.'”® Activation signals lead to the
proteasomal degradation of the N-terminal fragment to release
the C-terminal fragment which subsequently recruits ASC and
caspase-1 to form the inflaimmasome."”*"”? This activation
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mechanism is termed functional degradation. Humans, but not
mice, possess another FIIND-containing and inflammasome-
forming protein called CARDS. In humans, it appears that NLRP1
functions primarily in epithelial cells'”* whereas CARDS functions
primarily in myeloid and lymphoid cells.'”>™"”

Decoding danger signals that activate human and/or mouse
NLRP1 remains an active research area. An early study reconsti-
tuted the human NLRP1 inflammasome in vitro and demonstrated
that MDP induced oligomerization and dependent caspase-1
activation."”® Another study also demonstrated that recombinantly
expressed human NLRP1 LRR domain binds MDP-functionalized
chip surface."® However, no follow-up studies substantiated MDP-
dependent human NLRP1 activation.’”® Instead, MDP-driven
inflammasome response from THP-1 cells, a monocytic cell line,
could stem from NLRP3.'®" Rather, recent studies have demon-
strated that human NLRP1 senses viral double-stranded RNA
(dsRNA),'®" viral protein,'®* viral protease,"®'®*
irradiation,'® and reductive stress,'®® whereas mouse NLRP1B
senses bacterial and protozoan toxins."®” % Many of these danger
signals such as protease,'®*'#'%8 yltraviolet B irradiation,'*® and
reductive stress'®® lead to the destabilization and accelerated
proteasomal degradation of the N-terminal fragment of NLRP1
through post-translational modification of NLRP1 (proteolysis,
hyperphosphorylation) or alteration of stabilizing protein-protein
interaction. On the other hand, dsRNA directly binds the NACHT-
LRR domain and induces ATPase activity.'®" dsRNA-induced
human NLRP1 activation requires FIIND autoproteolysis and
proteasome activity and thus appears to involve the functional
degradation mechanism. In contrast, the tegument protein ORF45
from Kaposi sarcoma-associated herpesvirus induces proteasome-
independent human NLRP1 activation.'® ORF45 directly binds
the disordered domain and drags the N-terminal fragment to the
nucleus, which enables the C-terminal fragment to form the
inflammasome.

Synthetic inhibitors of DPP8 and DPP9 such as Val-boroPro
also known as talabostat and PT-100 activate both human®*
and mouse'®>"'%* NLRP1 as well as CARD8"7>'9* (Fig. 8A). DPP8
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and DPP9 are members of the S9B/DPPIV (DPP4) serine
protease family, which had been implicated in immune
responses.'®® These chemical genetics studies employing Val-
boroPro revealed their physiological function as a checkpoint
that holds innate immune system at bay. Mechanistically, DPP9
bind the NLRP1 FIIND domain and cleave unknown substrates
to prevent the inflammasome formation.'' Indeed, cryo-EM
analysis shows that DPP9 forms a ternary complex with a full-
length NLRP1 and a C-terminal fragment of NLRP1."*>'% The
N-terminus of the NLRP1 C-terminal fragment inserts into the
DPP9 active site, which is disrupted by Val-boroPro. Similarly,
DPP9 forms an inhibitory ternary complex with CARDS8; how-
ever, the N-terminus of the CARD8 C-terminal fragment does
not closely interact with the DPP9 active site."” Interestingly,
Val-boroPro does not dissociate DPP9 from CARDS in vitro, and
it remains unclear whether DPP8 and DPP9 inhibitors need to
destabilize the DPP9-CARDS ternary complex.'® Differences in
the regulatory mechanisms of NLRP1 and CARDS such as this
may potentially be exploited to develop selective agonists.'
Alternatively, high-throughput screening with a scintillation
proximity assay led to the identification of several ATP-
competitive inhibitors.”*® These hit compounds were confirmed
with fluorescence polarization assay but lacked on-target efficacy
in cells.

NLRP3. NLRP3 responds to various damage- and pathogen-
associated molecular patterns such as ATP, bacterial toxin, and
alum.*®* These activators cause cellular stress often mediated
by ion flux change, lysosomal rapture, and mitochondrial
dysfunction. How NLRP3 senses cellular stress remains
unclear. Recent studies identified NIMA-related kinase 7
(NEK?7), a serine-threonine kinase, as an essential and unique
component of NLRP3 inflammasome.?***** NEK7 directly
binds NLRP3 and, perhaps, facilitates conformational change.

The active structure of NLRP3 is predicted to be similar to
the disc-shaped oligomers observed in active NLRC4.29%2%°
Activated NLRC4 forms a flat disc with each NLRC4 monomer
interacting at the nucleotide binding domain (NBD). The cryo-
EM structure of monomeric NLRP3 and NEK7 revealed the
binding interfaces in which the C-terminal lobe of NEK7 forms
interactions with both the leucine-rich repeat domain (LRR)
and helical domain 2 (HD2) of NLRP3.>”’ Mutations that
disrupt binding at either interface diminished inflammasome
activation. Although this structure of NLRP3 was in an inactive
conformation, the potential interface of active NLRP3 along the
NBD surface would not affect binding of NEK7. Inactive oligo-
meric structures of NLPR3 were also solved by cryo-EM,??82%
Unlike active NLRC4 discs which make inter-NBD interactions,
the inactive NLRP3 cages make inter-LRR interactions forming
cage-like dodecameric structures that sterically block the N-
terminal pyrin domain (PYD) from binding with ASC.

Most recently, the cryo-EM structure of active NLRP3 bound
to NEK7 and ASC was solved.”'® Active NLRP3 forms a disc
structure composed of 10 or 11 NLPR3 monomers similar to the
active structures of NLRC4.>°>?°® NEK7 sits in the concave
surface of the LRR, which likely dissolves the inter-LRR inter-
actions observed in the inactive cage structures. Therefore,
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binding to NEK7 directly breaks up NLRP3 cages freeing the
NBD domains to form the flat disc structure of active inflam-
masomes, which position the PYD to bind ASC and activate
caspase 1.

NLRP3 antagonists have broad therapeutic potential in a
wide array of autoinflammatory and chronic inflammatory
diseases from gout and nonalcoholic steatohepatitis (NASH)
to neurovegetative diseases such as the Parkinson’s and the
Alzheimer’'s.® The best characterized NLRP3 antagonist
MCC950 emerged from a phenotypic screening of a diarysulfo-
nylurea library against IL-1f secretion from human monocytes
(Fig. 8B).>"" Initial mechanism of action study proposed GST
Omega 1-1 as a functionally relevant target based on affinity
labelling and affinity chromatography.*? Further work led to
the discovery that these compounds function through NLRP3
inhibition.””® One of these compounds was renamed from
CRID3 or CP456,773 to MCC950. MCC950 engages NLRP3 and
stabilizes an inactive conformation in cells as demonstrated by
various techniques including drug affinity responsive target
stabilization, photoaffinity labelling, and bioluminescence reso-
nance energy transfer.>'*' Binding site for MCC950 is located
in the NACHT domain. Indeed, crystal structure analysis shows
that the binding pocket is formed by the four subdomains of
the NACHT domain and that MCC950 acts as an intramolecular
glue to lock the protein in an inactive conformation.*"” The
characterization of the antagonist binding interactions will
facilitate the interpretation of structure-activity relationship
and structure-based design.>'® Alternatively, the natural product
oridonin covalently binds to Cys279 in the NLRP3 NACHT
domain to block the interaction between NLRP3 and NEK7.>"
Mutation of Cys279 to alanine confers resistance to oridonin,
which supports this mechanism of action. Similarly, tranilast,
which is approved for the treatment of allergy and asthma in
Japan, blocks NLRP3 inflammasome formation without affecting
the ATPase activity, although exact mechanism of action remains
unclear.”®® Unlike oridonin and tranilast, most electrophilic
NLRP3 antagonists target the ATPase activity.>>!

In contrast, small molecules that directly bind and activate
NLRP3 are currently lacking. Some examples include the TLR7 and
TLR8 ligand imiquimod and the related compound CL097, which
activate the NLRP3 inflammasome in myeloid cells (Fig. 5B).>*
Surprisingly, CL097 activates NLRP3 independently of potassium
efflux unlike most NLRP3 agonists.”*® Initially proposed mecha-
nism of action is that CL097 inhibits mitochondrial complex I to
trigger reactive oxygen species (ROS) production. A recent study
confirmed the requirement of the complex I inhibition but found
no evidence that mitochondrial ROS are necessary for CL097-
induced NLRP3 activation.”®* 1t is plausible that CL097 targets
complex I and other unknown molecules to activate the NLRP3
inflammasome. Further mechanism of action study would
advance the understanding of NLRP3 regulation. The related
imidazoquinoline derivative BMS-986299 entered a phase-I clinical
in patients with advanced solid tumour (Fig. 8C).>** This trial was
terminated early due to the COVID-19 pandemic but demonstrated
modest clinical activity in combination with immune checkpoint
inhibitors and carried a manageable toxicity profile.
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NLRP6. NLRP6 plays a role in host defense in the
intestines.>®® In intestinal epithelial cells, NLRP6 has been
reported to respond to various microbiota-associated metabo-
lites and form an inflammasome for the secretion of IL-18 and
anti-microbial peptides.>”” For example, bile acid-derived taur-
ine activates NLRP6 while histamine and spermine inhibit
NLRP6, thereby serving as feedback mechanisms to shape
microbiome. Meanwhile, other studies using littermate controls
found no role for NLRP6 in regulating gut microbiome.>?%%2°
Another study proposed that lipoteichoic acid derived from the
cell wall of Gram-positive bacteria is a ligand for NLRP6 in bone
marrow-derived macrophages (Fig. 8C).>*° Lipoteichoic acid or
infection with Listeria monocytogenes induce NLRP6-dependent
activation of caspase-11 and caspase-1. Biochemical evidence
suggests lipoteichoic acid directly binds the NLRP6 LRR domain.
Alternatively, NLRP6 regulates intestinal viral immunity by sen-
sing viral RNA.>*" A recent study proposed that NLRP6 forms a
liquid condensate with its ligands including lipoteichoic acid
and viral RNA instead of an ordered assembly that is typical for

1026 | RSC Chem. Biol.,, 2023, 4,1014-1036

inflammasomes.>**> Understanding the chemical properties of

these phase-separating ligands may inspire design of small
molecule NLRP6 ligands.?**

c¢GAS-STING pathway

The STING pathway responds to cytoplasmic double-stranded DNA
that originates from pathogen and self-DNA damage (Fig. 9A).>**?%
Cytoplasmic DNA activate the enzyme cyclic GMP-AMP synthase
(cGAS) to produce the mixed phosphodiester-linked 2’3’-cyclic-
GMP-AMP (cGAMP).>***” Subsequently, cGAMP binds the ligand
binding domain (LBD) of STING and triggers STING activation.**®
Bacterial cyclic dinucleotides can also directly activate STING. Upon
ligand engagement, STING undergoes conformational change and
polymerization®****° to recruit and activate the downstream effec-
tors TBK1 and IRF3, leading to the production of type-I interferons.
The components of this pathway are expressed in a wide variety of
cell types and implicated in various physiological processes. STING
activation has potential roles in vaccine adjuvants and, more

recently, cancer immunotherapy.>*"***> On the other hand, aberrant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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regulation of the STING pathway is associated with autoimmune
diseases such as rheumatoid arthritis, systemic lupus erythemato-
sus, and STING-associated vasculopathy with onset in infancy.® As
such, there has been strong interest in the development of both
STING agonists and antagonists.

Studies have explored various sites of ¢GAS as potential
target for inhibitory ligand development (Fig. 9B). For example,
RU.521 emerged from a biochemical high-throughput screening.>**
Crystal structure analysis revealed RU.521 binds the active site and
enabled structure-guided optimization. While RU.521 is a potent
inhibitor of mouse cGAS both biochemically and in mouse

A

NH,
o
HNT Q’P\O/\Q/N
04%7( P OH
N o oH
N —gjyo\l‘P,O'
¢}
2'3’'-cGAMP

NH,

NH,
N4y

0.0 =N
72

o
! Q’P\O/\Q’N\%\\%
N=/ 04\&( “OH M/ N=/
N 0
N=/ —{)l/o\b‘s‘
P

2'3'-cGSASMP

View Article Online

RSC Chemical Biology

macrophages, it is a poor inhibitor of human cGAS perhaps due
to low conservation of active site sequence between the two species.
Thus, the same group adapted the biochemical assay for human
cGAS and developed G150 (Fig. 9C).>** Interestingly, substitutions
on the 4-position of indole differentially impacted the inhibition of
human and mouse cGAS. Similarly, PF-06928215 targets the active
site but lacks cellular activity.”*® The interaction with DNA is an
alternative target for inhibition. The DNA binding site contains
several key lysine residues that mediate the interaction. Mutation of
these residues to glutamine to mimic acetylation or acetyl lysine via
amber suppression block cGAS activation and the DNA binding.**®
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Fig. 10 STING ligands. (A) Representative cyclic dinucleotide analogues. (B) Representative synthetic agonist ligands of STING. (C) Co-crystal structures

of cGAMP-STING and SR-717-STING complexes.
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This study also demonstrated that aspirin can acetylate these
residues and inhibit cGAS. Several DNA-intercalating compounds
such as hydroxychloroquine reportedly inhibit cGAS by blocking
the DNA binding.*” The poly-pharmacology of aspirin, hydroxy-
chloroquine, and others®****® makes it challenging to rationally
develop these compounds to achieve cGAS-selective inhibition.

Derivatisation of cGAMP yielded a number of nucleotide-
based STING agonists to eliminate some of its liabilities such as
poor membrane permeability and susceptibility to enzymatic
hydrolysis.>*° For example, a bisphosphothioate analogue, 2/3'-
cGSASMP, is among the earliest cGMAP analogues (Fig. 10A).%°
It is resistant to hydrolysis by the cGAMP hydrolase ENPP1 while
retaining a similar affinity for human STING as cGAMP. The related
compound cASASMP (also known as ADU-$100 and MIW815)
entered dose-escalation phase I clinical trials as a monothe-
rapy>>> or a combination therapy with an inhibitory anti-PD-1
mAb*> in patients with advanced/metastatic solid tumour or
lymphoma. These treatments were well tolerated but resulted in
minimal anti-tumour response. To overcome the poor permeability
and instability of nucleotide analogues, several small molecule
ligands have been developed (Fig. 10B). For example, the flavonoid
compounds such as flavone acetic acid (FAA) and 5,6
dimethylxanthenone-4-acetic acid (DMXAA) possess remarkable
anti-tumor activity in mice models.*®** DMXAA failed phase III
clinical trials due to lack of efficacy. Subsequent studies revealed
that these compounds bind mouse STING but not human
STING.>* Interestingly, two molecules of DMXAA bind one mole-
cule of STING in the closed conformation.>”® On the other hand,
amidobenzimidazole (ABZI}-based compounds are the first syn-
thetic small molecule STING agonists that are human active.>®
Crystal structure analysis inspired the design of linked compounds
with 1000-fold improvement in potency. Similarly, MSA-2>*” and
SR-717 (Fig. 10C)**® bind STING as non-covalent dimers. These
synthetic ligands demonstrated remarkable anti-tumor effects in
mouse models and are suitable for systemic administration—a key
advantage over cGAMP analogues.

The development of STING antagonists remains challenging
(Fig. 11). This is because antagonists targeting the ligand
binding domain would have to stabilize the inactive open
conformation and prevent it from binding c¢cGAMP and

1028 | RSC Chem. Biol., 2023, 4,1014-1036

adopting the active closed conformation. For example, cyclic-
di-GMP binds STING in the open conformation and acts as a
partial antagonist.>** The open conformer stacks poorly with
the closed conformers and interferes with the polymerization
and activation. Similarly, a tetrahydroisoquinoline compound
binds the open conformation. This compound was designed
and crystallographically characterized to capture the 2 : 1 binding
stoichiometry observed for DMXAA®>*®> and required two-
dimensional optimization of protein-ligand and ligand-ligand
interactions.”®® Additionally, structure-based virtual screening
based on the open conformer yielded SN-011.°° The authors
confirmed the engagement of LBD with a biotinylated analog.
On the other hand, ABZI-based agonists also bind the open
conformation but activate STING.?*® These observations indicate
that the relationship between conformation and activation is
more nuanced and merits further research. Alternatively, the S-
palmitoylation of transmembrane cysteine residues is necessary
for STING activation. The nitrofuran compounds C-176 and C-
178 as well as the indolylurea compound H-151 reportedly form
covalent adducts with these cysteine residues and inhibit STING
activation.”®" However, nitrofuran is highly reactive in cellular
environment and C-176 and C-178 lack specificity. In addition,
the proposed adduct for C-178 appears to be unstable and
unlikely. Furthermore, reaction mechanism for H-151 remains
unclear. Similarly, nitro fatty acids inhibit STING but lack
specificity.”®> Nevertheless, these studies proposed an interest-
ing idea of targeting key post-translational modifications with
covalent ligands.

Conclusions

Early efforts to develop PRR-targeting therapeutics predated the
discovery of their PRR targets. Isolation and characterization of
immunostimulatory microbial metabolites led to the synthesis of
numerous analogues and derivatives including several com-
pounds that continue to be valuable therapeutics today. Genotype
analysis, knockout experiments, and co-transfection assay later
revealed that PRRs recognize these microbial metabolites. How-
ever, several PRRs still lack ligands and their functions remain
unclear. Recent studies have begun to dissect mechanisms of

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00096f

Open Access Article. Published on 23 October 2023. Downloaded on 5/9/2026 4:17:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

host-microbiota interactions and reveal roles of microbiota-
derived metabolites.”®® Further microbiome analysis may lead to
discovery of novel metabolite-receptor pairs involving PRRs. In
this regard, chemical proteomics combined with metabolite-
based chemical reporters represents a powerful approach.”®
Beyond metabolites and their synthetic analogues, PRR ligand
development has relied on functional screening of chemical
libraries and empirical optimization of screening hits. Non-
traditional chemical libraries including dimeric compound collec-
tions may lead to interesting discovery.®® In addition, recent
studies revealed critical roles of various post-translational mod-
ifications in immune regulation®® and ligandability of cysteine
residues that could be exploited for immune modulation.?*®
Covalent ligand may be advantageous to target less druggable
sites on PRRs especially for inhibitor campaigns. Recent advance
in structural characterization of PRRs has revealed molecular
interactions between PRRs and their ligands and illuminated
mechanisms of PRR regulation at the atomic level. These studies
will continue to inspire structure-based drug design efforts.
Finally, target engagement and off-target profile of PRR modula-
tors often remains unestablished. Target engagement and off-
target profiling study is not only an important aspect of hit-to-lead
effort>®” but may also lead to surprising discovery and illuminate
new aspects of PRR regulation."® Chemical proteomics and
thermal proteome profiling will facilitate this effort. In summary,
discovery and characterization of small molecule ligands for PRRs
offers new opportunities for therapeutic development.
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