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Three of the figures in the article by Sakaniwa & Shimizu [(2020), Acta Cryst.
D76, 621-629] were incorrectly annotated. Corrected figures are published here.

In the article by Sakaniwa & Shimizu (2020) some residue
labels were interchanged and hydrogen bonds were wrongly
connected in Figs. 2, 3 and 5. In Fig. 2(g) the labels for D545*
and D543* were interchanged and hydrogen bonds were
wrongly connected. In Figs. 3(a)-3(c) the labels for D545* and
D543* were interchanged and hydrogen bonds were wrongly
connected. In Fig. 5(b) hydrogen bonds were wrongly
connected.

Corrected figures are published here, and the main-chain
atoms that were not involved in the interaction have been
removed for clarity in Figs. 2(g)-2(i), Fig. 3 and Fig. 5.
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Figure 2

Structures of agonist-bound, unliganded and antagonist-bound forms. (a, b, ¢) The crystal structures of (a) agonist (R848)-bound, (b) unliganded and (c)
antagonist (CU-CPT8m)-bound forms. A representative image of one protomer is colored blue and the other is colored orange and marked with an
asterisk (*). The ligands are represented as ball-and-stick models in which C atoms are represented in yellow, O atoms in red and N atoms in blue. (d, e, f)
The overall structures of (d) agonist-bound, (e) unliganded and (f) antagonist-bound forms. The leucine-rich repeat (LRRs) around the ligand-
recognition sites are highlighted in purple (LRR8), cyan (LRR11-13), green (LRR15*-16*) and red (LRR17*-18%). The unoccupied pocket is shown by
a white dashed rectangle. In the agonist-bound structure, the C-terminal regions are closer than those in the inactivated structures. The antagonist-bound
structure was similar to the unliganded structure. (g, £, i) Close-up views around (g) the agonist-bound site (PDB entry 3w3l), () the unoccupied pocket
(PDB entry 3w3g) and (i) the antagonist-bound site (PDB entry 5wyx). The chemical structure of each ligand is shown below the close-up view.
Interactions of the agonist involve hydrophobic residues such as Phe346, Tyr348, Gly376, Val378, 11e403-Phe405, Val520*, Asp543*, Gly572*-Thr574*
and some hydrogen bonds. Interactions of the antagonist involve hydrophobic residues such as Phe261, Phe346, Val378, 11e403, Phe405, Phe494*,
Ala518%*, Val520* and Tyr567*, stacking interactions with Tyr348 and Phe495* and some hydrogen bonds. LRR11-13 confront LRR15%-16* in the
unliganded structure and the antagonist-bound structure, while LRR11-13 mainly interact with LRR17#-18* in the agonist-bound structure.
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Figure 3

Close-up views of agonist recognition. (a, b, ¢) Close-up views around the agonist-bound site with (a) DS-877 (PDB entry 3wn4), (b) MB-564 (PDB entry
Sawc) and (c) MB-343 (PDB entry 5az5). The agonists are represented as ball-and-stick models in which C atoms are represented in yellow, O atoms in
red and N atoms in blue. Hydrogen bonds are indicated using dashed lines. The chemical structure of each ligand is shown below the close-up view.
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Close-up views of antagonist recognition. (a, b, ¢) Close-up views around the antagonist-bound site with (a) CU-CPT9a (PDB entry 5z14), (b) CU-
CPT9b (PDB entry 5wyz) and (¢) CU-CPT9c (PDB entry 5z15). The agonists are represented as ball-and-stick models in which C atoms are represented
in yellow, O atoms in red, N atoms in blue and chloride ions in green. Hydrogen bonds are shown as black dashed lines and the halogen bond is shown as
a magenta dashed line. The chemical structure of each ligand is shown below the close-up view.
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Received 9 March 2020

Accepted 15 May 2020 Toll-like receptors (TLRs) are pattern-recognition receptors that initiate innate
immune responses. Among the TLRs, TLR8 (and TLR7) recognizes single-
stranded RNA to mediate downstream signals. In recent years, intensive X-ray

Edited by A. Nakagawa, Osaka University, Japan  crystal structural analyses have provided atomic insights into structures of TLR8

complexed with various agonists or antagonists. Here, structural knowledge of

the activation and inactivation mechanisms of the ligands is reviewed. In

addition, the potential clinical applications of TLR ligands are examined.

Keywords: Toll-like receptors; innate immunity;
structural biology; agonist; antagonist.

1. Introduction

Toll-like receptors (TLRs) are a family of single transmem-
brane receptors that recognize molecular patterns from
microbes or viruses and activate the innate immune system
(Fig. la). Some receptors recognize pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs) to rapidly respond to a wide range of
invading agents. These receptors are called pattern-
recognition receptors (PRRs) and consist of TLRs, Rig-I-like
receptors (RLRs), NOD-like receptors (NLRs) and C-type
lectin receptors (CLRs) (Takeuchi & Akira, 2010). TLRs are
type I membrane receptors that are located on cell surfaces or
in endosomes. Ten TLRs have been identified in humans,
including TLR1, TLR2, TLR4, TLRS and TLR6, which are
located on cell surfaces and mainly recognize the components
of bacteria; others, including TLR3, TLR7, TLRS8 and TLR9,
are located in endosomes and recognize pathogen-derived
nucleic acids (Kawai & Akira, 2010). Currently, no consensus
has been reached regarding the function of TLR10, despite
several proposed hypotheses.

TLRs typically exist as monomers, and ligand binding
causes homodimerization or heterodimerization, transducing
extracellular signals to the inside of the cell and finally indu-

Z-loop

R doman cing the production of inflammatory cytokines or interferons
(Kawai & Akira, 2010). TLRs consist of an extracellular (or,

Endosome to be precise, luminal for the endosomal TLRs) leucine-rich

[ Tearsmembrans | repeat (LRR) domain, a single transmembrane (TM) domain
g nnnngg and a cytoplasmic Toll-interleukin-1 receptor homology (TIR)
( R domain (Fig. 1b; Song & Lee, 2012). The LRR domains play a

) role in ligand recognition, and the TIR domains mediate

Tleomain{O downstream signals, accompanied by adaptor proteins that

contain TIR domains, such as MyD88, TIRF, TIRAP/MAL,

OPEN 8 ACCESS TRAM or SARM (Kawai & Akira, 2010). Finally, they acti-
37 vate transcription factors such as NF-«B, AP-1, IRF3 or IRF7,
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inducing the production of inflammatory cytokines or type I
interferons.

Ligand-recognition mechanisms have been revealed by
X-ray crystal structural analyses of TLR1/6/triacylated lipo-
peptide (Jin et al., 2007), TLR2/6/diacylated lipopeptide (Kang
et al.,2009), TLR3/double-stranded RNA (dsRNA) (Liu et al.,
2008), TLR4/MD-2/LPS (Park et al., 2009; Ohto et al., 2012),
TLR5/flagellin (Yoon et al., 2012), TLR7 or TLR8/mono-
nucleosides and single-stranded RNA (ssRNA) (Zhang et al.,
2016; Zhang, Ohto et al., 2018; Tanji et al., 2013, 2015) and
TLRY9/CpG DNA or single-stranded DNA (ssDNA) (Ohto et
al.,2015,2018). TLR10 has been hypothesized to interact with
lipopeptides to form dimers with TLR2 in a similar manner to
TLRI1 or TLR6 and negatively regulate signaling (Hess et al.,
2017); however, its detailed function remains unknown.

From the structural viewpoint, each LRR domain of the
TLRs forms a horseshoe-like or ‘c’-shaped structure, and each
dimer makes an ‘m’-shaped dimer through the ligand and the
C-terminal regions of protomers facing each other. It has been
hypothesized that conformational changes in the ectodomains
through dimerization cause TIR-TIR interactions (Ve et al.,
2017).

In this review, we focus on TLR8 (Fig. 1b). Intensive in vitro
structural and biophysical analyses of TLRS8 have been
conducted. To date, agonist-induced activated dimer struc-
tures, an unliganded dimer structure and antagonist-induced
dimer structures have already been reported, and functional
mechanisms have been proposed (Tanji et al, 2013, 2015;
Zhang, Hu et al., 2018; Hu et al., 2018). Here, we summarize

Triacylated
lipopeptides

Diacylated

lipopeptides Flagellin

recent structural studies and discuss the mechanism by which
ligand binding influences or regulates the activity of TLRS.

2. General features of TLRS

Among the TLRs, TLR3, TLR7, TLRS8 and TLRY are loca-
lized in endosomes and recognize patterns of nucleic acids
(Zhang et al., 2017). It has been reported that a chaperone
protein, UNC93B1, regulates the stability and/or transporta-
tion of these TLRs. Furthermore, TLR researchers have
investigated whether UNC93B1 is related to the regulation of
TLR functions (Majer, Liu, Kreuk et al., 2019; Majer, Liu, Woo
et al., 2019). As TLR7, TLR8 and TLRY share some common
features in sequence homology, function and structure, they
constitute the TLR7 subfamily and harbor 26 LRRs, thus
being the longest members of the TLR family, sense single-
stranded nucleic acids and have a characteristic insertion
between LRR14 and LRR15 called the Z-loop (Tanji et al.,
2013; Ohto et al., 2015; Zhang et al., 2016; Fig. 1b). The Z-loop
is critically important in their functions as it has been reported
that cleavage of the Z-loop and reorganization of the TLR is
required for activation, as shown by structural analyses and
biochemical experiments (Tanji et al., 2016). TLR7 and TLRS
resemble each other particularly closely in the TLR family.
They have a common function in sensing ssSRNA and common
ligands, such as the antiviral imidazoquinoline resiquimod
R848 (Jurk et al., 2002). Furthermore, they play a principal
role in the response to viral infections mediated by the
MyD88-dependent pathway, which activates NF-«xB and
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TLR signaling and domain organization of TLRS. (a) Overview of TLR ligand and signaling pathways. All TLRs except for TLR3 transduce signals
through the MyD88-dependent pathway, and TLR3 and TLR4 transduce signals through a TRIF-dependent pathway, activating transcription factors
such as NF-«B, AP-1, IRF3 or IRF7. Finally, TLR signaling induces inflammatory cytokines or interferons. (b) Schematic representation of TLRS. The
ectodomain of TLRS consists of 26 LRRs and the N-terminal and the C-terminal regions. A characteristic loop, the Z-loop, is inserted between LRR14
and LRRI15. A single transmembrane helix and the TIR domain are located on the C-terminus.
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Table 1
X-ray crystallographic structures of human TLRS.

Ligand Type Resolution (A) PDB code(s) Reference

(Apo form) Unliganded 2.3 3w3g Tanji et al. (2013)
CL097, CL075, R848 (three forms) Agonist 2.0,2.3,2.1-2.7 3w3j, 3w3k, 3w3l, 3w3m, 3w3n Tanji et al. (2013)
DS-877 Agonist 1.8 3wn4 Kokatla er al. (2014)
DS-802, XG-1-236 Agonist 2.0,2.1 4qbz, 4qc0 Yoo et al. (2014)
Hybrid-2 Agonist 2.1 4r6a Ganapathi et al. (2015)
N1-3, N1-4, MB-568, MB-564 Agonist 2.1,21,22,25 Sawb, Sawd, 5awa, Sawc Beesu et al. (2015)
MB-343 Agonist 2.4 Saz5 Beesu, Caruso ef al. (2016)
CU-CPT8m, CU-CPT9b Antagonist 24,23 Swyx, Swyz Zhang, Hu et al. (2018)
CU-CPT9a, CU-CPT9c Antagonist 28,29 5z14, 5z15 Hu et al. (2018)
ssSRNA (ORNO06, ssRNA40, ORN06S) Agonist (RNA) 2.0,2.4,2.6 4107, 4108, 4r09 Tanji et al. (2015)
Uridine Agonist (RNA) 1.9 4r0a Tanji et al. (2015)
(Z-loop uncleaved) Unliganded 2.6 Shdh Tanji et al. (2016)

MAPK and induces the production of inflammatory cytokines
such as tumor necrosis factor o (TNF-«), IL-6 and 1L-12.

Notably, the differences between TLR7 and TLRS are their
sensing specificity for a sequence of nucleic acids and their
expression in cells. While TLR7 preferentially recognizes
guanosine and ssRNA containing the UU motif (Zhang et al.,
2016; Zhang, Ohto et al., 2018), TLRS recognizes uridine and
ssSRNA (Tanji et al., 2015). With regard to expression in cells,
TLR?7 is expressed at relatively high levels in plasmacytoid
dendritic cells, eosinophils, neutrophils and B cells, with TLRS
being expressed in myeloid dendritic cells, neutrophils and
monocytes (Marques & Williams, 2005), suggesting that the
function of TLRs is influenced or divided by cell differentia-
tion or localization. Furthermore, recent studies have
suggested that TLR7 and TLRS differentially activate down-
stream pathways (Marcken et al, 2019) and that TLRS is
upregulated and works compensatorily in TLR7 '~ mice
(Awais et al., 2017).

3. Agonist-induced activated forms of TLR8

In 2013, the crystal structure of the TLRS8 ectodomain was
reported for the first time in the TLR7 subfamily. Dimeric
structures of TLR8 with or without agonistic synthetic
imidazoquinoline compounds (R848, CL097 and CL075) were
reported (Figs. 2a and 2b; Tanji et al., 2013). These results
demonstrated that TLRS8 forms an unliganded dimer state,
unlike other TLRs localized on cell surfaces, and is converted
into an activated dimer state triggered by ligand binding.
The C-terminal regions of the unliganded dimeric structure
are separated by ~50 A, but the two C-termini are brought
into close proximity (~30 A) upon ligand binding, which is
suitable for association of the intracellular TIR domains
(Figs. 2a and 2b). This can be explained by rearrangement of
the LRRs driven by agonists. The synthetic agonists are bound
at symmetric positions between two protomers and interact
with the LRRs around LRR11-14 and LRR16*-18* (asterisks
are used to distinguish the counterpart protomer) in a
different way from the unliganded dimeric structure (Figs. 2d
and 2¢). The ligands create several hydrogen bonds and
hydrophobic interactions with the TLR8 residues (Fig. 2g), and
an NF-«B reporter assay with single point mutations of TLR8
demonstrated the importance of Phe405, Asp543, Tyr348,

Val520 and Thr574, and the lesser significance of Arg429,
Asp545 and Tyr353, in the function and ligand recognition of
TLRS.

In addition to synthetic agonist-bound states, the crystal
structure of TLR8 complexed with a 20-mer ssRNA has been
reported (Tanji ez al., 2015). Unexpectedly, this study revealed
that TLRS was associated with uridine and the RNA fragment
derived from an ssRNA at two distinct sites. Uridine is present
at the site corresponding to the synthetic agonist-bound site,
which is termed the first site. Furthermore, the ssRNA frag-
ment was also found around LRR10-13, which is termed the
second site. Although biochemical experiments have indicated
that uridine has a lower affinity than that exhibited by the
synthesized agonists, the synergetic effect is comparable to
that of the synthesized agonists. As similar effects have been
observed and verified in TLR7 and TLRY (Zhang et al., 2016;
Ohto et al., 2018), the TLR7 subfamily shares the same acti-
vation mechanisms.

Based on the accumulated structural information, various
agonists have been developed, including TLR7- and TLRS-
specific agonists, and TLR7/8 dual ligands (Fig. 3, Table 1;
Beesu et al., 2015; Kokatla et al, 2014; Yoo et al., 2014;
Ganapathi et al., 2015; Beesu, Caruso et al., 2016). As the name
suggests, the backbone of imidazoaquinoline compounds,
which are the most well known TLRS8 agonists, consists of
tricyclic aromatic rings originating from imidazole and
quinoline. Several derivatives have been synthesized to
regulate the potency or TLR specificity and have been char-
acterized by structural analyses or biochemical experiments.
Similar tricyclic compounds such as DS-877, which includes a
furanyl ring, can interact with TLRS8 (Fig. 3a). However,
subsequent studies revealed that compounds such as MB-564,
with a simpler backbone including an indole ring, were also
able to activate TLRS (Fig. 3b). Moreover, a subsequent study
has demonstrated that characteristic compounds such as
MB-343, with an imidazole ring and a phenyl ring, are able to
bind to TLRS8 as well as other agonists and activate TLR8
(Fig. 3¢).

Structural analyses of TLR8 and various agonists have
shown that ligand binding to TLRS in an agonistic manner
does not require interactions with many residues, but critical
interactions exist. Tyr348, Phe405, Val520%, Asp543* and
Thr574* are always involved in the formation of interaction

Acta Cryst. (2020). D76, 621-629
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Figure 2

Structures of agonist-bound, unliganded and antagonist-bound forms. (a, b, ¢) The crystal structures of (a) agonist (R848)-bound, (b) unliganded and (c)
antagonist (CU-CPT8m)-bound forms. A representative image of one protomer is colored blue and the other is colored orange and marked with an
asterisk (*). The ligands are represented as ball-and-stick models in which C atoms are represented in yellow, O atoms in red and N atoms in blue. (d, e, f)
The overall structures of (d) agonist-bound, (e) unliganded and (f) antagonist-bound forms. The leucine-rich repeat (LRRs) around the ligand-
recognition sites are highlighted in purple (LRRS), cyan (LRR11-13), green (LRR15*-16*) and red (LRR17#-18*). The unoccupied pocket is shown by
a white dashed rectangle. In the agonist-bound structure, the C-terminal regions are closer than those in the inactivated structures. The antagonist-bound
structure was similar to the unliganded structure. (g, £, i) Close-up views around (g) the agonist-bound site (PDB entry 3w3l), () the unoccupied pocket
(PDB entry 3w3g) and (i) the antagonist-bound site (PDB entry 5wyx). The chemical structure of each ligand is shown below the close-up view.
Interactions of the agonist involve hydrophobic residues such as Phe346, Tyr348, Gly376, Val378, 11e403-Phe405, Val520*, Asp543*, Gly572*-Thr574*
and some hydrogen bonds. Interactions of the antagonist involve hydrophobic residues such as Phe261, Phe346, Val378, 11e403, Phe405, Phe494*,
Ala518%*, Val520* and Tyr567*, stacking interactions with Tyr348 and Phe495* and some hydrogen bonds. LRR11-13 confront LRR15%-16* in the
unliganded structure and the antagonist-bound structure, while LRR11-13 mainly interact with LRR17#-18* in the agonist-bound structure.
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networks, while cell experiments further indicated the
importance of these residues. In particular, Phe405 and
Asp543* are located in the proximity of agonists and form
stacking interactions or hydrogen bonds, suggesting their
critical role in the agonist-recognition mechanism of TLRS.

4. Inactivated forms of TLR8 stabilized by antagonists

In addition to the structures of activated forms of TLRS,
TLR8-antagonist complex structures were reported in 2018
(Zhang, Hu et al, 2018). This study reported CU-CPT
compounds as the first human TLRS8-specific antagonists,
along with structural information in order to understand the
TLRS inhibitory mechanism and accelerate the development
of TLR&8-targeted medicines with inhibitory effects.

The overall structure of TLR8 with antagonists is essentially
the same as that of the unliganded dimeric structure, in which
the C-terminal regions are distant from each other (Figs. 2b,
2¢, 2e and 2f). The antagonists were bound at two pockets,
created by LRR11-13 and LRR15*%-16%, sandwiched at the
interface of two protomers. The pocket in the unliganded
dimer was partially filled with water molecules (Fig. 2/). The
antagonists formed hydrogen bonds, stacking interactions and
hydrophobic interactions with several residues of the LRRs
around the pocket, which cause local conformational changes
(Figs. 2h and 2i). However, this did not induce considerable
changes in other regions, and hence it was concluded that the
antagonists fix and stabilize the inactivated dimer state almost
equivalently to the unliganded dimer state. The antagonists fit
into the pocket surrounded by hydrophobic residues such as
Phe261, Phe346, Val378, Ile403, Phe405, Phe494*, Ala518%*,
GIn519%, Val520* and Tyr567*. Stacking interactions with

Tyr348 and Phe495* and some hydrogen bonds also contribute
to ligand binding.

Biochemical experiments have validated the antagonistic
activity of the CU-CPT compounds. Isothermal titration
calorimetry experiments showed that agonists such as R848
were unable to bind to TLRS in the presence of antagonists; in
cell experiments, it was confirmed that addition of antagonists
significantly reduced the expression of proinflammatory
cytokines such as TNF-« or IL-8. The NF-«B reporter assay
also indicated that antagonists suppressed R848-induced
activation. The occupation of the pockets effectively excludes
the intrusion of agonists onto the interface of the TLR8 dimer,
switching it to the activated structure (Fig. 4).

In the original report, a derivative antagonist CU-CPT9b
was designed and developed to achieve a greater number of
hydrogen bonds (Fig. 5b; Zhang, Hu et al., 2018), and other
antagonistic compounds were reported and characterized in
structural and biochemical experiments (Fig. 5, Table 1; Hu et
al., 2018). Furthermore, several compounds consisting of two
distinct chemical scaffolds equipped with TLR7/8 dual or
TLRS8-selective antagonistic activities have recently been
discovered (Padilla-Salinas et al., 2019).

To date, natural antagonists of TLR8 have not been
reported. In the case of agonists, the synergetic effect
enhances the affinity of uridine, a ligand that widely exists in
animals and viruses to build RNA. In the case of antagonists,
a similar synergetic recognition mechanism has not been
elucidated. Although the inactivated dimer structure with
antagonists provided an important clue to understanding the
mechanism by which TLR8 can be regulated by antagonists,
investigations concerning the inhibitory mechanism of TLRS
have only recently been undertaken.

DS-877
(@)

Figure 3

MB-564

MB-343
(©)

Close-up views of agonist recognition. (a, b, ¢) Close-up views around the agonist-bound site with (a) DS-877 (PDB entry 3wn4), (b) MB-564 (PDB entry
Sawc) and (c) MB-343 (PDB entry 5az5). The agonists are represented as ball-and-stick models in which C atoms are represented in yellow, O atoms in
red and N atoms in blue. Hydrogen bonds are indicated using dashed lines. The chemical structure of each ligand is shown below the close-up view.
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5. Detailed comparison of the activated and the
inactivated forms

The antagonist-bound site is spatially close to the agonist-
bound site, but the binding mechanism differs considerably. A
comparison of these structures enabled us to understand the
regulatory mechanism of TLR8. As shown in Figs. 2(d), 2(e)
and 2(f), LRR8, LRR11-13 and LRR15*-18* play key roles
in ligand recognition. In the unliganded state, TLRS8 forms an
inactivated dimer structure in which LRR11-13 encounter
LRR15%-16* and LRRS8 confronts LRR17%-18%, creating an
unoccupied pocket at the interface of the two protomers
(Fig. 2e). The antagonists bind to the pocket in this arrange-
ment (Figs. 2¢, 2f, 2h and 2i), mainly interacting with LRR11-
13 and LRR15%, even though LRR8 and LRR17#-18* are
partially involved in ligand recognition. In contrast, the
agonists primarily interact with LRR11-13 and LRR17*-18*
(Figs. 2d and 2g). One protomer, TLR8*, is pulled up in the
direction from the C-terminus to the N-terminus of the
counterpart protomer by the agonist, repositioning LRR17%-
18* in front of LRR11-13, which allows rotation of the overall
structure and makes the C-terminal regions closer.
LRR11-13 is a common platform for both agonist and
antagonist recognition, and residues in this region, such as
Phe346, Tyr348, Val378 and 1le403—-Phe405, interact with both
agonists and antagonists. Both agonists and antagonists have
aromatic rings that are recognized by TLRS8 but are recog-
nized in different modes of action (Figs. 2d, 2f, 2g and 2i). The

aromatic ring in the agonists is stacked with Phe405, enabling
the agonists to form hydrogen bonds to Asp543*. In contrast,
the aromatic ring in the antagonists stacks with Tyr348 and
Phe495*. The differing orientation of the aromatic ring in the
bound state is one of the determinants of the activity.

6. TLR8 as a therapeutic target

TLRs play a vital role in the innate immune system, and they
have become notable targets for the development of therapies
in certain diseases. Currently, many clinical trials investigating
TLR ligands are in progress, and a few TLR agonists have
been approved (Smith ef al., 2018).

As the innate immune system contains a mechanism to
boost the adaptive immune system, TLR ligands are promising
candidates for adjuvant therapy. Most adjuvant candidates
aim to provide treatments for various tumors (Anwar et al.,
2019). While MPL is one of the approved adjuvants targeting
TLR4, another well known and widely used compound is
imiquimod, a TLR7 agonist. Imiquimod has been approved by
the FDA and is used in various diseases such as external
genital and perennial warts, actinic keratosis and non-
melanoma skin cancers, and is currently in clinical trials to
obtain further indications (Vanpouille-Box et al, 2019).
Resiquimod (R848), a TLR7/8 agonist similar to imiquimod, is
a favorable candidate in clinical trials. As a TLRS8-
selective agonist, VTX-2337, which is proposed to augment

Unliganded dimer
(inactivated)

Agonist

4

Rearrangement

e

Agonist-bound dimer
(activated)

Figure 4

Antagonist

O

Stabilization

Antagonist-bound dimer
(inactivated)

Illustration of the unliganded state and the ligand-induced activated and inactivated states of TLR8. TLRS8 forms a dimeric structure without ligands.
Agonist binding causes rearrangement of TLRS8 into the activated structure. The antagonists fix and stabilize the inactivated structure, which prevents
agonists from binding to TLRS. In the illustration the ligands are shown to be present on the TLRS8 dimers, but in actuality they are sandwiched between

the two protomers.
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Close-up views of antagonist recognition. (a, b, ¢) Close-up views around the antagonist-bound site with (a¢) CU-CPT9a (PDB entry 5z14), (b) CU-
CPT9b (PDB entry 5wyz) and (¢) CU-CPT9c (PDB entry 5z15). The agonists are represented as ball-and-stick models in which C atoms are represented
in yellow, O atoms in red, N atoms in blue and chloride ions in green. Hydrogen bonds are shown as black dashed lines and the halogen bond is shown as
a magenta dashed line. The chemical structure of each ligand is shown below the close-up view.

antibody-dependent cellular cytotoxicity through activation of
NK cells (Lu et al., 2012), has also been assessed in clinical
trials. In addition to these examples, other novel compounds
have been successively characterized and reported as candi-
date adjuvants for targeting TLR8 or TLR7/8 (Yoo et al.,2014;
Beesu, Salyer et al., 2016; Beesu et al., 2017).

IMO-8400 is a TLR7/8/9 ligand that is currently being
investigated for clinical application in the treatment of
immune-mediated inflammatory diseases such as psoriasis.
Impressively, IMO-8400 has been reported to be a first-in-class
oligonucleotide antagonist that is proposed to suppress aber-
rant TLR-mediated inflammation (Balak et al., 2017). This is
noteworthy because to date the structural and molecular basis
for the antagonistic mechanism of the oligonucleotide for
TLR7/8 was unknown, although the inhibition mechanism of
TLRY and the activation mechanism of TLR7/8/9 by nucleo-
side sensing have been reported (Ohto et al., 2015; Tanji et al.,
2015; Zhang et al., 2016). If TLR7/8 directly interacts with
oligonucleotides in an antagonistic manner, it will provide a
new scheme of TLR regulation at the molecular level.

In terms of pathology, the collapse of TLRS or other TLRs
leads to infection with multiple viruses. Meanwhile, the
relationship between TLRS8 and autoimmune diseases has
received considerable attention (Farrugia & Baron, 2017),
with well known examples including systemic lupus erythe-
matosus (Devarapu & Anders, 2018) and rheumatoid arthritis
(Elshabrawy et al., 2017). Since TLR8 (and TLR7) senses and
responds to various kinds of RNA viruses (Marcken et al.,
2019; Coch et al., 2019), TLRS deficiency has been proposed to
cause viral infections; however, it has been reported that TLRS8
deletion accelerates autoimmunity in mice (Tran et al., 2015).

Another interesting perspective is the function of TLRs in
the nervous system. Notably, roles of TLRs in immunity and

neurogenesis in the central nervous system (CNS) have been
reported. Recent studies have suggested that TLRs influence
neurogenesis, neurodegeneration and neuronal morphogen-
esis (Barak e al., 2014; Fiebich et al., 2018; Chen et al., 2019),
indicating that TLRs are relevant to inflammation and
neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease. Although TLRs in the CNS may continue
to demonstrate unknown functions, elucidating the mechan-
isms of these functions is an intriguing challenge which will be
beneficial for the development of new therapies for CNS
diseases.

TLRs are involved in various diseases and physiological
phenomena. Some drugs or adjuvants targeting TLRs have
already been approved, and other candidates have succes-
sively been developed. The development of both agonists and
antagonists is currently in progress and has been proposed to
establish novel therapies for various cancers or autoimmunity-
related diseases (Fig. 6).

7. Concluding remarks

TLRs are crucial receptors for innate immunity. Previously,
structural information on the nucleic acid-sensing TLRs had
been limited to TLR3, but the structure of TLR8 was resolved
in 2013. Currently, structures are available for all members of
the TLR7 subfamily. TLR8 structures showed some char-
acteristic features that are conserved in the TLR7 subfamily,
which differs drastically from other subfamilies of TLRs. In
addition, ligand-complexed structures of TLRs provide hints
to understanding the mechanisms of ligand recognition and
signal transduction. Structural information regarding agonist-
bound and antagonist-bound TLR8 will accelerate the
development of novel therapeutic approaches targeting these
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Figure 6

Application for disease treatment. The agonists are mainly used as adjuvants to augment immune responses to cancer or infection. Antagonists are used
to suppress aberrant immune responses owing to autoimmunity. Structural characterization helps to develop and to improve the drug candidates.

TLRs. In particular, the structural information on antagonists
may potentially be a paradigm-shifting discovery, even though
TLR inhibitor/agonist design has been an active research field,
with almost all previous efforts focused on the recognition of
activated forms of TLRs.

One remaining concern is whether the dimerization of the
ectodomains causes the dimerization of the TIR domains; in
this situation, the next concern is how assembly occurs.
Structural analyses of full-length TLRs including all domains
and complexed with adaptor proteins are required to elucidate
the comprehensive mechanism of TLR signaling at the
molecular level. This is a challenge for researchers to over-
come in structural biology.
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