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Abstract

The discovery of the TLRs family and more precisely its functions opened a variety of gates to modulate
immunological host responses. TLRs 7/8 are located in the endosomal compartment and activate a specific
signaling pathway in a MyD88-dependant manner. According to their involvement into various autoimmune,
inflammatory and malignant diseases, researchers have designed diverse TLRs 7/8 ligands able to boost or
block the inherent signal transduction. These modulators are often small synthetic compounds and most act
as agonists and to a much lesser extent as antagonists. Some of them have reached preclinical and clinical
trials, and only one has been approved by the FDA and EMA, imiquimod. The key to the success of these
modulators probably lies in their combination with other therapies as recently demonstrated. We gather in
this review more than 360 scientific publications, reviews and patents, relating the extensive work carried
out by researchers on the design of TLRs 7/8 modulators, which are classified firstly by their biological
activities (agonist or antagonist) and then by their chemical structures, which total syntheses are not
discussed here. This review also reports about 90 clinical cases, thereby showing the biological interest of
these modulators in multiple pathologies.
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l. Introduction

The innate immunity is composed of several families of pattern recognition receptors (PPRs). The latter
receptors serve to identify pathogen-associated molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs). The PPRs act as the primary defense against pathogenic entities and control the
activation and progression of the adaptive immunity by activating the production not only of pro-
inflammatory cytokines, chemokines and interferons, but also B and T cells. Among the PPRs, the Toll-like
Receptors (TLRs) are of special interest. Their discovery more than 30 years ago has improved knowledge in
the regulation of innate immunity, inflammation and cytokines induction.

TLRs are divided into two groups depending on their subcellular localization, which largely correlate
with the type of molecular patterns they are able to recognize. Among endosomal TLRs, TLR7 and TLR8 have
a high degree of sequence homology and function similarity. Both receptors recognize viral single-stranded
RNAs, as well as synthetic tricyclic derivatives belonging to the imidazo[4,5-c]quinoline series such as
resiquimod (1), a TLRs 7/8 agonist (Figure 1). Many novel TLRs 7/8 agonists from different chemical series
have been developed these last years. The immunostimulating activity of these agonists allows them to
intervene in the therapy of several diseases and to be valuable vaccine adjuvant candidates. In contrast,
chronic immune activation by a sustained TLR activation is a hallmark of several infectious, autoimmune and
malignant diseases. Therefore, the development of TLRs 7/8 antagonists may also play an important role in
the therapy of these diseases. The evidence of the therapeutic potential of TLRs 7/8 ligands has prompted
many pharmaceutical companies and research institutes to design, synthetize and optimize TLRs modulators.

OH

—
N NH,
resiquimod (1)

Figure 1 : A synthetic tricyclic derivatives belonging to the imidazo[4,5-c]quinoline

Our research team has attached great importance to the immunomodulatory potential of heterocycles
known for their antitumoral and antiparasitic activities.[1-8] The structural analogies between our
synthetized imidazo[1,5-a]quinoxalines, pyrazolo[1,5-a]quinoxalines, imidazo[1,2-a]pyrazines and
imiquimod, set the future lines of our research both in chemistry and biology, allowing us to focus on the
TLRs 7/8 immunomodulatory effects of bi- and tri-cyclic derivatives.[9-11] In this review, we gather more
than 340 publications until January 2020 relating to TLR7 and TLR8 modulators. By the extent of these data,
we show in this review that the modulation of TLR activity is not easy despite many SAR studies around
various recognized chemical cores. Not only minimal structures but also macromolecules have been
considered and prepared by researchers. In the first chapter, we briefly present data concerning the
expression, the structure and the signaling pathways of TLR7 and TLR8. This information will help to better
understand the importance of targeting these receptors and the interest of preparing compounds able to
modulate the inherent biological responses. We then focus in a second and a third chapter on the implication
of TLR7 and TLR8 agonists and antagonists, respectively, in therapeutic treatments, and describe the natural
and synthetic ligands focusing mainly on small organic compounds. In a final chapter, we have exposed all
the clinical cases using agonist and antagonist ligands clearly referring to receptors.



Il.  Presentation of the TLR7 and TLR8 receptors

1. Localization and expression

TLRs are expressed on immune cells such as macrophages, dendritic cells, B and T cells, neutrophils,
natural killer cells (NK), monocytes, eosinophils and non-immune cells such as fibroblasts, keratinocytes, the
epithelial cells of the intestinal, respiratory and urogenital tracts.[12,13] TLR1, TLR2, TLR4, TLR5, TLR6 and
TLR10, identified in mice and humans, are expressed on the cellular plasma membrane while TLR3, TLR7,
TLR8 and TLR9 are expressed on the endosome membrane in mice and humans.[14,15] TLR11, TLR12 and
TLR13 are endosomal receptors specific for mice.[16—19]

TLR7 is predominantly expressed in plasmacytoid dendritic cells (pDC) and B cells.[13,20,21] Low levels
of TLR7 have also been observed in non-immune cells such as hepatocytes, epithelial cells and
keratinocytes.[22—-25] Contrary to TLR7, TLR8 is more strongly expressed in myeloid dendritic cells,
monocytes and to a lesser extent in pDC.[13,26] Under certain circumstances, TLR7 expression is inducible in
cells expressing a basal, undetectable level of TLR7, including immune cells such as macrophages, myeloid
dendritic cells and non-immune cells such as hepatocytes and keratinocytes.[27-29] For example, TLR7
MRNA expression is induced by the stimulation of IFNy in macrophage level. Similarly, viral infections such as
hepatitis C, the human immunodeficiency virus (HIV) and the influenza A virus lead to upregulation of TLR7
expression in hepatocytes, circulating immune cells and primary macrophages respectively.[27,30] Under
these circumstances, it seems that the cytokines induced by the viral infection are responsible for triggering
the induction of TLR7 expression. In fact, infection of primary macrophages by the influenza virus leads to
upregulation of TLR7 mRNA in a type | IFN dependent manner.[30] In addition, the increased expression of
TLRs 7 and 8 is observed in cancer and autoimmune diseases such as rheumatoid arthritis and systemic lupus
erythematosus (SLE).[28,31,32]

2. Composition and signaling pathways

Each TLR is composed of an extracellular domain with leucine-rich repeat motifs (LRRs) that are
responsible for the recognition of pathogen elements PAMPs and/or DAMPs, a transmembrane domain, and
a cytoplasmic domain comprising a Toll / IL-1 receptor (TIR) that is homolog to the IL1 receptor and is
consequently responsible for signal transduction. TLRs interact with their PAMPs or DAMPs as a homo or
heterodimer along with a co-receptor or an accessory molecule.[33,34] Both TLRs 7 and 8 receptor types
have a high degree of sequence homology and function similarity.[35—-38]

Basically, TLR signaling is divided into two pathways: the MyD88-dependent pathway and the TRIF-
dependent pathway.[33] Activation of TRIF/TRAF3 pathway leads to the recruitment of IKKe/TBK1, the
phosphorylation of IRF3 and the expression of IFNB. As this way is not involved in the signaling pathway of
TLR7/8, we will not give more details. In fact, the signaling pathways of TLR7 and TLR8 are dependent on
MyD88 protein (Figure 2).

MyD88 is composed of a TIR domain and a death domain. Following the activation of TLRs 7/8, MyD88
interacts, through its death domain, with the death domains of members of the IRAK (IL-1 receptor-
associated kinase) protein kinase family, including IRAK1, IRAK2, IRAK4 and IRAK-M.[39,40] IRAK4
phosphorylates and activates IRAK1. After phosphorylation of IRAK4 and IRAK1, these two kinases dissociate
from MyD88 and interact with TRAF6 with E3 ubiquitin ligase activity. TRAF6, together with the ubiquitin E3:
UBC13 and UEV1A conjugation enzyme, favor the lysine-related polyubiquitination of TRAF6 itself and the
TAK1 protein kinase complex.[41] The latter is a member of the MAPKKK family and forms a complex with
the regulatory subunits TAB1, TAB2 and TAB3 that will interact with the TRAF6-generated polyubiquitin
chains to allow activation of TAK1.[41] TAK1 then activates two signaling pathways : NF-K[3 and MAPK
pathways. The IKK complex is composed of two catalytic subunits: IKKa and IKKB and a regulatory subunit
NEMO (or IKKy). TAK1 binds to the IKK complex via ubiquitin chains, allowing it to phosphorylate and activate
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IKKB. The IKK complex phosphorylates the inhibitory protein of NF-k[3: IKBa, which will undergo degradation
in the cytoplasm, thus allowing NF-K[(3 to translocate to the nucleus to induce the expression of pro-
inflammatory genes. In addition, TAK1 also activates members of the MAPKs family such as ERK1/2, p38 and
JNK, which mediate the activation of the AP-1 transcription factor, responsible for the expression of pro-
inflammatory cytokines and IFNB (Figure 2).[42,43]

Moreover, Ito et al. showed in 2002 that TLR7 is expressed in myeloid and plasmacytoid dendritic
cells. They studied the production of IL12 and IFNa by dendritic cells during TLR7 agonist stimulation. They
found that the cytokine induction pattern differs between myeloid dendritic cells (mDCs) and pDCs. pDCs
produce IFNa while mDCs produce 1L12.[44] Given the large amounts of IFNa produced by pDCs expressing
TLRs 7 and 9, much work has been published in the literature to elucidate the signaling pathway leading to
activation and secretion of IFNa especially by dendritic cells. TLR7, TLR8 and TLR9 induce antiviral responses
by the production of IFNa as well as pro-inflammatory cytokines. These three receptors use the MyD88
adapter protein to initiate the signaling pathways. The IRF7 transcription factor (Interferon regulatory factor
7) is responsible for the expression and production of IFNa. MyD88 interacts directly with IRF7 at the
endosome.[45] IRF7 also interacts with TRAF6, another adapter molecule that operates downstream of
MyD88, and after receptor activation (TLRs 7, 8 or 9), IRF7 is activated in a MyD88 and TRAF6 dependent
manner. Splenic pDCs from IRF7-deficient mice show a significant decrease in IFNa induction following viral
infection or exposure to synthetic TLR7 or 9 ligands.[46] On the other hand, this induction is normal in IRF1,
IRF3 or IRF5-deficient pDCs. This shows that induction of IFNa in pDCs requires IRF7.[46] In addition, MyD88
mutation studies have shown that this protein interacts with IRF7 via its death domain. This death domain
also interacts with the serine / threonine kinase family (IRAK), which will transduce the signal between
MyD88 and TRAF6, indicating that IRAKs are involved in the signaling of IRF7.[47] pDCs from IRAK1 or IRAK4-
deficient mice are unable to produce IFNa upon activation of TLRs 7, 8 or 9.[46] In addition, one study has
shown that IKKa is also essential for activation of IRF7 [48], indicating that activation of IRF7 requires a
cascade of IRAK4-IRAK1-IKKa protein kinases. Studies have also shown that TRAF3 plays an important role in
this IRF7-dependent signaling.[46]

In addition to IRF7, IRF5 also interacts with MyD88 and TRAF6. Unlike IRF7, which binds to the MyD88
death domain, IRF5 interacts with the middle region (known as the intermediate domain) and part of the
MyD88 TIR domain.[49] Activation of the MyD88-dependent signaling pathway by TLR7 or TLR9 ligands leads
to translocation of IRF5 to the nucleus where it will activate the expression of pro-inflammatory
cytokines.[50] In 2005, Schoenemeyer et al. have shown that stimulation of TLR7 and TLR8 by resiquimod
induces the activation of IRF5 as well as IRF7, and they also found that IRF5 is a central mediator in TLRs 7/8
signaling pathway. IRF5 contributes to the induction of IFN type | in human cells, and in addition, is important
not only for IFNa induction but also for IFNf induction.[50] In 2009, a study showed that mDCs, and not pDCs
or macrophages, are capable of inducing a large amount of IFNB after bacterial degradation in
phagolysosomes and such response requires the intervention of TLR7, MyD88 and IRF1.[51]

Consequently, those signaling pathways lead to the activation of transcription factors NF-K[3 and AP1,
which regulate the expression of inflammatory cytokines, and IFN inducible genes. Briefly, despite the
phylogenetic and structural similarities between TLR7 and TLRS8, these TLRs differ functionally in their
cytokine profiles induced by human PBMCs as well as in PBMC-isolated cell populations. TLR7 is functionally
associated with the production of IFNa. TLR8 is involved in the production of pro-inflammatory cytokines
such as TNFa and IL12.
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Figure 2 : Signal transduction of TLRs 7/8 receptors leading to the production pro-inflammatory cytokines

[ll. Agonist ligands

TLR signaling pathways activate innate immunity and help in modulating adaptive immunity. Hence,
they are essentially useful and developed in immunotherapy. In clinical trials, two third of TLR agonist ligands
are first exploited as adjuvants versus one third as potent drugs for various therapies. Herein, the therapeutic
purposes of agonist ligands of TLRs 7/8 are discussed, and natural and synthetic ligands are then presented.

1. Therapeutic purposes
a. Antiviral and antibacterial actions

In response to viral infections, the host activates its innate immune system whose response is
characterized by IFNs, inflammatory cytokines and chemokines production. This response to viral infection is
mediated through several TLR signaling pathways including TLR3, TLRs 7/8/9, TLR4 and TLR2. The
contribution of each TLR is different depending on the virus, cell type and infection model examined. TLR7
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and 8 are able to detect GU-rich and AU-rich ssRNA sequences of RNA viruses.[36,52] They are known to
serve as endosomal PRRs for a number of ssRNA viruses as influenza, HIV-1, vesicular stomatitis virus, Sendai
virus, flaviviruses, and coronaviruses.[36,53—60] Moreover, TLR7 signaling is well described in human and
mice for type | IFN production by pDCs in response to ssRNA viral stimuli [52], and TLR8 signaling mainly
results in NF-kB activation and subsequent inflammatory cytokine expression.[61] Shortly after TLR7 and
TLR8 description, it was shown that both receptors respond to potent antiviral imidazoquinoline compounds.
These low molecular weight synthetic compounds have been shown to mediate the TLR7 and TLR8
inflammatory responses.[62] TLRs 7/8 play key roles in antiviral and antibacterial responses.

b. Adjuvant strategies

Vaccination imprints the immune system with the experience of pathogen exposure resulting in the
production of humoral immune response by Ag-specific memory B cells. The efficacy of the resulting
immunization strongly varies with the ingredients of the vaccine. As the vaccine employed in the early stages
of vaccinology were live attenuated or killed organisms, adjuvants were not systematically required.
Currently employed adjuvants in human vaccines are aluminum salts, oil in water emulsions (e.g. MF59) and
TLR9 adjuvants which have limitations and require multiple administrations to induce protection and drive
Th2- over Thl-polarized immunity. Moreover, vaccinology moves toward the use of inactivated antigens
which lack the immunological information needed to enhance an adaptive immunity response. Hence, the
development of novel adjuvants and delivery systems to replace the ones actually used has become crucial
to improve vaccine-induced protective immunity.[63] TLR7 and TLR8 together mediate recognition of purine-
rich ssRNA to elicit an immune response to pathogens recognized in the endosome. TLRs 7 and 8 are
implicated in the recognition of naturally derived uridine—rich ssRNAs of influenza and HIV.[36] In addition
TLR7 and TLR8 recognize bacterial RNA.[51,64] Furthermore, TLR7 and 8 are expressed in human
plasmacytoid DCs (pDCs), in T and B cells, monocytes and macrophages.[65,66] Naive human B cells express
low levels of TLR7 and, whereas activated and memory human B cells also express a broader range of TLRs
including TLR7. B cell intrinsic TLR7 signaling may play a role in B cell responses during chronic infections
which could be used to activate memory B cells and boost humoral immune responses during
immunization.[67] Synthetic small molecules agonists, which activate TLRs 7 and 8 and could be used as
adjuvants, have been identified and presented herein. However, the challenge in the development of these
molecules remains their formulation.

c. Cancer targeting

Specific and potent immunostimulatory molecules targeting TLRs 7/8 lead to stimulate innate and
adaptive immunity, product cytokines and activate cytotoxic cells. TLRs agonists could be promising elements
for novel therapies. Whereas many studies suggest that the activation of TLRs may have potential
applications in oncotherapy, others have proved that TLRs signaling is also implicated in tumorigenesis. Even
if fighting cancers by TLRs targeting is always under investigation, human clinical trials often failed. Many
patients are immunosuppressed due to the traditional anticancer therapies. By this way, it is difficult to
induce a positive immune response able to help organism to combat tumors. Understanding the role of TLRs
in all cancer cells types remains the main obstacle for clinical therapeutic application. Combination of
modulators and traditional approaches (chemotherapy or radiotherapy) could be the key for a successful
anticancer therapy.[68-70]

d. Allergy and asthma treatments

The primary step of type | allergic diseases (such as allergic rhinitis, asthma, drug-induced
anaphylaxis) is usually a strong pro-inflammatory Th2 and IgE-mediated responses against antigens. It can be
counterbalanced by the induction of TLR signaling inducing a cytokine response and activating antigen
presenting cells, leading to a Th1l response. Agonists that activate TLRs, particularly TLR7, TLR8 and TLR9



would be expected to induce a strong Thl response and have been a focus for novel therapeutics to treat
asthma and allergies.[71,72]

Among allergic diseases, asthma is a complex and chronic inflammatory disease of the airways characterized
by airway hyper-responsiveness, eosinophilic infiltration, reversible airflow obstruction, airway remodeling,
mucus hypersecretion, and goblet cell hyperplasia. Asthma affects more than 350 million people worldwide.
Allergy and atopy are the main causes of asthma. Genetic and environmental triggers modulating the
activation and regulation of the immune system are also implicated in the pathophysiology of asthma.
Bronchial inflammation, smooth muscle spasm, and mucus production in allergic asthma are triggered by IL-
4, IL-5, and IL-13, which are released by Th2 cells. TLR7 ligands play an important role in reduction of airway
inflammation, promoting Thl responses in immune cells, reversing airway hyper-responsiveness, and
preventing airway remodeling (including smooth muscle proliferation and goblet cell hyperplasia). Acute and
chronic asthma attacks can be managed by precisely identifying the regulators of these pathogenic pathways
and targeting their molecular mediators.[73,74]

2. Natural ligands

Given the structural similarity of the firstly described agonists of TLRs 7/8 with nucleic acids, Heil et
al. studied the effect of single-stranded ribonucleic acids (ssRNAs) on the activation of antigen-presenting
cells via TLR7 and TLR8. They showed that guanosine (G) and uridine (U)-rich oligonucleotides induce the
production of TNFa by human PBMCs and that ssRNAs are the natural ligands of TLR7 and TLR8 (Figure 3).[36]
The same year, Diebold et al. have shown that the ssRNA of influenza virus is a TLR7 agonist, and that TLR7
has a preference for a particular RNA motif that is uridine.[62] In addition, studies have shown that
adenosine- and uridine-rich oligoribonucleotides (ORNs) are capable of activating TLR8, without any effect
on TLR7, while guanosine-rich ORNs activate TLR7 and TLR8-dependent signaling.[52] In quest of TLR7 and
TLR8 agonists, a range of chemical modifications was done to natural ORN ligands in order to increase their
selectivity for TLR7 and/or TLR8 and stability against nucleases.[75-78]

guanineresidue adenineresidue uracileresidue
R HRN T ONH, o T
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\\HZN N N:/, \\N ’N/‘—/ \\9 N~
e /0 T /~0
HO HO
"/,/OH "/,/OH
HO HO
guanosine (G) adenosine (A) uridine (U)

Figure 3 : Nucleobases and nucleosides

In 2015, Tanji et al. showed for the first time, that TLR8 recognizes the ssRNA degradation products
at two different sites: the first site recognizes uridine while the second recognizes short ORNs such as UG and
UUG. Uridine alone is not able to activate TLR8 in the absence of the ORNs at the second site. The ORN
binding to the second site increases the affinity of uridine at the first site and therefore leads to activation of
TLR8.[79]

Based on the above results, Shibata et al. showed that TLR7 responds to guanosine analogs:
guanosine, 2'-deoxyguanosine (dG), 8-hydroxydeoxyguanosine (8-OHdG), in the presence of
oligoribonucleotides (Figure 4).[38] Guanosine alone or ssRNA alone (polyU) are not capable of activating
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TLR7, however a combination of both leads to receptor activation. Similarly, ssRNA enhances the affinity of
guanosine, dG, 8-OHG, and 8-OHdG to TLR7. Considering that these nucleotides are metabolites present in
the physiological or pathological state, they can be considered as endogenous ligands of TLR7. These results
were confirmed by Zhang et al by showing in 2016 that TLR7 also recognizes the degraded form of ssRNA :
guanosine binds to the first site while the oligonucleotide (polyU) binds to the second site, and the
combination of these two products activates the dimerization of TLR7 in a synergistic way.[80]
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Figure 4 : Guanosine derivatives

Furthermore, many articles were published showing the role of small-interfering RNA (siRNAs) in
stimulating the immune system. After siRNAs recognition by TLR7 and TLR8, cytokines are released.[81,82]

In 2012, Fabbri et al. show that tumor-secreted miRNA-21 and miRNA-29 can function as ligands by
binding to murine TLR7 and human TLR8 receptors in immune cells, triggering a TLR-mediated pro-metastatic
inflammatory response that ultimately may lead to tumor growth and metastasis.[83]

3. Synthetic ligands

Many synthetic ligands as potent agonists of TLRs 7/8 have been designed worldwide. They have been
classified in this review by increasing number of (hetero)cycles

a. Pyrimidine and purine base derivatives
a.l. Pyrimidine derivatives and smaller fragment

First described by Skulnick et al.[84], Bropirimine (2, also known as ABPP for 2-amino-5-bromo-6-
phenylpyrimidin-4-ol, Figure 5) is an orally active immunostimulant acting as IFN inducer in several species,
immunomodulator of macrophages, natural killer cells and cytokines.[85-87] Bropirimine is described as
antiviral and antineoplastic agent.[88] It was tested as agent against melanoma [89], bladder tumor [90-92],
prostate cancer [93] and renal cell carcinoma [94].

bropirimine (2) (3) (4)

Figure 5 : Pyrimidine derivatives
Beesu et al. have undergone SAR studies in the 2,4-diamine pyrimidine series, focusing on C5
substituents modulation.[95] Compound 3 (N-4-butyl-6-methyl-5-(3-morpholinopropyl)-pyrimidine-2,4-
diamine, Figure 5) exhibits important simultaneous TLR7 and TLR8 agonist activities, with remarkable
activation of several subsets of dendritic cells (ECso (TLR7) = 0.046 uM, ECso (TLR8) = 0.280 uM).
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In an attempt to design a TLR8 agonist containing benzimidazole core as vaccine adjuvant, Beesu et al. found
that the smallest possible fragment of the benzimidazole core allowing retention of TLR8-agonistic activity
corresponds to 1-pentyl-4-phenyl-1H-imidazol-2-amine (4, Figure 5).[96] The crystal structure of this
compound bound to the TLR8 ectodomain displayed binding interactions that are common to other TLR8
agonists. This compound showed marked attenuated pro-inflammatory properties in ex vivo human blood
models.

a. 2. Adenine derivatives

8-hydroxyadenine derivatives as TLRs agonists have attracted significant interest. In 2002, Hirota et
al. synthesized a wide variety of compounds based on the 8-hydroxyadenine scaffold (Figure 6), to test their
potential to secrete IFN-a for the treatment of HCV.[97] SAR studies showed that the presence of a benzyl
group at the N9 position as well as a C8 hydroxyl group in compound 5 is essential for IFN induction. The
introduction of a R substituent such as alkyl, alkylthio, alkylamino and alkoxy groups to the 8-hydroxyadenine
moiety resulted in a remarkable increase in activity. The 2-alkylthio (6 to 8), 2-butylamino (9) and 2-butoxy
(10) analogs showed important activities after oral administration in mice. IFN-inducing activity of compound
11 is 10 times higher than that of imiquimod after oral administration in mice. Furthermore, compound 11
has a better oral tolerance compared to imiquimod (Figure 20) in mice. These results indicate that compound
11 has a better efficacy and safety profile compared to imiquimod.

NH; (5): R=H
N (6) R= SCH3
)Nﬁj: S—0H  (7): R=SCsHs
R N N (8) R= SCgH7
(9): R = NHC4Hq
(10) R= OC4H9
(11): R = C4Hq

Figure 6 : General structure of 9-benzyl-8-hydroxyadenine derivatives

Based on these data, Kurimoto et al. synthesized a series of 8-hydroxyadenines having various alkoxy
or C2 alkylthio groups and evaluated them for their ability to induce IFN both in vitro and in vivo.[98] They
found that SM-360320 (12, also known as CLO87, Figure 7) is a potent inducer of IFN and has good oral
bioavailability. SM-360320 is a TLR7 agonist and is able to activate immune responses against the HCV, as
shown by Lee et al. [99] It induces IFNa in human peripheral blood mononuclear cells with an ECso value of
0.14 uM.[100] At 10 uM, SM-360320 was shown to reduce HCV levels by 60% in 24 hours in the human
hepatocyte cell line Huh7, which carries a HCV replicon.[99] It induces IFN in mice with a minimal effective
dose of approximately 0.03 mg/kg, making it approximately 100-fold more potent than imiquimod.[98] The
mechanism of action is still studied, notably by Russo et al., which showed a higher concentration of this TLR7
agonist in the MIIC of pDC, the acidic compartment protonating and charging positively the compound.[101]
SM-360320 is not only a potential treatment for hepatitis C [102] but also for colon cancer [103].

NH, NH,
| »—OH )\/I[ »—0H
/O\/\O)\N/ N /\/\N)\\N N
H
7\
=N
SM-360320 or CL087 (12) SM-276001 (13)

Figure 7 : SM derivatives
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SM-276001 is a selective and potent TLR7 agonist (13, Figure 7), displaying a minimum effective
concentration (MEC) of 3 nM, which is comparable to resiquimod (Figure 1). SM-276001 demonstrated
potent at a dose of 0.1 mg/kg by oral administration in mice, a dose dependent manner IFN-inducing activity
in monkeys and did not cause emesis in ferrets even at a dose of 30 mg/kg. Isobe et al. also showed that the
maximum plasma concentration of SM-276001 was 1019 ng/mL (ca. 3.1 uM), which was approximately 1000-
fold higher than the MEC value.[104] Oral administration of SM-276001 leads to the induction of IFNa, TNFa
and IL-12p40, the activation of T and B lymphocytes, NK and NKT cells and a reduction in tumor burden in
the Balb/c syngeneic Renca and CT26 models. In an ovarian model cancer that spontaneously metastasizes,
SM-276001 is able to reduce pulmonary metastasis and a spreading in lymph nodes when dosed either
intratracheally or orally.[105]

Telormedix, a clinical-stage biopharmaceutical company, proposes diverse prodrugs or formulations
of potent TLRs 7/8 agonists. The first generation was represented by TMX-101, which is a liquid formulation
of imiquimod originally developed as alternative for BCG to produce a local immune response leading to
antitumor activity but circumventing the use of live attenuated mycobacteria preventing side effects.
Prepared for intravesical instillation of imiquimod and developed by UroGen Pharma (formerly TheraCoat),
TMX-101 (Vesimune™) was already tested for pharmacokinetics and pharmacodynamics [106] and was the
subject of clinical trials.[107-109] TMX-202 (14, Figure 8) is a second-generation SM-360320 prodrug, which
conjugates the TLR7 ligand to a C12 phospholipid via a benzoic acid functional group.[110] Discovered
through a collaboration with the University of California San Diego, TMX-202 has already successfully
completed many in vivo studies. TMX-202 is safe and efficacious without causing excessive adverse effects
and could be an alternative to imiquimod for the treatment of proliferative skin disorders.[111] It is in
preclinical development for the topical treatment of skin cancers, bladder cancers, and other indications.
TMX-302 and TMX-306 (15 and 16 respectively, Figure 8) are PEGylated SM-360320 purine-like compounds
characterized by TLR7 partial agonist activity. The clinical application of TMX-302 in lung disorders should be
examined with caution because of its direct pro-inflammatory effects. TMX-306 seems to be comparatively
more effective and safer, deserving further investigations in drug development particularly for silicosis. This
third generation is focused on developing candidates for treating autoimmune diseases.[112]
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Figure 8 : TMX derivatives

Zhu et al. synthesized a novel 8-hydroxyadenine TLR7 agonist, SZU-101 (17, Figure 9). Intratumoral
administration of SZU-101 increased the efficacy of doxorubicin, and improved tumor clearance in a T-cell
lymphoma mouse model. The new combination of SZU-101 and doxorubicin administered intratumorally
induced high cytokine production and improved cytotoxic T cell response, leading to the eradication of local
and distal tumors in tumor-bearing mice.[113] Gao et al. demonstrated the enhancing tumor clearance in
4T1 human breast cancer mouse model when combined SZU-101 and the tyrosine kinase inhibitor Lapatinib.
Moreover, Diao et al. demonstrated that intratumoral SZU-101 injections can reduce both injected and
distant tumors in the 4T1 murine breast tumor model by generation of systemic antitumor immunity.[114]
In addition, SZU-101 is a promising candidate as adjuvant for inactivated H1N1 influenza vaccines. It induces
in mice a strong Th1 response represented by high IgG2a levels.[115]
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Figure 9 : 8-hydroxyadenine derivatives

CL264, a 9-benzyl-8-hydroxyadenine derivative, containing a glycine moiety on the benzyl group and
similar to SZU-101, induces NF-kB activation and IFNa secretion in TLR7 expressing cells (18, Figure 9). CL264
is a TLR7 specific agonist, which does not activate TLR8 even at high concentrations.[97]

Another base analogue commercialized by Invivogen™ is CL307 (19, Figure 10) which is prepared by
linking a spermine to CL264. CL307 is a very potent TLR7 agonist inducing NF-kB activation even at low
concentrations (10 ng/mL).

AdiFectin™ (20, also known as CL347, Figure 10), a derivative obtained by conjugation of CL307 with a
bis(phytanyl)phosphonate group, is a weaker TLR7 agonist than CL307, but in contrast to CL307, is able to
efficiently complex nucleic acids resulting in a strong IFN response. The compound is able to form positively
charged liposomes, which can encapsulate DNA (or RNA) thanks to the lipid moiety. Repeated in vivo studies
showed that pDNA/AdiFectin™ complexes display robust anti-tumor activity. Tumor growth was markedly
reduced resulting in a 50% survival rate. Notably, mice that achieved long-term clearance of tumor following
AdiFectin™ treatment were protected from subsequent tumor rechallenge suggesting the generation of a
tumor-specific memory immune response.
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Figure 10 : 8-hydroxyadenine conjugated derivatives
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Adilipoline™ (21, also known as CL413, Figure 11), a derivative obtained by linearly linking a hydroxyadenine
derivative with the terminal acid function of Pam2CSK4 (a TLR2 agonist), is a good ligand for TLRs 2/7. In vivo
tumor studies have demonstrated that CL413 is a potent antitumor agent. Intratumoral injection of CL413 in
established B16 tumors resulted in tumor regression. However, in contrast to CL347, no protection after
tumor rechallenge was observed. CL531 (22) corresponds to the conjugation of a hydroxyadenine derivative
to the lateral chain of the second lysine of Pam2CSK4, resulting in a dual TLRs 2/7 agonist (Figure 11). CL572
(23) contains a monoacyl-ethyl-cystein group grafted to a hydroxyadenine via a glutamic acid derivative and
is also described by Invivogen™ as a dual TLRs 2/7 agonist (Figure 11).

NH,
0}

’ N S\/é\/o
/ { N N \n/\/\/\/\/\/\/\/
HoN N H H ) o
N=( OH
NH
é NH, NH,
CL413 (21)

OH

oy
i N HN— N )k/i T\/'V Mot
74%/“ N—<
N /)

//// NH é CL572 (23)
o

Ho, - “Ng J\/\/\/\/\/\/\/\
NH, Tl/\/\/\/\/\/\/\/

o)

CL531 (22)

Figure 11 : TLRs 2/7 agonists based on the 8-hydroxyadenine moiety

Among the 8-oxoadenine family, Biggadike et al. prepared derivatives bearing saturated oxygen or
nitrogen heterocycles as N-9 substituting group.[116] To treat allergic asthma, GSK2245035 (24) is selected
as intranasal candidate (Figure 12). It resulted in vitro in suppression of Th2 cytokine response to allergens
and in vivo to local upregulation of TLR7-mediated cytokine IP-10. Clinical evaluations on patients confirm
the pharmacological interest of this compound.
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Figure 12 : 8-oxoadenine derivative

DSR-6434 (25, Figure 13) is a specific TLR7 agonist (ECso = 7.2 nM) which activates several immune
effectors following intravenous administration. Nakamura et al. demonstrate a strong antitumor effect of
DSR-6434 in a melanoma lung metastasis tumor mice model.[117] Systemic treatment with DSR-6434
enhances efficacy of radiation therapy in a model of colorectal carcinoma. Combination therapy with DSR-
6434 and ionizing radiation generates antigen-specific memory T cells, leads to a reduction in the incidence
of lung metastasis and improves survival in the KHT fibrosarcoma model.[118] By confirming the
effectiveness of DSR-6434 on a mouse renal cell carcinoma model, Koga-Yamakawa et al. also showed that
the dosing schedules of systemically administered TLR7 agonists significantly affect TLR tolerance and
antitumor activity, offering a potential solution to overcome TLR tolerance.[119]
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Figure 13 : DSR derivatives

DSR-29133 (26, Figure 13) is a TLR7-selective agonist that leads to the induction of IFNa/y, IP-10, TNFa, IL-
1Ra and IL-12p70, and after intravenously injections to a reduction in tumor burden in syngeneic models of
renal cancer (Renca), metastatic osteosarcoma (LM8) and colorectal cancer (CT26). Moreover, the efficacy
of DSR-29133 was significantly improved when administered in combination with low-dose fractionated
radiotherapy. Long-term surviving mice originally treated with DSR-29133 and radiotherapy were protected
by a tumor-specific memory immune response which could prevent tumor growth.[120]

a.3. Guanine derivatives

In 2003, Lee et al. proved that guanosine analogs such as loxoribine (27, also known as RWJ 21757)
and isatoribine (28, also known as Thiaoxoguanosine, TOG, 7T80G, ANA-225, ANA-245, ICN-10146, ICN25,
Immunosine, Immusine, KN 25, N10146, N12143, N14316, NARI-10146) activate immune cells exclusively via
TLR7 by a pathway that requires endosomal maturation (Figure 14).[121] Previous work showed in vitro NF-
KB activity as immunomodulator agents but it could not be linked to in vivo observations.[122]

Loxoribine (27, Figure 14) displays interesting anti-tumor activities. Significant inhibition of B16 melanoma
lung tumor metastasis was observed in mice receiving a single injection of 2 mg loxoribine at day 3 of tumor
growth. The greatest inhibition (96%) corresponds to four injections of loxoribine on alternate days starting
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the day before tumor injection. The combination of loxoribine and IL-2 significantly greater inhibition of
metastasis. As guanosine analogs display adjuvant activity in B cell systems, loxoribine was evaluated as
adjuvant in a tumor protection model. Mice immunized with both irradiated tumor cells and loxoribine
developed a significantly lower number of lung tumors when challenged by live B16 tumor cells, whereas
mice injected with either vaccine or loxoribine alone were not protected.[123] Loxoribine was also tested in
the treatment of chronic lymphocytic leukemia.[124—-126] By this way, loxoribine may be useful in tumor
therapy as an immunomodulator or as an adjuvant.

Isatoribine (28, Figure 14), which synthesis was described by Nagahara et al. [127], enhances IFNa levels
through its interaction with TLR7 and stimulate of the patient's own immune system. With a potent toxicity
profile in multiple species, this compound displays antiviral activity in a variety of murine systems (semliki
forest, san angelo, banzi, rat-corona, EMC viruses).[128-131] Moderate to absent antiviral effects were
observed against HSV-2, VSV infections or influenza B pneumonia. Isatoribine was also evaluated on chronic
hepatitis C infection.[132] On February 2007, this drug was no longer listed on Anadys Pharmaceuticals, Inc.

development pipeline.
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Figure 14 : Guanosine derivatives

b. (Hetero)Bicyclic compounds
b.1. [5+6] fused systems

Yoo et al. synthesized new imidazo[4,5-c]pyridine compounds by incorporating substituents which
were previously determined to be optimal agonists (N1-benzyl and C2-butyl, Figure 15) in the
imidazoquinoline series. These compounds were studied for their potency to induce the IFNa
production.[133] Compound 29 showed TLR7 agonistic activity (ECso = 1.57 uM) with negligible activity on
TLR8. Direct aryl-aryl bonds at the R1 position abolish all activities, but the TLR7 agonist effect is restored
with analogues having a benzyl or phenethyl group. For example, the specific TLR7 agonist compound 30
(ECso = 0.26 uM ) displayed high IFNa induction in human PBMCs. Since some of these compounds are potent
inducers of type | IFN, with an attenuated pro-inflammatory profiles, they could be potent adjuvants without
local or systemic inflammation reactions.[134]

NH,

N

N N
s el
H™ N N N~ F TN

(29) (30)

Figure 15 : Core-structure of the imidazo[4,5-c]pyridine compounds
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In quest of new vaccine adjuvants, Beesu et al. synthesized a wide variety of heterocyclic compounds
that showed good selectivity for TLR8, such as compound 31 (Figure 16) belonging to the benzimidazol-2-
amine series (ECso (TLR8) = 1.13 uM).[135-137]

N
L
N

(31)
Figure 16 : Benzimidazol-2-amine derivative

b.2. [6+6] fused systems

Among all the prepared heterocyclic derivatives, Beesu et al. found that the quinoline derivative 30
(Figure 17) displays a remarquable TLR8 agonist activity with an ECsovalue of 9 nM.[135-137]

Selgantolimod (31, also known as GS-9688, Figure 17), a TLR8 agonist, induces cellular immune
mediators, such as IL-12 and IL-8, as well as antiviral cytokines TNF-a and IFN-y in vitro in human PBMCs.
Selgantolimod activates NK and mucosal associated invariant T cells, stimulates cluster of differentiation
(CD)-8+ T-cell proliferation, while lowering programmed cell death protein 1 expression by HBV-specific
CD8+-T cells in vitro. Selgantolimod-induced cytokines reduce HBV DNA, RNA, and antigen levels in HBV-
infected primary human hepatocytes. The agonist is actually under investigation to treat HIV infection and
hepatitis B virus.[138]
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Figure 17 : Pyridine derivatives

Pteridinone-based compounds were identified as potent and selective TLR7 agonists, leading to the
discovery of GS-9620 (34, also known as vesatolimod, Figure 18), a drug with multiple potent
applications.[139,140] This orally bioavailable small molecule has 30-fold selectivity over TLR8 (ECso (TLR7) =
291 nM, ECso (TLR8) = 9 uM). GS-9620 selectively induces IFN-a, cytokines and chemokines. TLR7 activation
by GS-9620 is likely associated with compound-induced conformational changes. Activation of NF-K[3 and Akt
pathways in primary plasmacytoid dendritic cells occurs as immediate downstream cellular responses to GS-
9620 stimulation. GS-9620 possesses high absorption properties in the gastrointestinal tract but has
moderate clearance during first-pass hepatic metabolism. These properties minimize systemic exposure of
GS-9620 following oral administration while targeting exposure to, and stimulation of, innate immune cells
within the gastrointestinal tract and/or liver.[141-143]

Furthermore, GS-9620 could activate TLR7 signaling in immune cells to induce clearance of virus infected
cells. The minimum effective concentrations for IFN-a induction were similar in pDCs and in PBMCs from
HCV-positive donors. It has been shown to stimulate a TLR7 immune response in different animal models of
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chronic hepatitis B infection (mice, woodchuck, nonhuman primates, ...).[141,144] GS-9620 was administered
to HBV infected three chimpanzees for 8 weeks with an interval of 1 week.[145] Consequently, serum
concentrations of HBV surface antigen and HBV antigen, and the number of HBV antigen—positive
hepatocytes, were decreased as hepatocyte apoptosis increased. In a phase 1 clinical trial to evaluate the
safety and tolerability of GS-9620, treatment of GS-9620 results in dose dependent increases in select
cytokines, chemokines, and ISGs beginning at 2mg and is safe in a single dose up to 12 mg. Increases in
percentages of immunocytes, like T cells, B cells and NK cells, expressing CD69 were also noted in subjects
receiving GS-9620 treatment.[146-148] A dose-dependent pharmacodynamic induction of interferon-
stimulated genes (ISGs) was demonstrated without a significant systemic induction of IFNa expression or
related symptoms. No significant hepatitis B surface antigen decline was observed.[149,150]

Moreover, GS-9620 is able in vitro to inhibit HIV-1 infection in human peripheral blood mononuclear
cells.[151] It was also demonstrated that GS-9620 induced HIV RNA expression ex vivo in PBMC isolated from
patients on suppressive antiretroviral therapy.[152—-154] Although GS-9620 was inactive against HIV in
purified CD4+ T cells and macrophages, HIV replication was potently inhibited by conditioned medium
derived from GS-9620-treated pDC cultures when added to CD4+ T cells prior to infection. GS-9620-treated
PBMCs primarily showed increased production of IFN-a, and cotreatment with IFN-a-blocking antibodies
reversed the HIV-1-inhibitory effect of GS-9620. Supplementary studies demonstrated that GS-9620 inhibited
a post-entry event in HIV replication at a step coincident with or prior to reverse transcription. GS-9620
induced phagocytic cell maturation and improved effector-mediated killing of HIV-infected CD4 T cells by the
HIV envelope-specific broadly neutralizing antibody PGT121. All data show that the compound enhanced
antibody-mediated clearance of HIV-infected cells by improving immune effector functions targeting
specifically those cells. GS-9620 is under clinical evaluation for reducing latent reservoirs in virally suppressed
HIV-infected patients. The viral reservoir in latently infected cells is responsible for viral rebound in the vast
majority of HIV-1-infected individuals who stop taking antiretroviral therapy. The key challenge to cure for
HIV-1 infection is represented by the more extensively studied therapeutic strategies known as “Shock and
kill”. These strategies are aimed toward the reactivation of the latent reservoir using a latency-reversal agent
(LRA) with the subsequent killing of the reactivated cell either by the cytotoxic arm of the immune system,
including NK and CD8 T cells, or by viral cytopathic mechanisms.[155,156] Borducchi et al. show that
administration of the V3 glycan-dependent bNAb PGT121 together with GS-9620 during ART delayed viral
rebound following discontinuation of ART in simian—human immunodeficiency virus (SHIV)-SF162P3-infected
rhesus monkeys in which ART was initiated during early acute infection.[157] More contrasted results were
obtained by Del Prete et al.[158] GS-986, another structurally-unpublished TLR7 agonist, was also evaluated
to reduce latent reservoir in SIV-infected rhesus monkeys.[159]
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Figure 18 : Annulated pyrimidine derivatives

Among a panel of tetrahydropyridopyrimidines, MacGowan et al. identified 52al (35) a potent dual
TLRs 7/8 agonist (least effective concentrations: 1.5 pM hTLR7, 3.4 uM hTLRS, Figure 18), as demonstrated
by the induction of interferon-y induced protein (IP-10).[160] The pharmacokinetic profile of 52al in mice
confirmed the low systemic exposure. In addition, 52al showed low plasma protein binding (30% bound in
mice plasma), no inhibition of major CYP450 isozymes (CYP450 > 10 uM: 3A4, 2C8, 2C9, 2D6, 1A2, 2C19) and
lacked off-target activity across a multi-receptors panel (> 10 UM against histamine, dopamine, and serotonin
subtypes).

SC1 (36, also known as Pluripotin, Figure 18), a TLR7 agonist, is an inhibitor of extracellular signal-
regulated kinase 1 (ERK1, MAPK3) and RasGAP with Kd values of 98 nM and 212 nM respectively. It maintains
embryonic stem cell self-renewal in the absence of feeder cells and exogenous factors. Long-term SC1-
expanded murine embryonic stem cells can be differentiated into cells of the three primary germ layers in
vitro and also can generate chimeric mice and contribute to the germ line in vivo.[161] Intravenously
administered SC1 mediates systemic release of type | IFN, but not of pro-inflammatory cytokines such as
TNFa and IL6, and results in activation of circulating immune cells. Intratumoral CD8+ T cells and CD11b+ are
significantly increased, pDCs are strongly activated and macrophages are M1 phenotype polarized, whereas
myeloid-derived suppressor cells are decreased. SC1 prevents spontaneous lung metastasis, retards tumor
growth, results in tumor rejection, prolongs survival and, most importantly, protects from tumor rechallenge,
as demonstrated by Vascotto et al. in melanoma and colorectal cancer tumor models. SC1 treatment of mice
inhibits the growth of established syngeneic tumors and results in significantly prolonged survival. Tumor-
free mice treated with SC1 are protected from subsequent tumor rechallenge.[162,163] SC1 is also efficient
in preventing lung metastases in a pulmonary metastatic Renca model.[164] Mice bearing the NK cell-
sensitive lymphoma RMA-S are cured by repeated s. ¢. SC1 administrations as efficiently as with resiquimod.
No relevant toxicities were observed. Mechanistically, SC1 reverses NK cell anergy and restores NK cell-
mediated tumor cell killing in an IFN-dependent manner.[165] SC-2 (unpublished structure) is a dual-specific
TLRs 7/8 agonist which displays a more pronounced pro-inflammatory cytokines release than SC-1. Additional
experiments showed a significant up-regulation of activation marker CD69 on NK cells and increased cytolytic
activity of peripheral blood cells.[164]

21



b.3. [6+7] fused systems

VTX-2337 (37, also known as Motolimod, Figure 19) is a selective and potent benzazepine small
molecule agonist of TLR 8 with ECso of 100 nM and displays 50-fold selectivity over TLR7. By coordinated
activation of TLR8 and NLRP3, VTX-2337 activates NK cells and augments ADCC.[166,167] When treated with
VTX-2337, TLR8 stimulates TNF-a and IL-12 production at lower concentrations in human PBMCs. It also
induces TNF-a and IL-12 secretion from monocytes and myeloid DCs through the NF-kB pathway. IFNy
secretion was observed when NK cells were treated with VTX-2337, which can enhance the lytic capability
and antibody-dependent cell-mediated cytotoxicity of NK cells. VTX-2337 also improves the efficacy of
pegylated liposomal doxorubicin in treatment of ovarian cancer in a mouse model with humanized immune
system that has been reconstituted with human CD34+ cells. This compound is evaluated for treatment of a
variety of cancers, including head and neck cancer, colorectal, pancreatic, melanoma, breast, renal cell
carcinoma, non small—cell lung carcinoma, and other solid neoplasms. Evaluated as a stand-alone drug for
treatment of lymphoma, VTX-2337 was essentially used in combination with other drugs.[166,168] Thanks
to its potential immunostimulating and anticancer activities, VTX-2337 is currently under clinical
development as an immunotherapy for multiple oncology indications such as ovarian cancer and squamous
cell carcinoma of the head and neck.[169] VTX-1463 is an intranasal formulation of VTX-2337 under phase |
clinical trial for allergic rhinitis.[170,171]

TL8-506 (38)

Figure 19 : VTX series and analogues

Among the VTX family (Figure 19) [172], VTX-294 (also known as VTX-763) was defined as an ultra-potent
TLR8 agonist that activates newborn and adult leukocytes and is a candidate vaccine adjuvant in both early
life and adulthood. VTX-294 was 100x more active on TLR8- than TLR7-transfected HEK cells (ECso (TLR8) = 50
nM vs. ECso (TLR7) = 5700 nM) defining by this way its selectivity for TLR8. VTX-294-induced TNF and IL-1
production were comparable in newborn cord and adult peripheral blood and was more potent than MPLA,
R848 or CLO75. Combination of VTX-294 and MPLA induced greater blood TNF and IL-1B responses than
combination of R-848 and MPLA. VTX-294 also potently induced expression of cytokines and co-stimulatory
molecules HLA-DR and CD86 in human newborn MoDCs.[173] VTX-763, another TLR8 agonist, is in preclinical
study to treat autoimmune inflammation. VTX-463, a dual TLRs 7/8 agonist, is in preclinical study to treat
allergies.

TL8-506, a benzoazepine analogue to motolimod (38, Figure 19), is also a TLR8 ligand more potent than
resiquimod and 3M-002. TL8-506 is 500x more active on HEL-Blue hTLR8 than TLR7-transfected HEK293 (HEK-
Blue™ hTLR7) cells (ECso = 30 nM vs 15 uM). TL8-506 is 50x and 25x more potent in inducing NF-kB activation
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in TLR8-transfeceted HEK293 cells than resiquimod and 3M-002 (ECso = 30 nM vs 1500 nM and 800 nM
respectively).[174,175]

c. (Hetero)Tricyclic compounds
c.1. Imidazo[4,5-c]quinoline series

Among the imidazo[4,5-c]lquinolines series, imiquimod and its derivative resiquimod (Figure 20) were
the first synthetic molecules described in literature as TLR8 and/or TLR7 agonists.[37,176] Various derivatives

have been then designed.
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Figure 20 : Imidazo[4,5-c]quinoline derivatives

Imiquimod (39, also known as R-837, Figure 20) is a tricyclic nitrogen molecule belonging to the
imidazo[4,5-c]quinoline series, developed 3M Pharmaceuticals laboratories (Saint Paul, MN, USA). It is
commercialized as Aldara® or Zyclara®, respectively 5% and 3.75% imiquimod-containing creams. It was first
described for its antiviral activity against certain viruses such as herpes simplex Il (HSV-11) [177], sendai virus
[178] and papilloma virus [179]. This molecule does not directly inhibit viral replication, it is an
immunomodulator whose viral activity is related to the inducing power of IFNa and other cytokines. It was
approved in 1997 by the Food and Drug Administration (FDA) for the treatment of external genital and
perianal warts (condylomata acuminata). In 2004, its use was extended to the treatment of actinic keratosis
and superficial basal cell carcinoma.[180,181]

In 2002, Hemmi et al. have shown that imiquimod and its derivative resiquimod (Figure 20) exert their
antiviral and antitumor properties via TLR7 (ECso = 10.7 uM).[176] They showed that TLR7-deficient mice
were not able to produce pro-inflammatory cytokines following stimulation with imiquimod and resiquimod.
Once bound to its TLR7 receptor, imiquimod triggers a Myd88-dependent signaling pathway that drives
activation of NF-kB. Once activated, NF-kB migrates into the nucleus and induces the transcription of pro-
inflammatory cytokines: TNFa, IL-1, IL-6, IL-8 and IL-12 as well as IFNa. The consequence of this effect is a
marked stimulation of the immune response against infected and tumor cells.[182] The effect of imiquimod
was also demonstrated by skin recruitment and activation of pDCs.[183] In addition, topically applied
imiquimod induces the maturation of epidermal Langerhans cells in vivo and stimulates the migration of
these antigen-presenting cells to the lymph nodes where they induce a specific T-cell response.[184] In
addition, imiquimod can also enhance adaptive immunity by indirectly stimulating the production of IFNy, a
cytokine involved in a Th1 response.[185,186] At high concentrations, imiquimod induces apoptosis of tumor
cells via the activation of Bcl-2 proteins and the caspase family.[187] Besides FDA approved indications,
topical imiquimod has been used in the treatment of several infectious skin disorders (non-anagenital
cutaneous warts [188], Molluscum Contagiosum [189], cutaneous leishmaniasis [190], etc.), neoplastic
(fungoid mycosis [191], vascular tumors [192], cutaneous metastases [193], etc.) and other disorders such as
ring granuloma [194], primary follicular mucinosis [195]. Moreover, topical imiquimod might be considered
as adjuvant for vaccination.[191,196] Imiquimod was also tested as potent agent against prostate [197],
bladder [107,198,199], breast [200—203] cancers and squamous carcinoma [204,205].
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Resiquimod (1, also known as R-848, Figure 20) is an imidazo[4,5-c]quinoline compound stimulating
the immune system by activating TLR7 and TLR8 (ECso (TLR7) = 1.5 £ 0.3 uM, ECso (TLR8) = 4.5 £ 3.2 uM). It
was developed by 3M pharmaceuticals laboratories in the early 1980s in attempts to identify nucleoside-like
structures inhibiting infection with HSV-2.[206]

Although Imiquimod and its derivative resiquimod belong to the same chemical family, resiquimod can
activate both TLR7 and TLR8, whereas imiquimod is only TLR7 agonist.[37,176] These differences in TLR
binding presumably explain the important cytokine induction subsequent TLRs activation. The cytokine
profile observed following exposure of human PBMCs to resiquimod is similar to that of imiquimod,
nevertheless the level of expression of pro-inflammatory cytokines (TNFa, IL-1B and IL-6) as well as IFNa is
approximately 100 times higher when using the 1 pg.mL? of resiquimod compared to 1.2 pg.mL? of
imiquimod.[207,208] In response to resiquimod, dendritic cells secrete IL-6, IL-12, TNFa and IFNa [209],
monocytes secrete IL-1, IL-6, IL- 8, IL-12, TNFa and IFNa [210].

Even if the development of topical resiquimod for the treatment of genital herpes in humans has been
discontinued due to inconsistent results in clinical trials, many studies have shown the interest of resiquimod
in the treatment of cutaneous tumors. In 2001, resiquimod was considered as potential anti-HSV-2 treatment
but due to a lack of efficacy in clinical trials, its development in this indication was stopped.[211,212]
Nevertheless, this compound proved to be effective in the treatment of actinic keratosis. At skin level, the
target cells of resiquimod are mainly monocytes and dendritic cells. PDCs express TLR7 and TLR9, while MDCs
express TLRs 2, 3, 4, 5 and 8, therefore resiquimod by stimulating both TLR 7 and TLR 8 can induce a strong
cytokine response including type-l IFN and pro-inflammatory cytokines, which may explain the antitumor
effect of resiquimod in skin cancer.[213] In basal cell carcinomas (BCC) tumor cells, imiquimod showed direct
and independent of death receptor binding pro-apoptotic activity. This activity was also observed with
resiquimod, however, to a much smaller extent compared with imiquimod.[214] Resiquimod can indirectly
provoke an apoptosis induction in tumor cells by inducing the expression of TRAIL (TNF-related apoptosis-
inducing ligand) on dendritic cells and thus increasing their cytotoxic potency.[215,216] In 2015, Rook et al.
have shown that topical resiquimod can also improve effector T cell functions in cutaneous T-cell lymphoma
and consequently induce regression of the disease.[217] Furthermore, resiquimod has proven to be an
effective adjuvant against several diseases as cancer given its ability to induce local activation of immune
cells, stimulate the production of pro-inflammatory cytokines and improve the presentation of antigen by
dendritic cells leading to the activation of cellular immune responses like CD8 + cytotoxic T lymphocytes.
[212,218,219] Resiquimod is also tested as potent agent in glioma [220], acute myeloid leukemia [221,222]
and breast cancer [223] studies.

In 2005, Gerster et al. of 3M pharmaceuticals laboratory published an article showing the different
synthetic strategies of imidazo[4,5-c]quinoline compounds as well as structure-activity relationship studies
that influence IFN induction.[224] The presence of an alkyl or hydroxyalkyl chain at R; position and no
substitution at R; show good IFN induction in human PBMCs (Figure 21). However, the activity is not
improved compared to the unsubstituted compound at R;. When longer alkyl chains (heptyl or more) or
bulkier alkyl substituents (i.e., tert-butyl) are considered at Ri, the activity is abolished. The activity is also
lost when a phenyl group is directly linked to the R; position. The substitution by an alkyl group at the R,
position improves the IFN induction for small chains, butyl bringing the better activity (MEC = 0.01 pug/mL or
0.05 pg/mL for butyl (40) or pentyl (41) respectively). Phenoxymethyl and benzyl groups at R; also increase
activity. The amine in C4 position is essential for the activity. All other modifications on this position rule out
the IFN production. Overall, a simple substitution on the benzene ring appears to be detrimental since most
of the synthesized compounds are not efficient in inducing IFN. However, C7-substituted compounds
preserve the activity of the unsubstituted scaffold.
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Figure 21 : Imidazo[4,5-c]quinolone derivatives developed by 3M pharmaceuticals

Among TLRs 7/8 ligands commercialized by Invivogen™, CL097 (42) is a water-soluble
imidazoquinoline derivative. Similarly to resiquimod, CLO97 is TLR7 and TLR8 agonist (Figure 22). It induces
activation of NF-K[3 at 0.1 uM in TLR7 transfected HEK293 cells and at 4 uM in TLR8-transfected HEK293
cells.[225] CLO97 also induces pro-inflammatory cytokines in macrophages.[54]
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Figure 22 : Imidazoquinoline developed by Invivogen™

In 2005, Gorden et al. have studied the selectivity towards TLR7 and TLR8 of compounds belonging
to imidazo[4,5-c]quinoline (3M-001 (43) and 3M-003 (45)) and thiazolo[4,5-c]quinoline (3M-002 (44)) series
(Figure 23).[62] Compounds 3M-001 and 3M-002 are selective agonists for TLR7 and TLR8 respectively.

Compound 3M-001 (also known as 852A, 3M-852A, PF-04878691, PF-4878691, S-32865, Figure 23) was used
in preclinical studies for ovarian, cervix and breast cancers.[226] It has undergone clinical trials for melanoma
(phase 11)[227] and lymphocytic leukemia (phase I/11).[124]

Compound 3M-002 (also known as CLO75, Figure 23) has low water solubility and is a highly potent
immunostimulant that can be systemically toxic. A polymersome nanocarrier encapsulating CLO75 (CLO75-
PS) mimicked the immunomodulatory effects of live BCG vaccine and improved innate and adaptive neonatal
immune responses.[228] The in vitro immunostimulatory activities of CLO75-PS on human newborn and adult
monocyte-derived dendritic cells (MoDCs) were benchmarked against conventional adjuvants and human
vaccines, including the live attenuated BCG vaccine, which elicits moderate TH1 immunity in neonates and is
safe and effective at birth. Compared with BCG, CLO75-PS induced greater production of IL-12p70, a cytokine
that enhances TH1-polarized immune responses and promotes cytotoxic T-cell proliferation and survival.
Considering all their results, Dowing et al. suggest a strong potential for CLO75-PS to serve as a dual
antigen/adjuvant vaccine delivery system for human neonatal vaccines.

Compound 3M-003 is an agonist of both TLR7 and TLR8 (Figure 23).
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Figure 23 : 3M compounds

In the same structural family, 3M-011 (46, Figure 23) is described as a potent TLRs 7/8 agonist. It stimulates
type | IFN and other cytokines such as TNF-a, IL-12, and IFN-y from rat peripheral blood mononuclear cells,
induces IL-12 and COX-2 expression in mDC from HIV+ and HIV- individuals, and inhibits H3N2 influenza viral
replication in the nasal cavity. It potentiates NK cytotoxicity, and shows antitumor effects in scid/B6 mice and
scid/NOD mice. That is why, 3M-011 is evaluated not only in pancreatic, gastro-intestinal and colon cancers
[229,230], but also in bladder and renal cancers [231-233].

3M-052 (47, also known as MEDI9197 or Telratolimod, Figure 23) is an injectable TLRs 7/8 agonist
corresponding to a lipid modified imidazoquinoline able to form a tissue depot with gradual, sustained
release, allowing local TLR triggering activity without systemic cytokine release to finally modify the tumoral
microenvironment. 3M-052 displays potential immunostimulating and antitumor activities [234,235]
Compound 3M-052 was used as potent agent in melanoma studies.[236,237] Even if 3M-052 is retained at
the sight of injection limiting systemic exposure upon intratumoral administration, it also generated systemic
antitumor immunity. The agonist is able to suppress not only both injected and distant uninjected wild-type
poorly immunogenic B16-F10 melanomas in mice, but also in the more immunogenic version B16.0VA
melanoma. Treated tumors showed increased level of CCL2 chemokines and infiltration of M1 phenotype-
shifted macrophages, which could kill tumor cells directly through production of nitric oxide and CCL2. 3M-
052 therapy potentiated checkpoint blockade therapy (with anti-CTLA-4 or anti-PD-L1 antibodies), that was
also confirmed by Mullins et al.[238] Zhao et al. showed that combining 3M-052 with CpG ODN increases
cytotoxic T cell activity and Th1 cytokine production while downregulating the activity of immunosuppressing
myeloid derived suppressor cells. This combination allows tumor suppression in CT26 colon cancer bearing
mice and establishment of long-term immunity.[239] In 2017, Hoeven et al. described 3M-052 formulation
development studies.[240] The hydrophobicity of 3M-052 allows its incorporation in lipid-based formulations
(anionic, cationic, PEGylated or neutral liposomes or oil-in-water emulsion), which were able to protect both
mice and ferrets from infections caused by lethal HSN1 homologous virus. Furthermore, they demonstrated
the ability of 3M-052 adjuvant formulations to broaden responses to HSN1 hemagglutinin-based antigens.

Gardiquimod (46, Figure 24) is an agonist of TLR7 but not of human TLRS, although it activates both
porcine TLR7 and TLR8.[241] It enhances the immunosuppressive activity of T regulatory cells at 0.5 to 2
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pg/mL.[242] Gardiquimod is effective as a mucosal adjuvant for Norwalk virus-like particles and inhibits
infection of macrophages and T cells by HIV-1.[243,244] It inhibits proliferation and migration while inducing
apoptosis in pancreatic cancer cells in vitro.[245] Guardiquimod was also evaluated on melanoma.[246]

It should be noted that gardiquimod is a more active TLR7 agonist than imiquimod. Based on these data,
Shukla et al. hypothesized that the C2 ethylaminomethylene substituent of the gardiquimod brings sufficient
polarity to prevent its efficient transcutaneous penetration and stimulation of plasmacytoid dendritic cells.
Hydrophobic analogues of gardiquimod were later synthesized and their TLR7 and TLR8 agonist activities
were studied using HEK293 cells expressing either TLR7 or TLR8.[247] Compounds with modifications of the
secondary amine at the C2 position are not convenient to keep the agonist activity. Replacing the imidazole
ring with a triazole ring leads to a total loss of activity. The 4-amino group is absolutely necessary to obtain
maximum activity. In a series of synthesized lipophilic compounds carrying a benzyl group in the N1 position
and a C2 alkyl chain show a link between the length of the alkyl chain and the TLR7 agonist activity. The
optimal activity was observed for compound 47 carrying a C2 butyl chain (Figure 24) with a minimum effective
concentration at which IFN induction was observed of 0.5 pug/mL as suggested by Gerster et al.[224] The
rearrangement of the substituents in N1 and C2 of gardiquimod and of compound 47 leads to the
identification of the highly active compound 48, agonist TLR7 with an ECso of 8.6 nM (Figure 24). These
compounds are selective for TLR7 without any agonistic activity for TLRS.
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Figure 24 : Gardiquimod and derivatives

In 2012, Shi et al. synthesized an imidazo[4,5-c]quinoline series by replacing hydrogen of the C7 carbon with
a methoxycarbonyl group (Figure 25).[248] They showed that the elimination of the C2 ethoxymethyl chain
of resiquimod results in a significant decrease in the TLR7 agonist activity and a complete loss of the TLR8
agonist activity. The activity is restored and even improved, by the addition of a butyl chain in C2 position
(ECso TLR7 = 0.1+0.02 uM, ECso TLR8 = 0.1+ 0.003 puM). The unsubstituted in C2 position and carrying a
methoxycarbonyl group in C7 position compound lacked TLRs 7/8 agonist activity, however, it was able to
induce a high production of pro-inflammatory cytokines (TNFa, IL12, IL1B). This suggests the existence of an
alternative mechanism of action by which imidazoquinolines can stimulate the production of cytokines. The
addition of the alkyl (butyl) chain in C2 position restored TLR7 and TLR8 agonist activity. All this indicates that
C7 substitution may be important for cytokine production, whereas TLRs 7/8 agonist activity requires C2
substitution.
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Figure 25 : Core-structure of the imidazo[4,5-c]quinoline series [248]
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Based on these data, Schiaffo et al. synthesized imidazo[4,5-c]quinolines by introducing substituents in R2
position (Figure 26). The results show that the TLRs 7/8 agonist activity is correlated with the length of the
alkyl chain in C2 position, with maximum TLR 7 activity for derivatives with butyl and TLR8 activity with pentyl.
A similar SAR study also identified that the production of IL1B, IL12 and IFNy depends both on the length of
the C2 alkyl chain and on the N1 substitution. The compounds also stimulate the production of IFNa and IL-
10, but with less pronounced structural correlations.[249]
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Figure 26 : Core-structure of the imidazo[4,5-c]quinoline series [249]

Larson et al. proposed imidazo[4,5-c]quinoline derivatives substituted in N1 position as TLR7 and TLR8
agonists (Figure 27). While the selectivity of the compounds for TLR8 can be obtained by the introduction of
an ethyl, propyl or butylamino group on N1 position [250], analysis of the SAR indicates that TLR7 activity is
less sensitive to N1 modification. However, a high TLR7 affinity can be obtained by extending the aminoalkyl
chain length to pentyl and p-methyl benzyl. Compared to selective TLR7 agonists and mixed TLRs 7/8 agonists,
the TLR8 agonist reported better cytokine induction with higher levels of IL1B, IL12 and IFNy.
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Figure 27 : Imidazo[4,5-c]quinoline derivatives substituted in N1 position

c.2. Other chemical series

Apart from the development of imidazo[4,5-c]quinolines and 8-hydroxyadenines, the interest for
small agonist molecules of TLR7 and TLR8 has been represented in the last five years by numerous papers
focusing on the development of new molecules belonging to different chemical series.

In the perspective of developing new vaccine adjuvants, Kokatla et al. synthesized thiazolo[4,5-
clquinolines (Figure 28), analogous to CLO75 (Figure 23).[251] Synthesized alkylthiazoloquinolines with
methyl, ethyl, propyl (CLO75) and butyl groups in the R1 position have comparable TLR8 agonist activities.
The activity moderately decreases with the pentyl-bearing compound at R1 position and is completely lost
for the compounds with a longer alkyl chain. Virtually all changes in the R2 position led to loss of agonist
activity. The alkylation of the amine at position R3 is not tolerated. The compound 55 with a butyl in R1 was
also endowed with TLR7 agonist activity. Immunization in rabbits with an antigen adjuvated with compound
55 showed significant improvements in antigen-specific antibody titers. Given the pledge of TLR8 agonists in
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the production of pro-inflammatory cytokines including TNFa and IL12 and activation of a Thl response in
neonatal antigen presenting cells, researchers focused on the synthesis of selective TLR8 agonists for use as
vaccine adjuvants, in particular to improve the immune responses in newborns.
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Figure 28 : CLO75 analogues

Furo[2,3-c]quinolines, as well as alkylated aminoquinolines, were synthesized by Kokatla et al. to
evaluate their TLR8 agonist activities (Figure 29).[252,253] 2-butylfuro[2,3-clquinoline (54) and 3-pentyl-
quinolin-2-amine (55) showed TLR8 selectivity with ECsp of 1.6 and 0.2 uM respectively. Interactions of
compound 54 with the ectodomain of human TLR8 was evaluated by docking studies.

N O Ny NH2
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Figure 29

Yoo et al. analyzed the electronic effects of heterocyclic modifications while maintaining the butyl at
C2 position since most of the active compounds carry this substitution.[134] They synthesized 13 different
tricyclic structures including thiazolo/oxazolo[4,5-c]quinolin-2-amines, thiazolo/oxazolo[5,4-c]quinolines,
imidazo[1,2-c]quinazolines, [1,2,4]triazolo[1,5-c]quinazolines, imidazo[1,2-qa] qguinoxalines,
[1,2,4]triazolo[1,5-alquinoxalines, [1,2,4]-triazolo[4,3-alquinoxalines, and pyrazolo[3,4-c]quinolines. Among
all of these compounds, oxazolo[4,5-c]quinolin-2-amine (58), thiazolo[4,5-c]quinoline (59) and pyrazolo|3,4-
clquinoline (60) showed TLR7 agonist activities with ECso of 0.55, 0.73 and 0.19 uM respectively, as well as
TLR8 agonist activities with respective ECso of 0.18, 3.94 and 0.056 uM (Figure 30). Imidazo[1,2-a]quinoxaline
(61) showed a selectivity towards TLR8 with an ECso of 7.99 uM. This activity was confirmed by a study of the
secretion of cytokines by human PBMCs. Compounds 58, 59 and 60 showed an ability to produce IFNq,
whereas compound 61, a TLR8 agonist, was not able to produce it. In addition, these compounds have been
able to produce pro-inflammatory cytokines (TNFa, IL6, IL1B, ...), type Il interferon (IFNy) as well as
chemokines. Docking studies were performed with the most active compound 60 and the ectodomain of
human TLR8.
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Figure 30 : Quinoline and quinoxaline derivatives

LHC165 (62) is a TLR7 agonist belonging to the Novartis global pipeline and defined as an
antineoplastic agent (Figure 31). In mice, LHC-165 induced immune response, reduced tumor growth, and
showed signs of an abscopal effect.[254] It is currently under evaluations in patients with advanced
malignancies, either as a single agent or in combination with checkpoint inhibitor.[255]
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Figure 31 : A TLR7 agonist belonging to Novartis pipeline

d. Macromolecules
d.1. Thymidine (dT) derivatives

Poly(dT) is a thymidine 17-mer homopolymer phosphorothioate ODN commercialized by Invivogen™
and described as a modulator of human TLRs 7/8 (Figure 32). Poly(dT) alone has no significant effect on TLRs
7/8. Nevertheless, in combination with imidazoquinolines such as resiquimod or CLO75, poly(dT) increases
TLR8 mediated signaling and abolishes TLR7 mediated signaling.[256,257] Moreover, co-incubation of

poly(dT) and an imidazoquinoline induces NF-K[3 activation in HEK293 cells transfected with murine TLR8-
and primary TLR8-expressing mousse cells.[258]

thymine residue

thymidine

Figure 32 : Thymidine nucleoside
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d.2. RNA-based agonists

MCT465, developed by MultiCell Technologies Inc., is a high molecular weight synthetic double-stranded
RNA (dsRNA) designed to activate the innate immune system through TLRs 3/7/8 signaling. with immune
enhancing properties. In preclinical studies, MCT-465 successfully reduced pulmonary influenza virus levels
1,000-fold in animal models. It also demonstrated effectiveness in reducing virus levels of HIV and HCV in
animal models. MCT465 is currently ongoing preclinical trials for liver cancer (hepatocellular carcinoma),
breast cancer (triple-negative breast cancer TNBC), and others.[259] According to the company, MCT-465
could be indicated as cancer adjuvant therapy alone or combined with currently available or novel therapies.
MCT-465 can also be combined with MCT-475, a patent pending antigen-presenting immunoglobulin
therapeutic, for the treatment of various cancers such as breast and metastatic colorectal carcinoma.

CV8102 is a ssRNA-based TLRs 7/8 and retinoic acid-inducible gene | (RIG-1) agonist containing (non-
coding and uncapped) several polyU-repeats complexed with a polymeric carrier formed by arginine-rich
disulfide-crosslinked cationic peptides. It was developed by CureVac company as adjuvant to enhance
immunogenicity of poorly immunogenic antigens. Upon intratumoral injection, CV8102 stimulates a Thl
response and activates a systemic cytotoxic T-lymphocyte-mediated immune response against the tumor
cells when simultaneously exposed to tumor-associated antigens. CV8102 is actually under clinical
investigations for oncological indications.[260-262]

e. Structurally-unpublished potent agonists

The researches and developments of agonist ligands are clearly booming. Certain referenced
products display interesting activities without detailed chemical structure. Indications on their belonging to
chemical families are sometimes given (Table 1).

Table 1 : Potent agonists

Ligands Chemical family  Agonist Biological evaluations References
$28690 Imldazc‘)qm‘nolme TLR7 Immunogenelaty‘ effect on‘ chronic [263-266]
derivative lymphocytic leukemia
Nucleic acid Potent vaccine adjuvant used in
SB 9922 . TLR7 combination with BCG vaccine against [267,268]
hybrid . )
Mycobacterium tuberculosis
RO6870868
and Tosylate prodru
RO6864018 y‘ p‘ . g TLR7 Treatment for hepatitis C and cancers [269-271]
of isatoribine
(ANA773 or
RG7795)
. . . [272]
RO7020531 TLRs 7/8 Cure chronic HBV infection
Long-term remission in allergic disorders
AZD8848 . .
- 273
(DSP-3025) TLR7 such as bronchlallaét.hma and allergic [273]
rhinitis
DSP-0509 TLR7 Potent immunostimulatory and (274,275]

antineoplastic activities
Combination with chemotherapy and
BNT411 - TLR7 checkpoint inhibitors in preclinical [276]
development
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INJ-4964 Clinical development for the treatment

(AL-034 or - TLR7 . . [277-280]
TQ-A3334) of chronic hepatitis B (CHB)
NKTR-262 TLRs 7/8 Induction of antigen-specific immunity [281,282]

and tumor regression effects

IV. Antagonist ligands

Beside their role as defensive tools of the immune system, over-activation or dysregulation of the TLR
signaling are causing a panel of diseases. TLRs 7 and 8 are today well known for their implication in the
development of autoimmune diseases, cancers and in the progression of the acquired immunodeficiency
syndrome (AIDS). Countering uncontrolled TLR-mediated signaling has been a major subject of research in
the last decades by designing TLR agonist ligands and to a much lesser extent TLR antagonist ligands. TLR
antagonists are regulators that inhibit or reduce activation of TLR-mediated cytokine cascades and check
over-reactive uncontrolled adaptive immune responses. TLR antagonists are generally modified agonists that
bind TLRs but fail to induce the signal transduction.[69,283] Recently highlighting the existence of antagonist
pockets on TLRs 7/8 will also allow specific structure-based design using molecular modeling tools to produce
new potent structures.[9,284] They represent novel therapies to treat or prevent diseases cited herein.[285]

1. Therapeutic purposes
a. Implications in autoimmune diseases

Scientific literature show that in autoimmune diseases, such as lupus and psoriasis, TLRs 7 and 8
recognize endogenous immune complexes (IC) containing nucleic acids, and induce pro-inflammatory
cytokines contributing to the progression of the disease.[273,286]

TLRs 7 and 8 activation by ICs leads to IL12, IL6, TNFa, IL1B and IFNa expression and is associated
with the presence of anti-DNA and anti-RNA autoantibodies in patients with systemic lupus erythematosus
(SLE).[287,288] These autoantibodies cause organ damage by binding directly to host tissues or forming IC
that deposit in vascular tissue, thereby inducing destructive inflammation.[289] Several studies using TLR-
deficient mice have investigated the role of TLRs 7, 8 and 9 in the development of SLE in mice prone to lupus.
The deletion of TLR7 in mice prone to lupus led to failure in antibody production, decreased lymphocyte
activation, decreased serum IgG levels and attenuation of the disease.[290]

The role of TLR8 in autoimmune diseases has not been extensively studied, perhaps because of a lack
of response to TLR8 ligands in murine models. There is a difference in the response immune profile after TLR
7 or TLR8 stimulation.[37] TLR7 responses are characterized by a high production of type | IFNs such as IFNa,
which appears to play a major role in autoimmune diseases, while TLR8 stimulates very low levels of IFNa
but induces a strong production of other pro-inflammatory cytokines.[62,256,291] However, TNFa produced
during TLR8 activation may exert pro-inflammatory effects in autoimmune diseases.[292,293] TLR8 being
stimulated by ribonucleoproteins [294] and TLR8 mRNA over-regulated in patients with Sjégren's syndrome
[295] indicates a possible role of TLR8 in autoimmune processes. In psoriasis, a chronic autoimmune
inflammatory disease of the skin, extracellular RNA forms complexes with the cationic antimicrobial peptide
LL37. These complexes are highly protected against degradation of RNAs and have access to the endosomal
compartments of pDCs and mDCs. The RNA-LL37 complexes induce the activation of TLR7 in PDCs and trigger
IFNa secretion. RNA-LL37 complexes also trigger direct activation of mDCs to secrete TNFa and IL6 and
differentiate into mature dendritic cells. This maturation of MDCs is triggered by endosomal TLR8 and is
enhanced by the concomitant activation of pDCs to produce IFNa. These data identify RNA-LL37 complexes
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as endogenous triggers of TLR7 and TLR8 in human dendritic cells thus leading to the development of
psoriasis.[296]

b. Implications in cancers

In contrast to the therapeutic benefits of TLRs 7/8 agonists on immune cells, several studies have
shown that TLRs 7/8 stimulation promote tumor progression. In 2010, Cherfils-Vicini et al. have shown that
TLR7 and TLR8 are highly expressed on primary tumor cells of patients with non-small cell lung cancer
(NSCLC). Additionally to the chemoresistance in patients with NSCLC, TLR7 agonist induce an important
protumurogenic effect in vitro.[297] These effects were also verified in immunodeficient (NOD/SCID) and
immunocompetent (C57BL/6) murine models, using subcutaneously grafted lung carcinoma cells.[298] In
both models, the repeated administration of TLR7 agonists, such as CL264, loxoribine or imiquimod resulted
in increased tumor volume. This protumorigenic effect could be mediated by direct stimulation of tumor cells
expressing TLR7 or by increased recruitment and differentiation of immunosuppressive cells into the tumor
microenvironment. Furthermore, research teams find similar results in various tumor models. Stimulation of
TLR7 in a pancreatic cancer model expressing TLR7 induces tumor growth acceleration and reduction in
antitumor molecules expression.[299,300] Similarly, TLR7 stimulation in hepatocellular carcinoma model
expressing TLR7 boost malignant cells proliferation.[301]

c. TLR7 implication in AIDS

Chronic immune activation is a leading cause of progressive immunodeficiency of human
immunodeficiency virus type 1 (HIV-1) infection. HIV ssRNA is a potent immune activator that triggers TLR7-
mediated signaling. The HIV virus itself directly contributes to the activation of the immune system and its
dysfunction by stimulating TLR7.[302] Recent studies have shown that activation of TLR7 in human CD4+ T
cells triggers an anergic state that may contribute to CD4+ T cell hyporeactivity after infection with HIV-1 and
may also increase the spread of this virus. This unexpected role of TLR7, whose activation facilitates infection
of CD4+ T cells by HIV-1, was blocked using a TLR7 inhibitor. The presence of this inhibitor has led to an
attenuation of the infection. The authors concluded that HIV-1 use the anergic state induced by TLR7
activation to support its own spread.[303]

The inhibition of TLRs 7 and 8 activation by synthetic compounds is therefore a promising research area
for potential treatment of autoimmune diseases, cancers and AIDS. TLRs 7/8 antagonists bind to the receptor
and inhibit its activation, thereby suppressing the inherent immune response. Till 2020, antagonist molecules
are compounds developed generally as structural analogues to TLRs 7/8 agonists. As in the case of TLR7 and
TLR8 agonists, currently known antagonists can be divided into two groups (oligonucleotides and bi- and
tricyclic heterocyclic compounds) that we discus below.

2. Synthetic ligands
a. Imidazole derivatives

In their search for TLR8 agonists containing a benzimidazole moiety, Beesu et al. have prepared an
inactive agonist (63, Figure 33) that competitively inhibited TLR8, while inhibited TLRs 2, 3, 4, 5, 7, and 9 by
an unknown mechanism.[96] The micromolar affinity of this pan-TLR antagonist toward multiple TLRs in
various cell lines suggests that it could be further a promising anti-inflammatory agent. A kinase-screening of
this compound showed relative specificity for calmodulin kinases.
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Figure 33 : Benzimidazole moiety containing agonist

b. Bicycles analogs

Recently, Zhang et al. identified, for the first time, human TLR8 small antagonist molecules with a
novel inhibition mechanism.[304] SAR studies on the pyrazolo[1,5-a]pyrimidine series led to identification of
the compound: CU-CPT8m (64), which proved to be the most active with an I1Cso of 67 nM and a strong ability
to inhibit the production of pro-inflammatory cytokines (Figure 34). Docking studies reveal that CU-CPT8m is
sandwiched between the two monomers of TLR8 and is localized in a hydrophobic pocket at the protein-
protein interface of the two monomers TLR8. This new binding site is close, but distinct from the identified
agonist site, whose occupation prevents the activation of TLR8. This implies a new inhibitory mechanism by

CU-CPT8m.
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CU-CPT8m (64) CU-CPT9a (65) CU-CPT9b (66)

Figure 34 : CU-CPT derivatives

After these encouraging results, the authors carried out a structural optimization which led to two new TLR8
inhibitors belonging to the quinolines series structurally similar to CU-CPT8m: CU-CPT9a (65, ICso = 0.5 nM)
and CU-CPT9b (66, ICso = 0.7 nM) (Figure 34). By blocking the newly identified site, these TLR8 inhibitors
appear to antagonize the binding of TLR8 agonists such as R848 and uridine, and/or block a conformational
change necessary for the receptor activation. In addition, authors explored the effects of CU-CPT8m and CU-
CPT9a in human samples from various patients with inflammatory and autoimmune diseases. The study
showed that treatment with CU-CPT9a has potent anti-inflammatory effects in the samples of patients with
osteoarthritis (OA), rheumatoid arthritis (RA), and adult Still's disease, thus confirming previously published
work showing that TLR8 may play a role in inflammatory disorders and autoimmune diseases.

Known as antimalarial drugs chloroquine (67, CQ) and hydroxychloroquine (68, HCQ) (Figure 35),
have been used to treat autoimmune diseases (arthritis and SLE) after World War 11.[305,306] These weak
bases tend to accumulate in the acidic intracellular compartments of endosomes and lysosomes and
modulate their pH leading to suppression of autoantigen presentation, blockade of endosomal TLR signaling,
and decrease in cytokine production.[307,308] Other mechanisms include inhibition of MAPK signaling and
phospholipase A2, antiproliferation, photoprotection as well as reduction of matrix metalloproteinase-9
activities.[309—-312] All these mechanisms of action highlight the anti-inflammatory and immuno-suppressive
activity of this antimalarial drugs by acting on endosomal TLR signaling (TLRs 7/8/9). Moreover, CQ was under
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investigation for diseases associated with uncontrolled acute or chronic inflammation (severe sepsis [313]),
to prevent and treat viral infections (HIV, influenza, and dengue) [314,315], cardiovascular diseases [316] or
cancer by notably modulating autophagy [317]. Long term HCQ administration ameliorate hypertension and
aortic endothelial dysfunction in a SLE mouse model.[318]
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chloroquine (67) hydroxychloroquine (68)

Figure 35: Worldwide-known antimalarial drugs

The quinazoline derivative CpG-52364 (69) from Coley Pharmaceutical Group Inc. (Figure 36), a TLRs
7/8/9 antagonist (TLRs 7/8 ratio = 0.8), inhibits disease progression of SLE, rheumatoid arthritis and other
autoimmune diseases in animal models.[319-321] It also increases potency compared to HCQ alone. In
combined therapy, it added efficacy by preventing the formation of antiDNA antibodies in SLE-prone mice.
CpG-52364 is evaluated in a phase | clinical trial for SLE therapy (NCT00547014).
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CpG-52364 (69)

Figure 36 : Quinazoline derivative

c. Imidazoquinoxaline derivatives

In 2009, Shukla et al. synthesized gardiquimod (46, TLR7 agonist) and its 3H regioisomer 70 in order
to explore the SAR of substituents on the imidazoline ring (Figure 37). Compound 70 revealed to be
completely inactive as a TLR7 agonist, having surprisingly weak antagonistic effect. A des-amino precursor of
the 3H-regioisomer 71 was more potent as TLR7 antagonist, with an ICso of 7.5 uM.[322]
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Figure 37 : Quinoline compounds

Among the synthesized compounds [322], the 72 quinolinium bearing p-methoxybenzyl substituents at the
N3 and N5 positions was identified as active antagonist of TLR7 and TLR8 with ICso of 2.79 uM and 4.55 uM,
respectively (Figure 38). Compounds 73 and 74 carrying the propargyl group on N3, have also shown a good
TLRs 7/8 antagonist activity (10 uM range) and they may prove to be useful supports for additional alkylation
in the N5 position with electron-rich substituents as for compound 72.
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Figure 38 : Quinoline and quinolinium derivatives

Dimers linked to C2, C4, C8 and N1-aryl positions were also evaluated.[323] C4, C8 and N1-aryl linked dimers
were TLR7 agonists. Only N1-aryl dimer with a spacer of 12 carbon atoms was a double agonist of TLR7 and
TLR8. C2 dimer with a propylene spacer (75) was a maximal antagonist of both TLR7 and TLR8 with ICso of 3.1
and 3.2 uM respectively (Figure 39). This compound also showed inhibition of pro-inflammatory cytokine
production in human PBMCs.
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Figure 39 : Dimer compound

Recently, Deleuze-Masquéfa et al. synthesized and characterized a variety of compounds belonging
to three heterocyclic chemical series: imidazo[1,2-a]pyrazine, imidazo[1,5-a]quinoxaline, and pyrazolo[1,5-
a]quinoxaline.[9] These compounds have been tested for their TLR7 or TLR8 agonistic and antagonistic
activities. Several of them are shown to be selective TLR7 antagonists without any TLR7 or TLR8 agonistic
activity. The selectivity was confirmed by a comparative ligand-docking study suggesting a specific binding
mode in a novel TLR7 antagonist site. Two compounds of the pyrazolo[1,5-alquinoxaline series (76 and 77,
ICso = 8.2 and 10.0 uM respectively, Figure 40) are potent selective TLR7 antagonists and may be considered
as promising starting points for further rational development of low molecular TLRs 7/8 ligands.
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Figure 40 : Pyrazolo[1,5-a]quinoxaline derivatives

d. Other chemical series

SM934 (78), a TLRs 7/9 antagonist and a water-soluble analog of artemisinin, is used as antimalarial
drug (Figure 41). SM934 possesses better bioavailability and better immunosuppressive activity than
traditional arteminisin derivatives, and displays antiproliferative and anti-inflammatory properties.[324,325]
In vitro, SM934 inhibited IFNy and IL-17 production from polyclonal CD4+ T cells activated by T cell receptor
engagement and the differentiation of naive CD4+ T cells into Thl and Th17 cells, but not Treg cells. Ex vivo,
SM934 treatment elevated the percentage of Treg cells, impeded the comprehensive activation of STAT-1,
STAT-3, and STAT-5 proteins in splenocytes, suppressed the TLR-triggered activation and proliferation of B
cells, as well as antibody secretion. SM934 interfered with the B-cell intrinsic pathway by downregulating
TLRs 7/9 mRNA expression, MyD88 protein expression and NF-K[3 phosphorylation. Studies have shown the
therapeutic effects of the orally administered SM934 on lupus-prone MRL/lpr mice by inhibiting Th1 and
Th17 cell responses suppressing the B cell activation and plasma cell production, ameliorating proteinurea
and renal lesion severity. SM934 exhibited protective effects in two mouse models of SLE, MRL/Ipr and
NZB/W F1 mice by suppressing pathogenic T-cell development. [326—328] On a murine model of Multiple
Sclerosis (EAE), SM934 is able to stop the progression and to reverse the clinical and histopathological signs,
via modulating the balance of T cell subsets, especially by promoting Treg cell generation.[329] On the
collagen-induced arthritis in DBA/1 mice, SM934 ameliorated the severity of arthritis by inhibiting
development of Tfth and Th17 cells as well as autoantibodies production. SM934 could prohibit the IL-21-
mediated signaling pathway by preventing the activation of STAT3.[330]

KCOOH
COOH

(78)
Figure 41 : Artemisinin analogue
e. Indirect targets

Targeting different domains of a TLR could block its activation. This inhibition could also be done
indirectly by targeting effectors in relationship with these TLRs. This part will not be explicit due to its
remoteness with our main researches.
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e.1l. Nucleic acids

Lamphier et al. found two TLR7 antagonist small compounds, AT791 (79, Figure 42) and E6446 (80,
Figure 42), able to interact with nucleic acid (DNA or RNA) agonists in acidic intracellular compartments.
These orally bioavailable compounds can inhibit short-term induction of inflammatory cytokines by DNA. In
a mouse MRL/lpr spontaneous model of lupus, E6446 slowed the development of circulating antinuclear
antibodies and modestly suppressed anti-dsDNA with no observable impact on proteinuria or mortality.
E6446 is effective in preventing hyperinflammation and lethality caused by the parasite Plasmodium berghei
in a mouse model of cerebral malaria.[331] AT791 is evaluated on SLE or autoimmune disease.[332]
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Figure 42 : Antagonist compounds interacting with nucleic acids

e.2. D helix

Piao and al. found that 2R9 peptide (PQRFCKLRKIMNT sequence) derived from helix D of the TIR
domain of TLR2 specifically targets TIRAP and blocks TLRs 2/4/7/9, but not TLR3 and TNF-a signaling. As
confirmed by in vitro studies, cell imaging and co-immunoprecipitation, 2R9 binds TIRAP with nanomolar
affinity as a result of a fast association rate coupled with slow dissociation of the complex. 2R9 binds albumin
with micromolar affinity. 2R9 diminished systemic cytokine responses elicited in vivo by synthetic TLR2 and
TLR7 agonists. It inhibited the activation of macrophages infected with influenza strain A/PR/8/34 (PR8) and
significantly improved the survival of PR8-infected mice. Thus, 2R9 represents a TLR-targeting agent that
blocks protein interactions downstream of activated TLRs.[333]

3. Macromolecules
a. Modified nucleic acids

In 2006, Judge et al. have shown that the incorporation of 2'-O-methyl (2'OMe)-uridine or 2'0Me-
guanosine residues in siRNA or in ssRNA eliminates their immunostimulatory activity both in vitro and in
vivo.[334] It has also been reported that chemical modifications of nucleotides in mammalian RNA, including
2'0Me modifications, prevents them from activating dendritic cells.[335] In 2007, Robbins et al. tested the
ability of 2'0Me RNA to antagonize TLR7 immune stimulation.[336] They reported that 2'0OMe RNA directly
inhibits cytokines induction in murine and human systems by immunostimulatory RNA and by a TLR7 agonist
Loxoribine. The inhibitory activity of 2’0OMe RNA has also been shown in vivo. These results indicate that
2'0Me RNA acts as a TLR7 antagonist.

Anti-miRNA target TLRs 7/8 binding off viral and bacterial infections.[337]
b. Oligonucleotides

Oligodeoxynucleotides (ODNs) containing unmethylated CpG dinucleotides act as TLR9 agonists and
induce Thl type immune responses.[338] On the other hand, the substitution of cytosine in the CpG motif
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by 2'-O-methyl-cytosine, 2'-O-methyl-5-methyl-cytosine or 5-methyl-deoxycytosine or the substitution of
guanosine by 2'-O-methyl-guanosine leads to loss of immunostimulatory activity; these oligonucleotides
therefore appear to be TLR7 and TLR9 antagonists.[339]

Dynavax Technologies has designed immunoregulatory oligonucleotides (IROs) having 2’-O-methyl
or methoxyethyl sugar modifications as inhibitors of TLR7 and/or TLR9.[340] Further, Dynavax Technologies
has developed IROs with unique inhibitory sequences for TLR7, 8, and 9 that suppress autoimmune and
inflammatory diseases.[341] The novel approach can be applied to treat a variety of autoimmune diseases,
such as SLE or cutaneous lupus erythematosus (CLE), systemic sclerosis, polymyositis, dermatomyositis, RA,
and Sjorgren’s syndrome.

Based on this work, several recent studies have focused on the synthesis of oligonucleotides using
the chemical modifications mentioned above.[342-344] Idera Pharmaceuticals has designed unique CpG
oligonucleotide sequences containing an immune stimulatory motif with a 7-deaza-dG or arabino-G
modification and an immune regulatory motif with 2'-O-methylribonucleotides that act as antagonists of TLRs
7, 8, and 9.[345] IROs have shown promising results in preclinical studies and effectively prevented
hyperactivation of these TLRs in response to agonists. They are foreseen as future therapies for TLRs 7, 8,
and 9-mediated inflammatory disorders, including various autoimmune and inflammatory diseases and
cancers initiated by pathogens.

Chemical modifications and/or internucleotide linkages introduced into the IROs were found to
increase inhibition or suppression of TLRs 7, 8, and 9. Their leader, IMO-8400 (also known as Bazlitoran,
sequence: CTATCTNNNNTTCTCTNN), is an oligonucleotide antagonist of TLR7, TLR8 and TLR9, currently in
clinical development (phase lla) for the treatment of plaque psoriasis (NCT01899729) and dermatomyositis
(NCT02612857).[346] Treatment with this antagonist regulates IL-23-induced gene expression as
demonstrated by Suarez-Farinas et al.[347] This compound was very effective in preventing inflammation
and disease development in both lupus and psoriasis mouse models.[348,349]

Similar to IMO-8400, IM0-9200, a TLRs 7/8/9 antagonist, is evaluated on auto-immune diseases. From a
phase | clinical trial, it showed a safe and well-tolerated profile in healthy subjects. IMO-9200 was evaluated
as potent treatment against inflammatory bowel disease.[350]

IMO-3100, dual antagonist of TLR7 and TLR9, is being tested for the treatment of inflammatory and
autoimmune disease, such as SLE, rheumatoid arthritis, multiple sclerosis, psoriasis, lupus and colitis.
Evaluation of the effect of IMO-3100 on gene expression in human peripheral blood monocytes showed that
the drug could significantly reduce the expression of inflammatory genes, such as IL-17A, B-defensin, CXCL1,
and keratin 16, inhibited TLR ligand-induced expression of TNF-a and IFNa. [286,347,351]

IM0-4200, a dual agonist of TLR7 and TLRS, is a synthetic RNA-based dual agonist of TLR7 and TLR8, identified
as a lead drug candidate for the treatment of hematological malignancies. IMO-4200 stimulates immune
responses mediated through TLR7 and TLR8, which are expressed in human dendritic cells, B-cells,
monocytes, and macrophages. In preclinical mouse models of cancer, IMO-4200 has shown anticancer
activity involving both innate and adaptive immune responses. IM0O-4200, when administered in combination
with approved cancer therapy drugs, rituximab (an anti-CD20 antibody) or bortezomib (a proteasome
inhibitor), showed significantly increased antitumor activities compared to the single-agent effects in several
preclinical ymphoma models and increased survival compared to treatment with either agent alone. Notably
with rituximab, IMO-4200 is able to increase activation of natural killer cells, indicating an improved immune
response and to enhance clearance of circulating tumor cells compared to treatment with agent alone.
[352,353]
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Based on the inhibitory oligodeoxynucleotide 2088 (INH-ODN 2088), INH-ODN-24888 was designed
(T*C*C*T*G*G*C*mE*G*G*G*A*A*G*T sequence, * = phosphorothioate-binding) as a guanine-modified
inhibitory oligonucleotide TLRs 3/7/9 antagonist. This compound demonstrated a promising therapeutic
effectin SLE through the suppression of both TLR7 and TLR9, potentiated the inhibitory activity and efficiently
improved its capacity to reduce TLR7/9-mediated immune signaling in human immune cells.[354,355] Among
their derivatives, Rommler et al. designed diverse antagonists as described below (Table 2).

Table 2 : INH-ODN sequences

INH-ODN Sequences TLRs inhibitory activity

2088 T*C*C*T*G*G*C*G*G*G*G*A*A*G*T 3,7,9

21595 T*C*C*T*G*G*C*E*G*G*G*A*A*G*T 7,9

20844 T*C*C*T*G*G*C*G*E*G*G*A*A*G*T 7,9

24388 T*C*C*T*G*G*C*mE*G*G*G*A*A*G*T 3,7,9

24991 C*C*T*G*G*C*mE*G*G*G 3,7,9

105870 T*A*A*T*G*G*C*E*G*G*G*A*A*G*T 7

105871 T*A*A*T*G*G*C*mE*G*G*G*A*A*G*T 3,7

* = phosphorothioate-binding, E = 7-deaza-2’-deoxyguanosine, mE = 7-deaza-2’-O-methyl-guanosine

Several oligonucleotides antagonists of TLRs 7 and 9 have been developed such asimmunoregulatory
sequences (IRS) that are short DNA sequences. The most promising compound is IRS 954 (5'-
TGCTCCTGGAGGGGTTGT-3’ sequence, also known as DV-1079), which was developed for the treatment of
SLE.[356] This compound was found to block IFN-a production by human plasmacytoid predendritic cells.
IRS-954 treatment showed a reduction of serum levels of nucleic-acid specific autoantibodies and
improvement of disease symptoms in lupus-prone mice (decrease of proteinurea, glomerulonephritis and
end-organ damage) resulting in an increasing survival.[357] IRS-954 could also reverse TLR7/9-mediated
glucocorticoid resistance of SLE, and thus could be potentially used as corticosteroid-sparing drug.[358]
Administration of the drug to HIV-stimulated peripheral blood monocyte cells also led to a decrease in IFNa
production, suggesting a potential therapeutic opportunity for treating HIV infection.[359]

IRS 661 (5'-TGCTTGCAAGCTTGCAAGCA-3’ sequence) is a specific TLR7 antagonist evaluated by Pawar et al.
on a lupus mouse model. [356,360] Studies on autoimmune diabetes were also conducted.[361,362]

DV-1179, another TLRs 7/9 dual antagonist, entered a phase Ib/lla study for its safety in both healthy
volunteers and patients with active SLE. Although DV-1179 administration was well tolerated, it failed to
achieve the endpoints of reducing the IFNa-regulated genes. Such an unfortunate outcome ended the clinical
development of this compound ever since.[363]

V. Clinical trials

Herein, we gather all the clinical trials where TLRs 7/8 are mentioned and in which studies relate to
the biological activities of the named compound (last update on January 2020, Table 3). [69,364—368] Among
the three FDA or EMA-approved TLR agonists, only one of them targets a TLR which is discussed in this review:
the TLR7 agonist imiquimod. Regarding others, BCG is agonist of TLRs 2/3/4 and possibly 9, and
monophosphoryl lipid A (MPL) is agonist of TLR 4. Indeed, despite efforts from researchers, few
pharmacological modulators reach final stages of clinical studies either as drugs or as adjuvants, due to
obstacles that are difficult to overcome. For example, toxicity related to immunomodulating compounds
could be modulated by delivering potent therapies locally (intratumorally or intradermally) thus directly
targeting pathological sites and/or cell populations.[369] Moreover, animal models do not reflect exactly the
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human immunological pathways, which did not allow appreciating the potentialities of certain compounds.
With less genetic variability in animal models, a margin of error is possible to predict safety but active doses
in humans. Specific molecular alterations or mutations due to the evolution of pathologies could also prevent
potent modulators to mediate the expected therapeutic effect, in addition of host-related characteristics,
such as gender, age or gene polymorphic variants. Despite all the barriers mentioned, the number of clinical
trials relating to the biological activities of TLRs 7/8 ligands perfectly illustrates the interest of researchers in
modulating them for therapeutic purposes.
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Ligands
(synonyms or
explanations given
once)

Agonists
852A
PF-04878691
S-32865 3M852A

852A

852A

852A
Imiquimod

R837

Imiquimod

Imiquimod

Imiquimod

Imiquimod

In combination with

radiotherapy

cyclophosphamide
and radiotherapy

TLRs

~

Investigators

3M Pharmaceuticals

Masonic Cancer
Center University
of Minnesota, Pfizer

Pfizer

Pfizer

University of
Oklahoma, NCI
NYU Langone
Health,

New York University
School of
Medicine, NCI
New York University
School of
Medicine, NYU
Langone Health
The University of
Hong Kong
Medical University
of Vienna

Table 3 : Clinical trials involving TLRs 7/8 agonists and antagonists

Pathologies Applications Type?

Inoperable melanoma
(Unresectable metastatic D
cutaneous melanoma)

Breast, ovarian, endometrial,

. D
and cervical cancer
Hepatitis C Virus (Multiple-dose
escalation study, safety,
tolerability, pharmacokinetics b
and pharmacodynamics
evaluation in healthy
volunteers)
Inoperable metastatic
D
Melanoma
Melanoma and metastatic b
cancer
Metastatic and recurrent breast A
cancer
Breast cancer D
Breast neoplasms
Influenza viral infection A
Human Papillomavirus D

Phase

land Il

Clinical Trial
Identification

EudraCT2004-
003910-41

NCT00319748

NCT00810758

NCT00189332

NCT00453050

NCT01421017

NCT00899574

NCT02103023

NCT00941811

Status®
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Ligands
(synonyms or
explanations given
once)

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

In combination with  TLRs

7

7

7

7

7

7

intradermal HBVv 7

7

influenza 7
vaccine

influenza 7
vaccine

5-FU 7

Investigators

Graceway
Pharmaceuticals,
LLC
MEDA Pharma
GmbH & Co. KG
Mochida Pharm. Co
Ltd,

3 M Pharm.,
Valeant Pharm.
International Inc,
iNova Pharm. Pty
Ltd,
Intendis GmbH,
Meda AB
3M Pharmaceuticals
University of
Michigan

3M Pharmaceuticals

The University of
Hong Kong

The University of
Hong Kong

The University of
Hong Kong
The University of
Hong Kong
3M Pharm.
National Cancer
Institute

Pathologies Applications

Actinic keratosis

Actinic keratosis

Keratosis, mycosis fungoides,
verruca vulgaris, condyloma,
basal cell carcinoma, and
molluscum contagiosum
infection

Papilloma viruses
Photoaged skin and
normal skin
Anogenital Human
Papillomavirus Infection, Anal
Condyloma

Renal failure

Intra-dermal with Topical
Imiquimod Pretreatment vs.
intra-muscular Hepatitis B
Vaccination in Inflammatory
bowel disease Patients

Influenza Viral Infections
Chronic illness

high-grade cervical
intraepithelial neoplasia

Type®

Phase

v

Unknown

Iland Il

Iland Il

Unknown

Clinical Trial
Identification

NCT00894647

NCT00777127

Approved NCT01453179

Approved
NCT02889159

NCT03289260

NCT02621112

NCT04083157

NCT02103023

NCT01508884

NCT03196180

Status®
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Ligands
(synonyms or
explanations given
once)

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod
Imiquimod

Imiquimod
Imiquimod
Imiquimod

Imiquimod

Imiquimod

In combination with

PD-1 blockade

doxepin

Abraxane

tazarotene
Peptide-based
vaccine
Peptide-based
vaccine
Peptide-based
vaccine
Melan-A VLP vaccine,
Montanide
Dendritic cell/tumor
fusion vaccine,
GM-CSF

TLRs

N NN

Investigators

University of
Virginia,
Theraclion

Aalborg University

University of
Washington
Sidney Kimmel
Comprehensive
Cancer Center at
Johns Hopkins
Massachusetts
General Hospital
St. Justine’s Hospital
University of Utah
University of
Virginia
Ludwig Institute for
Cancer Research
National Cancer
Institute
Cytos Biotechnology
AG
Beth Israel
Deaconess Medical
Center

Pathologies Applications

Advanced Solid Tumors
(Melanoma, Breast, Merkel
Cell, Squamous Cell, Non-Small
Cell Lung, Cervical, Urothelial,
Ovarian, Hepatocellular, Small-
cell Lung, Gastric and
Esophageal Cancers)

Itch (to verify if imiquimod
mechanism of action follows
the histaminergic or non-
histaminergic pathway by using
the anti-histamine drug
doxepin)

Breast Cancer

Cervical Cancer

Neurofibromatosis

Hemangioma
Lentigo Maligna

Melanoma
Melanoma
Melanoma

Melanoma

Ovarian Cancer
Primary Peritoneal Cancer
Fallopian Tube Cancer

Type®

O OO O

Phase

Unknown

Il
Not applicable

Clinical Trial
Identification

NCT04116320

NCT03943407

NCT00821964

NCT00788164

NCT00865644

NCT00601016
NCT00707174

NCT01264731

NCT00142454

NCT00118313

NCT00651703

NCT00799110

Status®

o oo 0O
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Ligands
(synonyms or
explanations given
once)

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

Imiquimod

TMX-101

(liquid formulation of

imiquimod)
Vesimune

TMX-101

Resiquimod
R848

Resiquimod

In combination with

Radiotherapy

TLRs

7

7/8

7/8

Investigators

Memorial Sloan
Kettering Cancer
Center
Medical University
of Vienna
Medical University
of Graz
Jerry Marsden,
University Hospital
Birmingham NHS
Foundation Trust
Medical University
of Graz
University Medical
Center Nijmegen
Melanoma and Skin
Cancer Trials
Limited

Telormedix SA

Telormedix SA

3M Pharmaceuticals

University of British
Columbia

Pathologies Applications

Vulvar Cancer
Cervical Intraepithelial
Neoplasia

Lentigo Maligna

Lentigo Maligna

Vulvar intraepithelial Neoplasia

Paget Disease

Lentigo Maligna

non-invasive bladder cancer,
including patients with CIS
bladder cancer.

Non-Muscle-Invasive Bladder
Cancer
Hepatitis C
Infection
Herpes

Influenza vaccination in seniors

Type®

Phase

Non Applicable

I, 1

I, 1m

YAl

Clinical Trial
Identification

NCT00504023

NCT00941252

NCT01088737

NCT01161888

NCT01861535

NCT02385188

NCT02394132

NCT01731652

EudraCT2009-
014757-33

NCT01737580

Status®



Ligands
(synonyms or

explanations given

once)

Resiquimod

Resiquimod

Resiquimod

Resiquimod

Resiquimod

AZD8848
DSP-3025
AZD-3025

AZD8848

GSK2245035

GSK2245035

GSK2245035

GSK2245035

In combination with  TLRs Investigators

Vincent S. Fan, VA
Puget Sound Health
Care System,
7/8 University of
Washington,
Novartis
Pharmaceuticals
CRI New York City,
Icahn School of

NY-ESO-1 protein /8 Medicine at Mount

Sinai
M.D. Anderson
7/8 Cancer Center,
Houston, Texas
Jonsson
poly-ICLC 7/8 Comprehensive
Cancer Center
University of
7/8
/ Virginia
Sumitomo
7 Dainippon Pharma
Co., Ltd.
7 AstraZeneca
7 GSK, PATH
7 GSK
7 GSK
7 GSK

Pathologies Applications

Chronic Obstructive Pulmonary
Disease,
Chronic Bronchitis

Tumors expressing
NY-ESO-1 protein

Melanoma

Glioma, anaplastic
astrocytoma, anaplastic
astro-oligodendroglioma

Melanoma and its

metastatic mucosal variants

Healthy volonteers

Allergy
Asthma
Asthma
Rhinitis
Mild asthma and allergic
rhinitis (to examine the safety
and effects on the immune
system)
Allergy rhinitis, asthma, and
respiratory tract allergy

Allergy rhinitis

Type®

W)

Phase

Unknown
(observational
non-
interventional
trial)

land Il

land Il

Clinical Trial
Identification

NCT02637219

NCT00821652

NCT00960752

NCT01204684

NCT02126579

NCT01124396

NCT00999466

NCT01607372

NCT01788813

NCT02833974

EudraCT2015-
005645-31

Status®
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Ligands
(synonyms or

explanations given

once)

GSK2445035

GS-9620
vesatolimod

GS-9620

GS-9620

Single or multiple
GS-9620

GS-9620

GS-9620

R0O7020531
R0O7020531
RO6864018 (aka-
ANA773, ANA773,
RG7795)

ANA773

ANA773

ANA773
RO6871765 or
RO7011785

DSP-0509

In combination with

Tenofovir Disoproxil
Fumarate

ARV Regimen
ART

Pembrolizumab

Investigators

GSK

Gilead Sciences

Gilead Sciences
AELIX Therapeutics
Gilead Sciences
Gilead Sciences

Gilead Sciences
Hoffmann-La Roche
Hoffmann-La Roche

Hoffmann-La Roche

Anadys
Pharmaceuticals

Anadys
Pharmaceuticals
Hoffmann-La Roche

Hoffmann-La Roche

Boston Biomedical,
Inc
Syneos Health

Pathologies Applications

Allergic Rhinitis
(to collect tolerability,
pharmacokinetic and
pharmacodynamic information)

Chronic hepatitis B in virally
suppressed patients

Chronic hepatitis B
HIV vaccine

Hepatitis B

Latent reservoir HIV
(suppressive ART)
Latent reservoir HIV (HIV
infected controllers)
Healthy volunteers
Chronic Hepatitis B

Healthy volunteers

Cancer

Hepatitis C
Chronic Hepatitis B
Chronic Hepatitis B

Advanced Solid Tumors

Type®

W)

Phase

Unknown

land Il

Clinical Trial
Identification

NCT01480271

NCT02166047
GS-US-283-
1059

NCT02579382

EudraCT2018-
002125-30

NCT01590654

NCT02858401

NCT03060447
NCT03530917
NCT02956850

NCT02015715

EudraCT2011-
000728-14

EudraCT2011-
000728-14
NCT02391805

NCT02498275

NCT03416335

Status®
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Ligands
(synonyms or
explanations given
once)

NJH395

BNT411

TQ-A3334
INJ-4964
AL-034
LHC165

Hydroxychloroquine

MEDI9197

NKTR-262

Cv8102

In combination with

with or without
atezolizumab,
carboplatin and
etoposidz

entecavir

PDR-1

durvalumab and/or
palliative radiation

bempegaldesleukin
with or without
nivolumab

IMA970A
Cyclophosphamide

TLRs

7/9

7/8

7/8

7/8

Investigators

Novartis
Pharmaceuticals

BioNTech Small
Molecules GmbH

Chia Tai Tianging
Pharmaceutical
Group Co., Ltd.

Novartis

Pharmaceuticals

Seoul National
University Hospital

Medimmune LLC

Nektar Therapeutics

CureVac

Pathologies Applications

non-breast HER2+ Malignancies
(NJH395 = Immune stimulator
antibody conjugate (ISAC),
consisting of a monoclonal
antibody which targets HER2
conjugated to an immune-
stimulatory agent)

Solid Tumor Extensive-stage
Small Cell Lung Cancer
(combination with combination
with cytotoxic therapies and
immune checkpoint inhibitors)

Chronic Hepatitis B

Advanced Solid Tumors

Dry Eye/dry mouth of Primary
Sjogren's Syndrome,
Autoimmune Diseases
Solid tumor
CTLC
Locally Advanced or Metastatic
Solid Tumor Malignancies
(Melanoma, Merkel Cell, Triple
Negative Breast, Head and Neck
Squamous Cell, Renal Cell and
Colorectal Cancers)

Early and intermediate stages
hepatocellular carcinoma

Type®

>

Phase

land Il

land Il

land Il

Clinical Trial
Identification

NCT03696771

NCT04101357

NCT04180150

NCT03301896

NCT01601028

NCT02556463

NCT03435640

NCT03203005

Status®

C

T (compagny
strategy)
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Ligands
(synonyms or
explanations given
once)

Cvg102

VTX-1463

VTX-2337
Motolimod

VTX-2337

VTX-2337

VTX-2337

VTX-2337

VTX-2337

In combination with

anti-PD-1

cetuximab

Cetuximab,
Nivolumab

cyclophosphamide

paclitaxel or
doxorubicin

radiotherapy

cisplatin

TLRs

7/8

Investigators

CureVac

VeniRx
Pharmaceuticals Inc

University of
Washington, NCI

Celgene

Mayo Clinic, NCI

Gynecologic
Oncology Group,
NCI

VentiRx
Pharmaceuticals
Inc, Stanford
University, Celgene

VentiRx
Pharmaceuticals Inc

Pathologies Applications

Solid tumours (Melanoma,
Squamous Cell Carcinoma of
the Skin, Squamous Cell of
Head and Neck Carcinoma,
Adenoid Cystic)

Allergy

Different stages of locally
advanced, recurrent, or
metastatic squamous cell
cancer of the head and neck
Squamous Cell Carcinoma of
the head and neck
Metastatic, persistent,
recurrent or progressive solid
tumors (various types and
stages of colorectal, pancreatic,
breast, melanoma, non-small
cell lung carcinoma, pancreatic,
renal cell carcinoma and solid
neoplasm)
Recurrent or persistent ovarian
epithelial, fallopian tube, or
peritoneal cavity cancer

Low grade B-Cell lymphoma

Carcinoma, squamous cell of
head and neck

Type®

Phase

land Il

Clinical Trial
Identification

NCT03291002

NCT01334177

NCT02124850

NCT02650635

NCT01294293

NCT01289210

NCT01836029

Status®

C

T (The study
was stopped
due to slow
rate of
recruitment)

C
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Ligands
(synonyms or
explanations given
once)

VTX-2337

VTX-2337

VTX-2337

GS-9688
Antagonists

IMO-8400
Bazlitoran

IMO-8400
IMO-8400
IMO-8400
IMO-3100

IRS-954
DV-1079

In combination with

doxorubicin

anti-PD-
L1 antibody
durvalumab
(MEDI4736)

anti-PD-
L1 antibody
nivolumab
TAF

TLRs

7/8/9

7/8/9

7/8/9

7/8/9

7/8

7/9

Investigators

Gynecologic
Oncology Group,
Celgene

Ludwig Institute for
Cancer Research,
Medlmmune LLC,

VentiRx
Pharmaceuticals
Inc, CRI New
York City

Celgene

Gilead Sciences

Idera
Pharmaceuticals,
Inc
Idera
Pharmaceuticals,
Inc
Idera
Pharmaceuticals,
Inc
Idera
Pharmaceuticals,
Inc
Idera
Pharmaceuticals,
Inc
Dynavax
Technologies

Pathologies Applications

Recurrent or persistent,
epithelial ovarian, fallopian
tube or primary peritoneal

cancer

Ovarian cancer

Squamous cell carcinoma of the

head and neck

Chronic Hepatitis B

Dermatomyositis

Diffuse large B-cell lymphoma

Waldenstrom'’s
macroglobulinemia

Plaque psoriasis

SLE
Rheumatoid Arthritis
Multiple sclerosis

SLE

Type®

>

Phase

land Il

I/

1/

Preclinical

Preclinical

Clinical Trial
Identification

NCT01666444

NCT02431559

NCT03906526

NCT03615066

NCT02612857

NCT02252146

NCT02092909

NCT01899729

Status®

T (lack of
efficacy)
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Ligands
(synonyms or

. . In combination with  TLRs Investigators Pathologies Applications
explanations given
once)
Dynavax
IRS-954 79 Technologies HIV
CPG-52364 7/8/9 Pfizer SLE

a: D for drug, A for adjuvant. b: C for completed, T for terminated, O for ongoing, S for suspended.

Type®

Phase

Preclinical

Clinical Trial
Identification

NCT00547014

Status®
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VI. Conclusion

Toll-like receptors 7/8 demonstrate a key role in the immunology by protecting the host body against
invading pathogens or endogenously released hazardous molecules. By improving or blocking their activities,
TLRs are capable of modifying the inherent signaling pathways and thus mediating host responses, rendering
them ingenious tools to be targeted for therapeutic purposes. A wide spectrum of diseases is associated with
TLRs, which directly or indirectly aggravate the pathological conditions. Many pharmaceutical companies and
research institutions are thereby developing specific TLR modulators. Some of them have been pre-clinically
and clinically evaluated.

TLRs ligands are primarily used as adjuvants to boost the immunity system and to trigger humoral
and/or cell-mediated responses. Agonists are also developed as drugs to fight viral infections and to prevent
and/or treat cancers. Antagonists are developed for downregulating TLRs overactivity as tools for the
treatment of inflammatory and autoimmune diseases. Synthetic TLRs 7/8 ligands are not only small
molecules belonging to diverse chemical series, but also macromolecules, such as oligonucleotides, peptides
and proteins. Rational drug design of small molecule agonists and antagonists may be helped by the recent
knowledge of TLRs three-dimensional structures. The potential of non-traditional approaches such as the use
of miRNAs should not be overlooked.

Trials involving TLRs ligands as adjuvants are numerous than those considering them as drugs.
Moreover, the imbalance in the number of agonists and antagonists under clinical investigations could be
explained by the recent understanding of the implication in pathologies of signaling dysregulation. After an
explosion in the number of clinical studies launched, we have witnessed a decrease in recent years. Even if
some ligands have performed well in advanced clinical trials, clinical success is generally limited. Researchers
still have to overcome some obstacles. Indeed, if animal models allow to appreciate biological activities of
the TLRs 7/8 modulators, they do not reflect exactly what happen in human trials due to genetic variability
among others. Specific molecular alterations or mutations may also prevent potent modulators to mediate
the expected therapeutic effect. Researchers aim to reduce systemic toxicity of immunomodulating
compounds by modulating their formulation (liposome, hydrogel, nanoparticle instigations) or way of
administration (intratumorally or intradermally). Many studies revealed the importance of combined therapy
including TLRs modulators to obtain convenient results. Immunotherapy has been revealing as a good
approach to complete traditional clinical management.

Even if there are similarities in the TLRs 7/8 mechanism of actions, specificities remain to be elucidated
to specifically induce a response from a single receptor. Moreover, animal models do not reflect the potent
human response to a drug because of the differences in TLRs expression and activity between humans and
mice. Continuing researches around TLR biology would allow finding novel therapies to address unmet
medical needs, such as cancers, diabetes, rheumatoid arthritis, systemic lupus erythematosus, Alzheimer’s
disease, and chronic neuropathic pain.

Acknowledgements

Authors would thank Laurianne Adin for helping to find additional detailed data during the preparation
of this manuscript.

52



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

A. Chouchou, C. Patinote, P. Cuqg, P.-A. Bonnet, C. Deleuze-Masquéfa, Imidazo[1,2-a]Jquinoxalines
Derivatives Grafted with Amino Acids: Synthesis and Evaluation on A375 Melanoma Cells, Molecules.
23 (2018) 2987. https://doi.org/10.3390/molecules23112987.

R.E. Hajj, H.B. Youness, L. Lachaud, P. Bastien, C. Masquefa, P.-A. Bonnet, H.E. Hajj, I. Khalifeh,
EAPB0503: An Imiquimod analog with potent in vitro activity against cutaneous leishmaniasis caused
by Leishmania major and Leishmania tropica, PLoS Negl. Trop. Dis. 12 (2018) e0006854.
https://doi.org/10.1371/journal.pntd.0006854.

Z. Zghaib, J.-F. Guichou, J. Vappiani, N. Bec, K. Hadj-Kaddour, L.-A. Vincent, S. Paniagua-Gayraud, C.
Larroque, G. Moarbess, P. Cuq, |. Kassab, C. Deleuze-Masquéfa, M. Diab-Assaf, P.-A. Bonnet, New
imidazoquinoxaline derivatives: Synthesis, biological evaluation on melanoma, effect on tubulin
polymerization and structure—activity relationships, Bioorg. Med. Chem. 24 (2016) 2433-2440.
https://doi.org/10.1016/j.bmc.2016.04.004.

S. Khier, F. Gattacceca, S.E. Messaoudi, F. Lafaille, C. Deleuze-Masquéfa, J. Bompart, J.-F. Cooper, |.
Solassol, F. Pinguet, P.-A. Bonnet, F.M.M. Bressolle, Metabolism and Pharmacokinetics of EAPB0203
and EAPB0503, Two Imidazoquinoxaline Compounds Previously Shown to Have Antitumoral Activity
on Melanoma and T-Lymphomas, Drug Metab. Dispos. 38 (2010) 1836-1847.
https://doi.org/10.1124/dmd.110.034579.

S. Khier, C. Deleuze-Masquéfa, G. Moarbess, F. Gattacceca, D. Margout, |. Solassol, J.-F. Cooper, F.
Pinguet, P.-A. Bonnet, F.M.M. Bressolle, Pharmacology of EAPB0203, a novel imidazo[1,2-
alquinoxaline derivative with anti-tumoral activity on melanoma, Eur. J. Pharm. Sci. 39 (2010) 23-29.
https://doi.org/10.1016/j.ejps.2009.10.006.

C. Deleuze-Masquefa, P.-A. Bonnet, P. Cuq, C. Patinote, New Imidazo[1,2-A]quinoxalines and
Derivates  Thereof for  the Treatment of  Cancer, WO0/2016/107895, 2016.
https://patentscope.wipo.int/search/en/detail.jsf?docld=W02016107895 (accessed November 26,
2019).

G. Moarbess, C. Deleuze-Masquefa, V. Bonnard, S. Gayraud-Paniagua, J.-R. Vidal, F. Bressolle, F.
Pinguet, P.-A. Bonnet, In vitro and in vivo anti-tumoral activities of imidazo[1,2-a]lquinoxaline,
imidazo[1,5-alquinoxaline, and pyrazolo[1,5-alquinoxaline derivatives, Bioorg. Med. Chem. 16 (2008)
6601-6610. https://doi.org/10.1016/j.bmc.2008.05.022.

J. Saliba, C. Deleuze-Masquéfa, A. Iskandarani, R. El Eit, R. Hmadi, F.-X. Mahon, A. Bazarbachi, P.-A.
Bonnet, R. Nasr, EAPB0503, a novel imidazoquinoxaline derivative, inhibits growth and induces
apoptosis in chronic myeloid leukemia cells, Anticancer. Drugs. 25 (2014) 624-632.
https://doi.org/10.1097/CAD.0000000000000084.

N. Bou Karroum, G. Moarbess, J.-F. Guichou, P.-A. Bonnet, C. Patinote, H. Bouharoun-Tayoun, S.
Chamat, P. Cuqg, M. Diab-Assaf, I. Kassab, C. Deleuze-Masquefa, Novel and Selective TLR7 Antagonists
among the Imidazo[1,2-a]pyrazines, Imidazo[1,5-alquinoxalines, and Pyrazolo[1,5-a]quinoxalines
Series, J. Med. Chem. 62 (2019) 7015-7031. https://doi.org/10.1021/acs.jmedchem.9b00411.

C. Patinote, N. Bou Karroum, G. Moarbess, C. Deleuze-Masquefa, K. Hadj-Kaddour, P. Cuqg, M. Diab-
Assaf, I. Kassab, P.-A. Bonnet, Imidazo[1,2-a]pyrazine, Imidazo[1,5-a]quinoxaline and Pyrazolo[1,5-
alquinoxaline derivatives as IKK1 and IKK2 inhibitors, Eur. J. Med. Chem. 138 (2017) 909-919.
https://doi.org/10.1016/j.ejmech.2017.07.021.

G. Moarbess, J.-F. Guichou, S. Paniagua-Gayraud, A. Chouchou, O. Marcadet, F. Leroy, R. Ruédas, P.
Cug, C. Deleuze-Masquéfa, P.-A. Bonnet, New IKK inhibitors: Synthesis of new imidazo[1,2-
alquinoxaline derivatives using microwave assistance and biological evaluation as IKK inhibitors, Eur.
J. Med. Chem. 115 (2016) 268-274. https://doi.org/10.1016/j.ejmech.2016.03.006.

A. lwasaki, R. Medzhitov, Toll-like receptor control of the adaptive immune responses, Nat. Immunol.
5 (2004) 987—995. https://doi.org/10.1038/ni1112.

V. Hornung, S. Rothenfusser, S. Britsch, A. Krug, B. Jahrsdorfer, T. Giese, S. Endres, G. Hartmann,
Quantitative expression of toll-like receptor 1-10 mRNA in cellular subsets of human peripheral blood
mononuclear cells and sensitivity to CpG oligodeoxynucleotides, J. Immunol. Baltim. Md 1950. 168
(2002) 4531-4537.

53



(14]

[15]
[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

S.W. Brubaker, K.S. Bonham, I. Zanoni, J.C. Kagan, Innate immune pattern recognition: a cell biological
perspective, Annu. Rev. Immunol. 33 (2015) 257-290. https://doi.org/10.1146/annurev-immunol-
032414-112240.

C.A. Leifer, A.E. Medvedev, Molecular mechanisms of regulation of Toll-like receptor signaling, J.
Leukoc. Biol. 100 (2016) 927-941. https://doi.org/10.1189/jlb.2MR0316-117RR.

S.E. Ewald, G.M. Barton, Nucleic acid sensing Toll-like receptors in autoimmunity, Curr. Opin. Immunol.
23 (2011) 3-9. https://doi.org/10.1016/j.c0i.2010.11.006.

F. Yarovinsky, D. Zhang, J.F. Andersen, G.L. Bannenberg, C.N. Serhan, M.S. Hayden, S. Hieny, F.S.
Sutterwala, R.A. Flavell, S. Ghosh, A. Sher, TLR11 activation of dendritic cells by a protozoan profilin-
like protein, Science. 308 (2005) 1626—1629. https://doi.org/10.1126/science.1109893.

A.A. Koblansky, D. Jankovic, H. Oh, S. Hieny, W. Sungnak, R. Mathur, M.S. Hayden, S. Akira, A. Sher, S.
Ghosh, Recognition of profilin by Toll-like receptor 12 is critical for host resistance to Toxoplasma
gondii, Immunity. 38 (2013) 119-130. https://doi.org/10.1016/j.immuni.2012.09.016.

J. Wang, J. Chai, H. Wang, Structure of the mouse Toll-like receptor 13 ectodomain in complex with a
conserved sequence from bacterial 23S ribosomal RNA, FEBS J. 283 (2016) 1631-1635.
https://doi.org/10.1111/febs.13628.

A.D. Edwards, S.S. Diebold, E.M.C. Slack, H. Tomizawa, H. Hemmi, T. Kaisho, S. Akira, C. Reis e Sousa,
Toll-like receptor expression in murine DC subsets: lack of TLR7 expression by CD8 alpha+ DC
correlates with unresponsiveness to imidazoquinolines, Eur. J. Immunol. 33 (2003) 827-833.
https://doi.org/10.1002/eji.200323797.

T.A. Barr, S. Brown, G. Ryan, J. Zhao, D. Gray, TLR-mediated stimulation of APC: Distinct cytokine
responses of B cells and dendritic cells, Eur. J. Immunol. 37 (2007) 3040-3053.
https://doi.org/10.1002/eji.200636483.

L. Tengroth, C.R. Millrud, A.M. Kvarnhammar, S. Kumlien Georén, L. Latif, L.-O. Cardell, Functional
effects of Toll-like receptor (TLR)3, 7, 9, RIG-1 and MDA-5 stimulation in nasal epithelial cells, PloS One.
9 (2014) €98239. https://doi.org/10.1371/journal.pone.0098239.

J. Lee, C.C.N. Wu, K.J. Lee, T.-H. Chuang, K. Katakura, Y.-T. Liu, M. Chan, R. Tawatao, M. Chung, C. Shen,
H.B. Cottam, M.M.C. Lai, E. Raz, D.A. Carson, Activation of anti-hepatitis C virus responses via Toll-like
receptor 7, Proc. Natl. Acad. Sci. 103 (2006) 1828-1833. https://doi.org/10.1073/pnas.0510801103.
T.M. Schaefer, K. Desouza, J.V. Fahey, K.W. Beagley, C.R. Wira, Toll-like receptor (TLR) expression and
TLR-mediated cytokine/chemokine production by human uterine epithelial cells, Immunology. 112
(2004) 428-436. https://doi.org/10.1111/j.1365-2567.2004.01898.x.

Z.J. Li, K.-C. Sohn, D.-K. Choi, G. Shi, D. Hong, H.-E. Lee, K.U. Whang, Y.H. Lee, M. Im, Y. Lee, Y.-J. Seo,
C.D. Kim, J.-H. Lee, Roles of TLR7 in Activation of NF-kB Signaling of Keratinocytes by Imiquimod, PLOS
ONE. 8 (2013) e77159. https://doi.org/10.1371/journal.pone.0077159.

K. Crozat, E. Vivier, M. Dalod, Crosstalk between components of the innate immune system:
promoting anti-microbial defenses and avoiding immunopathologies, Immunol. Rev. 227 (2009) 129—
149. https://doi.org/10.1111/j.1600-065X.2008.00736.x.

R.T. Lester, X.-D. Yao, T.B. Ball, L.R. McKinnon, R. Kaul, C. Wachihi, W. Jaoko, F.A. Plummer, K.L.
Rosenthal, Toll-like receptor expression and responsiveness are increased in viraemic HIV-1 infection,
AIDS Lond. Engl. 22 (2008) 685—694. https://doi.org/10.1097/QAD.0b013e3282f4de35.

M.F. Roelofs, L. a. B. Joosten, S. Abdollahi-Roodsaz, A.W.T. van Lieshout, T. Sprong, F.H. van den
Hoogen, W.B. van den Berg, T.R.D.J. Radstake, The expression of toll-like receptors 3 and 7 in
rheumatoid arthritis synovium is increased and costimulation of toll-like receptors 3, 4, and 7/8 results
in synergistic cytokine production by dendritic cells, Arthritis Rheum. 52 (2005) 2313-2322.
https://doi.org/10.1002/art.21278.

C.Yin, T. Zhang, L. Qiao, J. Du, S. Li, H. Zhao, F. Wang, Q. Huang, W. Meng, H. Zhu, H. Bu, H. Li, H. Xu,
X. Mo, TLR7-expressing cells comprise an interfollicular epidermal stem cell population in murine
epidermis, Sci. Rep. 4 (2014) 5831. https://doi.org/10.1038/srep05831.

M. Miettinen, T. Sareneva, I. Julkunen, S. Matikainen, IFNs activate toll-like receptor gene expression
in viral infections, Genes Immun. 2 (2001) 349-355. https://doi.org/10.1038/sj.gene.6363791.

54



(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]
[40]
[41]
[42]
[43]

[44]

[45]

[46]

[47]

(48]

[49]

I. Sheyhidin, G. Nabi, A. Hasim, R.-P. Zhang, J. Ainiwaer, H. Ma, H. Wang, Overexpression of TLR3, TLR4,
TLR7 and TLR9 in esophageal squamous cell carcinoma, World J. Gastroenterol. 17 (2011) 3745-3751.
https://doi.org/10.3748/wjg.v17.i32.3745.

A. Komatsuda, H. Wakui, K. Iwamoto, M. Ozawa, M. Togashi, R. Masai, N. Maki, T. Hatakeyama, K.
Sawada, Up-regulated expression of Toll-like receptors mRNAs in peripheral blood mononuclear cells
from patients with systemic lupus erythematosus, Clin. Exp. Immunol. 152 (2008) 482-487.
https://doi.org/10.1111/j.1365-2249.2008.03646.x.

T. Kawai, S. Akira, Signaling to NF-kappaB by Toll-like receptors, Trends Mol. Med. 13 (2007) 460—-469.
https://doi.org/10.1016/j.molmed.2007.09.002.

I. Botos, D.M. Segal, D.R. Davies, The structural biology of Toll-like receptors, Struct. Lond. Engl. 1993.
19 (2011) 447-459. https://doi.org/10.1016/j.str.2011.02.004.

F. Heil, P. Ahmad-Nejad, H. Hemmi, H. Hochrein, F. Ampenberger, T. Gellert, H. Dietrich, G. Lipford, K.
Takeda, S. Akira, H. Wagner, S. Bauer, The Toll-like receptor 7 (TLR7)-specific stimulus loxoribine
uncovers a strong relationship within the TLR7, 8 and 9 subfamily, Eur. J. Immunol. 33 (2003) 2987-
2997. https://doi.org/10.1002/eji.200324238.

F. Heil, H. Hemmi, H. Hochrein, F. Ampenberger, C. Kirschning, S. Akira, G. Lipford, H. Wagner, S. Bauer,
Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 8, Science. 303 (2004)
1526-1529. https://doi.org/10.1126/science.1093620.

M. Jurk, F. Heil, J. Vollmer, C. Schetter, A.M. Krieg, H. Wagner, G. Lipford, S. Bauer, Human TLR7 or
TLR8 independently confer responsiveness to the antiviral compound R-848, Nat. Immunol. 3 (2002)
499. https://doi.org/10.1038/ni0602-499.

T. Shibata, U. Ohto, S. Nomura, K. Kibata, Y. Motoi, Y. Zhang, Y. Murakami, R. Fukui, T. Ishimoto, S.
Sano, T. Ito, T. Shimizu, K. Miyake, Guanosine and its modified derivatives are endogenous ligands for
TLR7, Int. Immunol. 28 (2016) 211-222. https://doi.org/10.1093/intimm/dxv062.

S. Akira, K. Takeda, Toll-like receptor signalling, Nat. Rev. Immunol. 4 (2004) 499-511.
https://doi.org/10.1038/nri1391.

A.P. West, A.A. Koblansky, S. Ghosh, Recognition and signaling by toll-like receptors, Annu. Rev. Cell
Dev. Biol. 22 (2006) 409-437. https://doi.org/10.1146/annurev.cellbio.21.122303.115827.

A. Adhikari, M. Xu, Z.J. Chen, Ubiquitin-mediated activation of TAK1 and IKK, Oncogene. 26 (2007)
3214-3226. https://doi.org/10.1038/sj.onc.1210413.

C. Wang, L. Deng, M. Hong, G.R. Akkaraju, J. Inoue, Z.J. Chen, TAK1 is a ubiquitin-dependent kinase of
MKK and IKK, Nature. 412 (2001) 346-351. https://doi.org/10.1038/35085597.

T. Kawasaki, T. Kawai, Toll-like receptor signaling pathways, Front. Immunol. 5 (2014) 461.
https://doi.org/10.3389/fimmu.2014.00461.

T. Ito, R. Amakawa, T. Kaisho, H. Hemmi, K. Tajima, K. Uehira, Y. Ozaki, H. Tomizawa, S. Akira, S.
Fukuhara, Interferon-alpha and interleukin-12 are induced differentially by Toll-like receptor 7 ligands
in human blood dendritic cell subsets, J. Exp. Med. 195 (2002) 1507-1512.

T. Kawai, S. Sato, K.J. Ishii, C. Coban, H. Hemmi, M. Yamamoto, K. Terai, M. Matsuda, J. Inoue, S.
Uematsu, O. Takeuchi, S. Akira, Interferon-alpha induction through Toll-like receptors involves a direct
interaction of IRF7 with MyD88 and TRAF6, Nat. Immunol. 5 (2004) 1061-1068.
https://doi.org/10.1038/ni1118.

K. Honda, T. Taniguchi, IRFs: master regulators of signalling by Toll-like receptors and cytosolic pattern-
recognition receptors, Nat. Rev. Immunol. 6 (2006) 644—658. https://doi.org/10.1038/nri1900.

S. Uematsu, S. Sato, M. Yamamoto, T. Hirotani, H. Kato, F. Takeshita, M. Matsuda, C. Coban, K.J. Ishii,
T. Kawai, O. Takeuchi, S. Akira, Interleukin-1 receptor-associated kinase-1 plays an essential role for
Toll-like receptor (TLR)7- and TLR9-mediated interferon-{alpha} induction, J. Exp. Med. 201 (2005)
915-923. https://doi.org/10.1084/jem.20042372.

K. Hoshino, T. Sugiyama, M. Matsumoto, T. Tanaka, M. Saito, H. Hemmi, O. Ohara, S. Akira, T. Kaisho,
IkappaB kinase-alpha is critical for interferon-alpha production induced by Toll-like receptors 7 and 9,
Nature. 440 (2006) 949-953. https://doi.org/10.1038/nature04641.

A. Takaoka, H. Yanai, S. Kondo, G. Duncan, H. Negishi, T. Mizutani, S.-l. Kano, K. Honda, Y. Ohba, T.W.
Mak, T. Taniguchi, Integral role of IRF-5 in the gene induction programme activated by Toll-like
receptors, Nature. 434 (2005) 243-249. https://doi.org/10.1038/nature03308.

55



(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

A. Schoenemeyer, B.J. Barnes, M.E. Mancl, E. Latz, N. Goutagny, P.M. Pitha, K.A. Fitzgerald, D.T.
Golenbock, The interferon regulatory factor, IRF5, is a central mediator of toll-like receptor 7 signaling,
J. Biol. Chem. 280 (2005) 17005—17012. https://doi.org/10.1074/jbc.M412584200.

G. Mancuso, M. Gambuzza, A. Midiri, C. Biondo, S. Papasergi, S. Akira, G. Teti, C. Beninati, Bacterial
recognition by TLR7 in the lysosomes of conventional dendritic cells, Nat. Immunol. 10 (2009) 587—
594. https://doi.org/10.1038/ni.1733.

S.S. Diebold, T. Kaisho, H. Hemmi, S. Akira, C. Reis e Sousa, Innate antiviral responses by means of
TLR7-mediated recognition of single-stranded RNA, Science. 303 (2004) 1529-1531.
https://doi.org/10.1126/science.1093616.

J. Melchjorsen, S.B. Jensen, L. Malmgaard, S.B. Rasmussen, F. Weber, A.G. Bowie, S. Matikainen, S.R.
Paludan, Activation of Innate Defense against a Paramyxovirus Is Mediated by RIG-1 and TLR7 and TLR8
in a Cell-Type-Specific Manner, J. Virol. 79 (2005) 12944-12951.
https://doi.org/10.1128/JV1.79.20.12944-12951.2005.

J.N. Brown, J.J. Kohler, C.R. Coberley, J.W. Sleasman, M.M. Goodenow, HIV-1 Activates Macrophages
Independent of Toll-Like Receptors, PLOS ONE. 3 (2008) e3664.
https://doi.org/10.1371/journal.pone.0003664.

A.-S. Beignon, K. McKenna, M. Skoberne, O. Manches, |. DaSilva, D.G. Kavanagh, M. Larsson, R.J.
Gorelick, J.D. Lifson, N. Bhardwaj, Endocytosis of HIV-1 activates plasmacytoid dendritic cells via Toll-
like receptor— viral RNA interactions, J. Clin. Invest. 115 (2005) 3265-3275.
https://doi.org/10.1172/)CI26032.

K. Triantafilou, G. Orthopoulos, E. Vakakis, M.A.E. Ahmed, D.T. Golenbock, P.M. Lepper, M.
Triantafilou, Human cardiac inflammatory responses triggered by Coxsackie B viruses are mainly Toll-
like receptor (TLR) 8-dependent, Cell. Microbiol. 7 (2005) 1117-1126. https://doi.org/10.1111/j.1462-
5822.2005.00537 .x.

J.P. Wang, P. Liu, E. Latz, D.T. Golenbock, R.W. Finberg, D.H. Libraty, Flavivirus Activation of
Plasmacytoid Dendritic Cells Delineates Key Elements of TLR7 Signaling beyond Endosomal
Recognition, J. Immunol. 177 (2006) 7114—7121. https://doi.org/10.4049/jimmunol.177.10.7114.

T. Town, F. Bai, T. Wang, A.T. Kaplan, F. Qian, R.R. Montgomery, J.F. Anderson, R.A. Flavell, E. Fikrig,
Toll-like receptor 7 mitigates lethal West Nile encephalitis via interleukin 23-dependent immune cell
infiltration and homing, Immunity. 30 (2009) 242-253.
https://doi.org/10.1016/j.immuni.2008.11.012.

M.C. Patel, K.A. Shirey, L.M. Pletneva, M.S. Boukhvalova, A. Garzino-Demo, S.N. Vogel, J.C. Blanco,
Novel drugs targeting Toll-like receptors for antiviral therapy, Future Virol. 9 (2014) 811-829.
https://doi.org/10.2217/fvl.14.70.

L. Cervantes-Barragan, R. Zust, F. Weber, M. Spiegel, K.S. Lang, S. Akira, V. Thiel, B. Ludewig, Control
of coronavirus infection through plasmacytoid dendritic-cell-derived type | interferon, Blood. 109
(2007) 1131-1137. https://doi.org/10.1182/blood-2006-05-023770.

Y.-J. Liu, IPC: Professional Type 1 Interferon-Producing Cells and Plasmacytoid Dendritic Cell
Precursors, Annu. Rev. Immunol. 23 (2005) 275-306.
https://doi.org/10.1146/annurev.immunol.23.021704.115633.

K.B. Gorden, K.S. Gorski, S.J. Gibson, R.M. Kedl, W.C. Kieper, X. Qiu, M.A. Tomai, S.S. Alkan, J.P.
Vasilakos, Synthetic TLR agonists reveal functional differences between human TLR7 and TLRS, J.
Immunol. Baltim. Md 1950. 174 (2005) 1259-1268.

S.G. Reed, M.T. Orr, C.B. Fox, Key roles of adjuvants in modern vaccines, Nat. Med. 19 (2013) 1597—-
1608. https://doi.org/10.1038/nm.3409.

M. Ugolini, J. Gerhard, S. Burkert, K.J. Jensen, P. Georg, F. Ebner, S.M. Volkers, S. Thada, K. Dietert, L.
Bauer, A. Schafer, E.T. Helbig, B. Opitz, F. Kurth, S. Sur, N. Dittrich, S. Gaddam, M.L. Conrad, C.S. Benn,
U. Blohm, A.D. Gruber, A. Hutloff, S. Hartmann, M.V. Boekschoten, M. Miiller, G. Jungersen, R.R.
Schumann, N. Suttorp, L.E. Sander, Recognition of microbial viability via TLR8 drives T FH cell
differentiation and vaccine responses, Nat. Immunol. 19 (2018) 386—396.
https://doi.org/10.1038/s41590-018-0068-4.

J.L. Cervantes, B. Weinerman, C. Basole, J.C. Salazar, TLR8: the forgotten relative revindicated, Cell.
Mol. Immunol. 9 (2012) 434-438. https://doi.org/10.1038/cmi.2012.38.

56



(66]

(67]

(68]
(69]
[70]
[71]

[72]

(73]

(74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

J.P. Vasilakos, M.A. Tomai, The use of Toll-like receptor 7/8 agonists as vaccine adjuvants, Expert Rev.
Vaccines. 12 (2013) 809-819. https://doi.org/10.1586/14760584.2013.811208.

D.P. Castiblanco, R.W. Maul, L.M. Russell Knode, P.J. Gearhart, Co-Stimulation of BCR and Toll-Like
Receptor 7 Increases Somatic Hypermutation, Memory B Cell Formation, and Secondary Antibody
Response to Protein Antigen, Front. Immunol. 8 (2017) 1833.
https://doi.org/10.3389/fimmu.2017.01833.

H. Chi, C. Li, F.S. Zhao, L. Zhang, T.B. Ng, G. Jin, O. Sha, Anti-tumor Activity of Toll-Like Receptor 7
Agonists, Front. Pharmacol. 8 (2017). https://doi.org/10.3389/fphar.2017.00304.

E.J. Hennessy, A.E. Parker, L.A.J. O’Neill, Targeting Toll-like receptors: emerging therapeutics?, Nat.
Rev. Drug Discov. 9 (2010) 293-307. https://doi.org/10.1038/nrd3203.

C. Liu, C. Han, J. Liu, The Role of Toll-Like Receptors in Oncotherapy, Oncol. Res. 27 (2019) 965-978.
https://doi.org/10.3727/096504019X15498329881440.

S.C. Gangloff, M. Guenounou, Toll-like receptors and immune response in allergic disease, Clin. Rev.
Allergy Immunol. 26 (2004) 115-125. https://doi.org/10.1007/s12016-004-0006-0.

D. Matesic, A. Lenert, P. Lenert, Modulating toll-like receptor 7 and 9 responses as therapy for allergy
and autoimmunity, Curr. Allergy Asthma Rep. 12 (2012) 8-17. https://doi.org/10.1007/s11882-011-
0233-4.

S.S. Athari, Targeting cell signaling in allergic asthma, Signal Transduct. Target. Ther. 4 (2019) 1-19.
https://doi.org/10.1038/s41392-019-0079-0.

Z. Dong, L. Xiong, W. Zhang, P.G. Gibson, T. Wang, Y. Lu, G. Wang, H. Li, F. Wang, Holding the
Inflammatory System in Check: TLRs and Their Targeted Therapy in Asthma, Mediators Inflamm.
(2016). https://doi.org/10.1155/2016/2180417.

S.S. Diebold, C. Massacrier, S. Akira, C. Paturel, Y. Morel, C. Reis e Sousa, Nucleic acid agonists for Toll-
like receptor 7 are defined by the presence of uridine ribonucleotides, Eur. J. Immunol. 36 (2006)
3256-3267. https://doi.org/10.1002/eji.200636617.

A. Forsbach, J.-G. Nemorin, C. Montino, C. Miller, U. Samulowitz, A.P. Vicari, M. Jurk, G.K. Mutwiri,
A.M. Krieg, G.B. Lipford, J. Vollmer, Identification of RNA sequence motifs stimulating sequence-
specific TLR8-dependent immune responses, J. Immunol. Baltim. Md 1950. 180 (2008) 3729-3738.

T. Lan, E.R. Kandimalla, D. Yu, L. Bhagat, Y. Li, D. Wang, F. Zhu, J.X. Tang, M.R. Putta, Y. Cong, A.F.
Trombino, T. Sullivan, S. Agrawal, Stabilized immune modulatory RNA compounds as agonists of Toll-
like receptors 7 and 8, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 13750-13755.
https://doi.org/10.1073/pnas.0706059104.

T. Lan, M. Dai, D. Wang, F.-G. Zhu, E.R. Kandimalla, S. Agrawal, Toll-like receptor 7 selective synthetic
oligoribonucleotide agonists: synthesis and structure-activity relationship studies, J. Med. Chem. 52
(2009) 6871-6879. https://doi.org/10.1021/jm901145s.

H. Tanji, U. Ohto, T. Shibata, M. Taoka, Y. Yamauchi, T. Isobe, K. Miyake, T. Shimizu, Toll-like receptor
8 senses degradation products of single-stranded RNA, Nat. Struct. Mol. Biol. 22 (2015) 109-115.
https://doi.org/10.1038/nsmb.2943.

Z. Zhang, U. Ohto, T. Shibata, E. Krayukhina, M. Taoka, Y. Yamauchi, H. Tanji, T. Isobe, S. Uchiyama, K.
Miyake, T. Shimizu, Structural Analysis Reveals that Toll-like Receptor 7 Is a Dual Receptor for
Guanosine and Single-Stranded RNA, Immunity. 45 (2016) 737-748.
https://doi.org/10.1016/j.immuni.2016.09.011.

V. Hornung, M. Guenthner-Biller, C. Bourquin, A. Ablasser, M. Schlee, S. Uematsu, A. Noronha, M.
Manoharan, S. Akira, A. de Fougerolles, S. Endres, G. Hartmann, Sequence-specific potent induction
of IFN-alpha by short interfering RNA in plasmacytoid dendritic cells through TLR7, Nat. Med. 11
(2005) 263-270. https://doi.org/10.1038/nm1191.

A.D. Judge, V. Sood, J.R. Shaw, D. Fang, K. McClintock, I. MacLachlan, Sequence-dependent stimulation
of the mammalian innate immune response by synthetic siRNA, Nat. Biotechnol. 23 (2005) 457-462.
https://doi.org/10.1038/nbt1081.

M. Fabbri, A. Paone, F. Calore, R. Galli, E. Gaudio, R. Santhanam, F. Lovat, P. Fadda, C. Mao, G.J. Nuovo,
N. Zanesi, M. Crawford, G.H. Ozer, D. Wernicke, H. Alder, M.A. Caligiuri, P. Nana-Sinkam, D. Perrotti,
C.M. Croce, MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response,
Proc. Natl. Acad. Sci. U. S. A. 109 (2012) E2110-2116. https://doi.org/10.1073/pnas.1209414109.

57



(84]
(85]

(86]

(87]

(88]

(89]
(90]
[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

H.I. Skulnick, S.D. Weed, E.E. Eidson, H.E. Renis, W. Wierenga, D.A. Stringfellow, Pyrimidinones.1.2-
Amino-5-halo-6-aryl-4(3JEf)-pyrimidinones.Interferon-InducingAntiviralAgents, 28 (1985) 1864—1869.
D.A. Stringfellow, H.C. Vanderberg, S.D. Weed, Interferon induction by 5-halo-6-phenyl pyrimidinones,
J. Interferon Res. 1 (1980) 1-14. https://doi.org/10.1089/jir.1980.1.1.

E. Lotzovd, C.A. Savary, D.A. Stringfellow, 5-halo-6-phenyl pyrimidinones: new molecules with cancer
therapeutic potential and interferon-inducing capacity are strong inducers of murine natural killer
cells., J. Immunol. 130 (1983) 965-969.

E. Lotzova, C.A. Savary, A. Khan, D.A. Stringfellow, Stimulation of natural killer cells in two random-
bred strains of athymic rats by interferon-inducing pyrimidinone, J. Immunol. Baltim. Md 1950. 132
(1984) 2566—-2570.

R. Sidwell, J. Huffman, D. Barnard, D. Smee, R. Warren, M. Chirigos, M. Kende, J. Huggins, Antiviral and
immunomodulating inhibitors of experimentally-induced Punta Toro virus infections, Antiviral Res. 25
(1994) 105-122. https://doi.org/10.1016/0166-3542(94)90100-7.

L.H. Li, T.L. Wallace, K.A. Richard, D.E. Tracey, Mechanism of antitumor action of pyrimidinones in the
treatment of B16 melanoma and P388 leukemia, Cancer Res. 45 (1985) 532-538.

Y. Tei, H. Matsuyama, T. Wada, H. Kurisu, M. Tahara, K. Naito, In vitro antitumor activity of bropirimine
against urinary bladder tumor cells, Anticancer Res. 22 (2002) 1667-1671.

J.A. Witjes, Treatment of carcinoma in situ of the urinary bladder with bropirimine, Eur. Urol. 31 Suppl
1(1997) 27-30. https://doi.org/10.1159/000474528.

M.F. Sarosdy, A review of clinical studies of bropirimine immunotherapy of carcinoma in situ of the
bladder and upper urinary tract, Eur. Urol. 31 Suppl 1 (1997) 20-26.
https://doi.org/10.1159/000474527.

M.F. Sarosdy, Oral bropirimine immunotherapy of rodent prostate cancer, Eur. Urol. 31 Suppl 1 (1997)
5-9. https://doi.org/10.1159/000474525.

T. Fujioka, K. Ishikura, M. Hasegawa, K. Ogyu, Y. Matsushita, M. Sato, F. Sato, H. Aoki, T. Kubo,
Antitumor effects of oral administration of an interferon-inducing pyrimidinone, Bropirimine, on
murine  renal-cell carcinoma, Cancer Chemother. Pharmacol. 36 (1995) 7-12.
https://doi.org/10.1007/BF00685725.

M. Beesu, A.C.D. Salyer, M.J.H. Brush, K.L. Trautman, J.K. Hill, S.A. David, Identification of High-Potency
Human TLR8 and Dual TLR7/TLR8 Agonists in Pyrimidine-2,4-diamines, J. Med. Chem. 60 (2017) 2084~
2098. https://doi.org/10.1021/acs.jmedchem.6b01860.

M. Beesu, G. Caruso, A.C.D. Salyer, N.M. Shukla, K.K. Khetani, L.J. Smith, L.M. Fox, H. Tanji, U. Ohto, T.
Shimizu, S.A. David, ldentification of a Human Toll-Like Receptor (TLR) 8-Specific Agonist and a
Functional Pan-TLR Inhibitor in 2-Aminoimidazoles, J. Med. Chem. 59 (2016) 3311-3330.
https://doi.org/10.1021/acs.jmedchem.6b00023.

K. Hirota, K. Kazaoka, I. Niimoto, H. Kumihara, H. Sajiki, Y. Isobe, H. Takaku, M. Tobe, H. Ogita, T. Ogino,
S. Ichii, A. Kurimoto, H. Kawakami, Discovery of 8-hydroxyadenines as a novel type of interferon
inducer, J. Med. Chem. 45 (2002) 5419-5422.

A. Kurimoto, T. Ogino, S. Ichii, Y. Isobe, M. Tobe, H. Ogita, H. Takaku, H. Sajiki, K. Hirota, H. Kawakami,
Synthesis and evaluation of 2-substituted 8-hydroxyadenines as potent interferon inducers with
improved  oral  bioavailabilities,  Bioorg. Med. Chem. 12  (2004) 1091-1099.
https://doi.org/10.1016/j.bmc.2003.12.008.

J. Lee, C.C.N. Wu, K.J. Lee, T.-H. Chuang, K. Katakura, Y.-T. Liu, M. Chan, R. Tawatao, M. Chung, C. Shen,
H.B. Cottam, M.M.C. Lai, E. Raz, D.A. Carson, Activation of anti-hepatitis C virus responses via Toll-like
receptor 7, Proc. Natl.  Acad. Sci. u. S. A 103 (2006) 1828-1833.
https://doi.org/10.1073/pnas.0510801103.

G. Jin, C.C.N. Wu, R.l. Tawatao, M. Chan, D.A. Carson, H.B. Cottam, Synthesis and immunostimulatory
activity of 8-substituted amino 9-benzyladenines as potent Toll-like receptor 7 agonists, Bioorg. Med.
Chem. Lett. 16 (2006) 4559-4563. https://doi.org/10.1016/j.bmcl.2006.06.017.

C. Russo, I. Cornella-Taracido, L. Galli-Stampino, R. Jain, E. Harrington, Y. Isome, S. Tavarini, C.
Sammicheli, S. Nuti, M.L. Mbow, N.M. Valiante, J. Tallarico, E. De Gregorio, E. Soldaini, Small molecule
Toll-like receptor 7 agonists localize to the MHC class Il loading compartment of human plasmacytoid
dendritic cells, Blood. 117 (2011) 5683-5691. https://doi.org/10.1182/blood-2010-12-328138.

58



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

A. Thomas, C. Laxton, J. Rodman, N. Myangar, N. Horscroft, T. Parkinson, Investigating Toll-Like
Receptor Agonists for Potential To Treat Hepatitis C Virus Infection, Antimicrob. Agents Chemother.
51 (2007) 2969-2978. https://doi.org/10.1128/AAC.00268-07.

S. Dharmapuri, L. Aurisicchio, P. Neuner, M. Verdirame, G. Ciliberto, N. La Monica, An oral TLR7 agonist
is a potent adjuvant of DNA vaccination in transgenic mouse tumor models, Cancer Gene Ther. 16
(2009) 462—-472. https://doi.org/10.1038/cgt.2008.91.

Y. Isobe, A. Kurimoto, M. Tobe, K. Hashimoto, T. Nakamura, K. Norimura, H. Ogita, H. Takaku, Synthesis
and biological evaluation of novel 9-substituted-8-hydroxyadenine derivatives as potent interferon
inducers, J. Med. Chem. 49 (2006) 2088—-2095. https://doi.org/10.1021/jm051089s.

E. Koga-Yamakawa, S.J. Dovedi, M. Murata, H. Matsui, A.J. Leishman, J. Bell, D. Ferguson, S.P. Heaton,
T. Oki, H. Tomizawa, A. Bahl, H. Takaku, R.W. Wilkinson, H. Harada, Intratracheal and oral
administration of SM-276001: A selective TLR7 agonist, leads to antitumor efficacy in primary and
metastatic models of cancer, Int. J. Cancer. 132 (2013) 580-590. https://doi.org/10.1002/ijc.27691.
H.C. Arentsen, C.A. Hulsbergen-Van de Kaa, C.F.J. Jansen, R. Maj, L.M. Leoni, E. Oosterwijk, J.A. Witjes,
Pharmacokinetics and toxicity of intravesical TMX-101: a preclinical study in pigs, BJU Int. 108 (2011)
1210-1214. https://doi.org/10.1111/j.1464-410X.2010.10055.x.

N.M. Donin, K. Chamie, A.T. Lenis, A.J. Pantuck, M. Reddy, D. Kivlin, J. Holldack, R. Pozzi, G. Hakim, L.I.
Karsh, D.L. Lamm, L.H. Belkoff, A.S. Belldegrun, S. Holden, N. Shore, A phase 2 study of TMX-101,
intravesical imiquimod, for the treatment of carcinoma in situ bladder cancer, Urol. Oncol. 35 (2017)
39.e1-39.e7. https://doi.org/10.1016/j.urolonc.2016.09.006.

J. Falke, R.J.M. Lammers, H.C. Arentsen, M. Ravic, R. Pozzi, E.B. Cornel, H. Vergunst, T.M. de Reijke,
J.A. Witjes, Results of a phase 1 dose escalation study of intravesical TMX-101 in patients with
nonmuscle invasive bladder cancer, J. Urol. 189 (2013) 2077-2082.
https://doi.org/10.1016/j.juro.2012.11.150.

T.J.H. Arends, R.J.M. Lammers, J. Falke, A.G. van der Heijden, I. Rustighini, R. Pozzi, M. Ravic, A.
Eisenhardt, H. Vergunst, J.A. Witjes, Pharmacokinetic, Pharmacodynamic, and Activity Evaluation of
TMX-101 in a Multicenter Phase 1 Study in Patients With Papillary Non-Muscle-Invasive Bladder
Cancer, Clin. Genitourin. Cancer. 13 (2015) 204-209.e2. https://doi.org/10.1016/j.clgc.2014.12.010.
J. Falke, C.A. Hulsbergen-van de Kaa, R. Maj, E. Oosterwijk, J.A. Witjes, A placebo-controlled efficacy
study of the intravesical immunomodulators TMX-101 and TMX-202 in an orthotopic bladder cancer
rat model, World J. Urol. 36 (2018) 1719-1725. https://doi.org/10.1007/s00345-018-2334-3.

B. Crain, S. Yao, V. Keophilaone, V. Promessi, M. Kang, A. Barberis, R. Maj, E. Mura, N. Passini, J.
Holldack, R. Ochoa, H.B. Cottam, D.A. Carson, T. Hayashi, Inhibition of keratinocyte proliferation by
phospholipid-conjugates of a TLR7 ligand in a Myc-induced hyperplastic actinic keratosis model in the
absence of systemic side effects, Eur. J. Dermatol. EJD. 23 (2013) 618-628.
https://doi.org/10.1684/ejd.2013.2155.

T.P.T. Ferreira, L.L. Mariano, R. Ghilosso-Bortolini, A.C.S. de Arantes, A.J. Fernandes, M. Berni, V.
Cecchinato, M. Uguccioni, R. Maj, A. Barberis, P.M.R. e Silva, M.A. Martins, Potential of PEGylated Toll-
Like Receptor 7 Ligands for Controlling Inflammation and Functional Changes in Mouse Models of
Asthma and Silicosis, Front. Immunol. 7 (2016). https://doi.org/10.3389/fimmu.2016.00095.

J. Zhu, S. He, J. Du, Z. Wang, W. Li, X. Chen, W. Jiang, D. Zheng, G. Jin, Local administration of a novel
Toll-like receptor 7 agonist in combination with doxorubicin induces durable tumouricidal effects in a
murine model of T cell lymphoma, J. Hematol. Oncol) Hematol Oncol. 8 (2015) 21.
https://doi.org/10.1186/s13045-015-0121-9.

Y. Diao, X. Wang, Y. Wan, J. Zhong, D. Gao, Y. Liu, N. Gao, W. Li, B. Liu, X. Huang, Z. lin, B. Peng, Z.
Wang, L. Fu, S. Chen, G. Jin, Antitumor activity of a novel small molecule TLR7 agonist via immune
response induction and tumor microenvironment modulation, Oncol. Rep. 35 (2016) 793-800.
https://doi.org/10.3892/0r.2015.4436.

T. Chen, Y. Hu, B. Liu, X. Huang, N. Gao, Z. Jin, D. Guo, G. Jin, Synthetic toll-like receptor 7 agonist as a
conjugated adjuvant enhances the Th1 type immunogenicity of influenza virus vaccine, 9 (2016) 4790—
4795.

K. Biggadike, M. Ahmed, D.I. Ball, D.M. Coe, D.A. Dalmas Wilk, C.D. Edwards, B.H. Gibbon, C.J. Hardy,
S.A. Hermitage, J.O. Hessey, A.E. Hillegas, S.C. Hughes, L. Lazarides, X.Q. Lewell, A. Lucas, D.N. Mallett,

59



[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

M.A. Price, F.M. Priest, D.J. Quint, P. Shah, A. Sitaram, S.A. Smith, R. Stocker, N.A. Trivedi, D.C. Tsitoura,
V. Weller, Discovery of 6-Amino-2-{[(1S)-1-methylbutylloxy}-9-[5-(1-piperidinyl)pentyl]-7,9-dihydro-
8H-purin-8-one (GSK2245035), a Highly Potent and Selective Intranasal Toll-Like Receptor 7 Agonist
for the  Treatment of Asthma, J. Med. Chem. 59 (2016) 1711-1726.
https://doi.org/10.1021/acs.jmedchem.5b01647.

T. Nakamura, H. Wada, H. Kurebayashi, T. Mclnally, R. Bonnert, Y. Isobe, Synthesis and evaluation of
8-oxoadenine derivatives as potent Toll-like receptor 7 agonists with high water solubility, Bioorg.
Med. Chem. Lett. 23 (2013) 669—672. https://doi.org/10.1016/j.bmcl.2012.11.114.

A.L. Adlard, S.J. Dovedi, B.A. Telfer, E. Koga-Yamakawa, C. Pollard, J. Honeychurch, T.M. lllidge, M.
Murata, D.T. Robinson, P.J. Jewsbury, R.W. Wilkinson, I.J. Stratford, A novel systemically administered
Toll-like receptor 7 agonist potentiates the effect of ionizing radiation in murine solid tumor models,
Int. J. Cancer. 135 (2014) 820—829. https://doi.org/10.1002/ijc.28711.

E. Koga-Yamakawa, M. Murata, S.J. Dovedi, R.W. Wilkinson, H. Umehara, E. Sugaru, Y. Hirose, H.
Harada, D.T. Robinson, P.J. Jewsbury, S. Yamamoto, C.J. Li, Abstract 2567: Enhancement of antitumor
activity of DSP-6434, a novel TLR7 agonist through reduction of TLR tolerance, Cancer Res. 74 (2014)
2567-2567. https://doi.org/10.1158/1538-7445.AM2014-2567.

S.J. Dovedi, A.L. Adlard, Y. Ota, M. Murata, E. Sugaru, E. Koga-Yamakawa, K. Eguchi, Y. Hirose, S.
Yamamoto, H. Umehara, J. Honeychurch, E.J. Cheadle, G. Hughes, P.J. Jewsbury, R.W. Wilkinson, I.J.
Stratford, T.M. lllidge, Intravenous administration of the selective toll-like receptor 7 agonist DSR-
29133 leads to anti-tumor efficacy in murine solid tumor models which can be potentiated by
combination  with  fractionated radiotherapy, Oncotarget. 7 (2016) 17035-17046.
https://doi.org/10.18632/oncotarget.7928.

J. Lee, T.-H. Chuang, V. Redecke, L. She, P.M. Pitha, D.A. Carson, E. Raz, H.B. Cottam, Molecular basis
for the immunostimulatory activity of guanine nucleoside analogs: activation of Toll-like receptor 7,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 6646—6651. https://doi.org/10.1073/pnas.0631696100.

P.A. Bonnet, R.K. Robins, Modulation of leukocyte genetic expression by novel purine nucleoside
analogs. A new approach to antitumor and antiviral agents, J. Med. Chem. 36 (1993) 635-653.
https://doi.org/10.1021/jm00058a001.

B.L. Pope, J. Sigindere, E. Chourmouzis, P. Maclntyre, M.G. Goodman, 7-Allyl-8-oxoguanosine
(loxoribine) inhibits the metastasis of B16 melanoma cells and has adjuvant activity in mice immunized
with a B16 tumor vaccine, Cancer Immunol. Immunother. CIl. 38 (1994) 83-91.
https://doi.org/10.1007/bf01526202.

D.E. Spaner, Y. Shi, D. White, S. Shaha, L. He, A. Masellis, K. Wong, R. Gorczynski, A phase I/Il trial of
TLR-7 agonist immunotherapy in chronic lymphocytic leukemia, Leukemia. 24 (2010) 222-226.
https://doi.org/10.1038/leu.2009.195.

S. Ntoufa, A. Vardi, N. Papakonstantinou, A. Anagnostopoulos, V. Aleporou-Marinou, C. Belessi, P.
Ghia, F. Caligaris-Cappio, M. Muzio, K. Stamatopoulos, Distinct Innate Immunity Pathways to
Activation and Tolerance in Subgroups of Chronic Lymphocytic Leukemia with Distinct
Immunoglobulin Receptors, Mol. Med. 18 (2012) 1281-1291.
https://doi.org/10.2119/molmed.2011.00480.

D.E. Spaner, A. Masellis, Toll-like receptor agonists in the treatment of chronic lymphocytic leukemia,
Leukemia. 21 (2007) 53-60. https://doi.org/10.1038/sj.leu.2404456.

K. Nagahara, J. Anderson, G. Kini, N. Dalley, S. Larson, D. Smee, A. Jin, B. Sharma, W. Jolley, R. Robins,
Thiazolo[4,5-d]pyrimidine nucleosides. The synthesis of certain 3-B-D-ribofuranosylthiazolo[4,5-
d]pyrimidines as potential immunotherapeutic agents, J. Med. Chem. 33 (1990) 407-15.
https://doi.org/10.1021/jm00163a064.

D.F. Smee, H.A. Alaghamandan, K. Ramasamy, G.R. Revankar, Broad-spectrum activity of 8-chloro-7-
deazaguanosine against RNA virus infections in mice and rats, Antiviral Res. 26 (1995) 203-209.
https://doi.org/10.1016/0166-3542(94)00084-L.

D.F. Smee, H.A. Alaghamandan, H.B. Cottam, B.S. Sharma, W.B. Jolley, R.K. Robins, Broad-spectrum in
vivo antiviral activity of 7-thia-8-oxoguanosine, a novel immunopotentiating agent., Antimicrob.
Agents Chemother. 33 (1989) 1487-1492. https://doi.org/10.1128/AAC.33.9.1487.

60



[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

D.F. Smee, H.A. Alaghamandan, A. Jin, B.S. Sharma, W.B. Jolley, Roles of interferon and natural killer
cells in the antiviral activity of 7-thia-8-oxoguanosine against Semliki Forest virus infections in mice,
Antiviral Res. 13 (1990) 91-102. https://doi.org/10.1016/0166-3542(90)90025-3.

M.A. Michael, H.B. Cottam, D.F. Smee, R.K. Robins, G.D. Kini, Alkylpurines as immunopotentiating
agents. Synthesis and antiviral activity of certain alkylguanines, J. Med. Chem. 36 (1993) 3431-3436.
https://doi.org/10.1021/jm00074a025.

Y. Horsmans, T. Berg, J.-P. Desager, T. Mueller, E. Schott, S.P. Fletcher, K.R. Steffy, L.A. Bauman, B.M.
Kerr, D.R. Averett, Isatoribine, an agonist of TLR7, reduces plasma virus concentration in chronic
hepatitis C infection, Hepatology. 42 (2005) 724-731. https://doi.org/10.1002/hep.20839.

E. Yoo, B.M. Crall, R. Balakrishna, S.S. Malladi, L.M. Fox, A.R. Hermanson, S.A. David, Structure-activity
relationships in Toll-like receptor 7 agonistic 1H-imidazo[4,5-c]pyridines, Org. Biomol. Chem. 11 (2013)
6526-6545. https://doi.org/10.1039/c30b40816g.

E. Yoo, D.B. Salunke, D. Sil, X. Guo, A.C.D. Salyer, A.R. Hermanson, M. Kumar, S.S. Malladi, R.
Balakrishna, W.H. Thompson, H. Tanji, U. Ohto, T. Shimizu, S.A. David, Determinants of activity at
human Toll-like receptors 7 and 8: quantitative structure-activity relationship (QSAR) of diverse
heterocyclic scaffolds, J. Med. Chem. 57 (2014) 7955—7970. https://doi.org/10.1021/jm500744f.

M. Beesu, S.S. Malladi, L.M. Fox, C.D. Jones, A. Dixit, S.A. David, Human Toll-like receptor 8-selective
agonistic activities in 1-alkyl-1H-benzimidazol-2-amines, J. Med. Chem. 57 (2014) 7325-7341.
https://doi.org/10.1021/jm5007019.

M. Beesu, G. Caruso, A.C.D. Salyer, K.K. Khetani, D. Sil, M. Weerasinghe, H. Tanji, U. Ohto, T. Shimizu,
S.A. David, Structure-Based Design of Human TLR8-Specific Agonists with Augmented Potency and
Adjuvanticity, J. Med. Chem. 58 (2015) 7833-7849. https://doi.org/10.1021/acs.jmedchem.5b01087.
M. Beesu, A.C.D. Salyer, K.L. Trautman, J.K. Hill, S.A. David, Human Toll-like Receptor (TLR) 8-Specific
Agonistic Activity in Substituted Pyrimidine-2,4-diamines, J. Med. Chem. 59 (2016) 8082—-8093.
https://doi.org/10.1021/acs.jmedchem.6b00872.

R. Geleziunas, J.E. Hesselgesser, J. Kaur, J.P. Murry, D.D. Sloan, Modulators of toll-like receptors for
the treatment of hiv, US20170071944A1, 2017.
https://patents.google.com/patent/US20170071944A1/en (accessed December 19, 2019).

P.A. Roethle, R.M. McFadden, H. Yang, P. Hrvatin, H. Hui, M. Graupe, B. Gallagher, J. Chao, J.
Hesselgesser, P. Duatschek, J. Zheng, B. Lu, D.B. Tumas, J. Perry, R.L. Halcomb, Identification and
Optimization of Pteridinone Toll-like Receptor 7 (TLR7) Agonists for the Oral Treatment of Viral
Hepatitis, J. Med. Chem. 56 (2013) 7324-7333. https://doi.org/10.1021/jm400815m.

P. Turnas, X. Zheng, B. Lu, G. Rhodes, P. Duatschek, J. Hesselgesser, C. Frey, I. Henne, A. Fosdick, R.
Halcomb, G. Wolfgang, 1129 PRECLINICAL CHARACTERIZATION OF GS-9620, APOTENT AND SELECTIVE
ORAL TLR7 AGONIST, J. Hepatol. 54 (2011) S446-S447. https://doi.org/10.1016/S0168-
8278(11)61131-8.

A. Fosdick, J. Zheng, S. Pflanz, C.R. Frey, J. Hesselgesser, R.L. Halcomb, G. Wolfgang, D.B. Tumas,
Pharmacokinetic and Pharmacodynamic Properties of GS-9620, a Novel Toll-Like Receptor 7 Agonist,
Demonstrate Interferon-Stimulated Gene Induction without Detectable Serum Interferon at Low Oral
Doses, J. Pharmacol. Exp. Ther. 348 (2014) 96-105. https://doi.org/10.1124/jpet.113.207878.

C. Niu, L. Li, S. Daffis, J. Lucifora, M. Bonnin, S. Maadadi, E. Salas, R. Chu, H. Ramos, C.M. Livingston,
R.K. Beran, A.V. Garg, S. Balsitis, D. Durantel, F. Zoulim, W.E. Delaney, S.P. Fletcher, Toll-like receptor
7 agonist GS-9620 induces prolonged inhibition of HBV via a type | interferon-dependent mechanism,
J. Hepatol. 68 (2018) 922-931. https://doi.org/10.1016/j.jhep.2017.12.007.

I. Rebbapragada, G. Birkus, J. Perry, W. Xing, H. Kwon, S. Pflanz, Molecular Determinants of GS-9620-
Dependent TLR7 Activation, PLOS ONE. 11 (2016) e0146835.
https://doi.org/10.1371/journal.pone.0146835.

S. Menne, D.B. Tumas, K.H. Liu, L. Thampi, D. AlDeghaither, B.H. Baldwin, C.A. Bellezza, P.). Cote, J.
Zheng, R. Halcomb, A. Fosdick, S.P. Fletcher, S. Daffis, L. Li, P. Yue, G.H.l. Wolfgang, B.C. Tennant,
Sustained efficacy and seroconversion with the Toll-like receptor 7 agonist GS-9620 in the Woodchuck
model of chronic hepatitis B, J. Hepatol. 62 (2015) 1237-1245.
https://doi.org/10.1016/j.jhep.2014.12.026.

61



[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]
[156]

[157]

[158]

R.E. Lanford, B. Guerra, D. Chavez, L. Giavedoni, V.L. Hodara, K.M. Brasky, A. Fosdick, C.R. Frey, J.
Zheng, G. Wolfgang, R.L. Halcomb, D.B. Tumas, GS-9620, an oral agonist of Toll-like receptor-7,
induces prolonged suppression of hepatitis B virus in chronically infected chimpanzees,
Gastroenterology. 144 (2013) 1508-1517, 1517.e1-10. https://doi.org/10.1053/j.gastro.2013.02.003.
E.J. Gane, Y.-S. Lim, S.C. Gordon, K. Visvanathan, E. Sicard, R.N. Fedorak, S. Roberts, B. Massetto, Z. Ye,
S. Pflanz, K.L. Garrison, A. Gaggar, G. Mani Subramanian, J.G. McHutchison, S. Kottilil, B. Freilich, C.S.
Coffin, W. Cheng, Y.J. Kim, The oral toll-like receptor-7 agonist GS-9620 in patients with chronic
hepatitis B virus infection, J. Hepatol. 63 (2015) 320-328. https://doi.org/10.1016/j.jhep.2015.02.037.
U. Lopatin, G. Wolfgang, D. Tumas, C.R. Frey, C. Ohmstede, J. Hesselgesser, B. Kearney, L. Moorehead,
G.M. Subramanian, J.G. McHutchison, Safety, pharmacokinetics and pharmacodynamics of GS-9620,
an oral Toll-like receptor 7 agonist, Antivir. Ther. 18 (2013) 409-418.
https://doi.org/10.3851/IMP2548.

U. Lopatin, G. Wolfgang, R. Kimberlin, D. Turnas, M. Cornprost, G. Chittick, C. Frey, J. Findlay, C.
Ohmstede, B. Kearney, C. Barnes, J. McHutchinson, K. Hirsch, 737 A PHASE-I, RANDOMIZED, DOUBLE-
BLIND, PLACEBO-CONTROLLED STUDY TO EVALUATE THE SAFETY, TOLERABILITY, PHARMACOKINETICS
AND PHARMACODYNAMICS OF SINGLE ESCALATING ORAL DOSES OF GS-9620 IN HEALTHY SUBJECTS,
J. Hepatol. 54 (2011) S296. https://doi.org/10.1016/50168-8278(11)60739-3.

H.L.A. Janssen, M.R. Brunetto, Y.J. Kim, C. Ferrari, B. Massetto, A.-H. Nguyen, A. Joshi, J. Woo, A.H.
Lau, A. Gaggar, G.M. Subramanian, E.M. Yoshida, S.H. Ahn, N.C.S. Tsai, S. Fung, E.J. Gane, Safety,
efficacy and pharmacodynamics of vesatolimod (GS-9620) in virally suppressed patients with chronic
hepatitis B, J. Hepatol. 68 (2018) 431-440. https://doi.org/10.1016/].jhep.2017.10.027.

C. Boni, A. Vecchi, M. Rossi, D. Laccabue, T. Giuberti, A. Alfieri, P. Lampertico, G. Grossi, F. Facchetti,
M.R. Brunetto, B. Coco, D. Cavallone, A. Mangia, R. Santoro, V. Piazzolla, A. Lau, A. Gaggar, G.M.
Subramanian, C. Ferrari, TLR7 Agonist Increases Responses of Hepatitis B Virus—Specific T Cells and
Natural Killer Cells in Patients With Chronic Hepatitis B Treated With Nucleos(T)lde Analogues,
Gastroenterology. 154 (2018) 1764-1777.e7. https://doi.org/10.1053/j.gastro.2018.01.030.

R.A. Bam, D. Hansen, A. Irrinki, A. Mulato, G.S. Jones, J. Hesselgesser, C.R. Frey, T. Cihlar, S.R. Yant,
TLR7 Agonist GS-9620 Is a Potent Inhibitor of Acute HIV-1 Infection in Human Peripheral Blood
Mononuclear Cells, Antimicrob. Agents Chemother. 61 (2017). https://doi.org/10.1128/AAC.01369-
16.

TLR7 Agonist GS-9620 Activates HIV-1 in PBMCs From HIV-Infected Patients on cART | CROI
Conference, (n.d.). http://www.croiconference.org/sessions/tlr7-agonist-gs-9620-activates-hiv-1-
pbmcs-hiv-infected-patients-cart (accessed December 20, 2019).

D.D. Sloan, C.-Y.K. Lam, A. Irrinki, L. Liu, A. Tsai, C.S. Pace, J. Kaur, J.P. Murry, M. Balakrishnan, P.A.
Moore, S. Johnson, J.L. Nordstrom, T. Cihlar, S. Koenig, Targeting HIV Reservoir in Infected CD4 T Cells
by Dual-Affinity Re-targeting Molecules (DARTSs) that Bind HIV Envelope and Recruit Cytotoxic T Cells,
PLOS Pathog. 11 (2015) e1005233. https://doi.org/10.1371/journal.ppat.1005233.

A. Tsai, A. Irrinki, J. Kaur, T. Cihlar, G. Kukolj, D.D. Sloan, J.P. Murry, Toll-Like Receptor 7 Agonist GS-
9620 Induces HIV Expression and HIV-Specific Immunity in Cells from HIV-Infected Individuals on
Suppressive Antiretroviral Therapy, J. Virol. 91 (2017). https://doi.org/10.1128/JV1.02166-16.

A.B. Macedo, C.L. Novis, A. Bosque, Targeting Cellular and Tissue HIV Reservoirs With Toll-Like
Receptor Agonists, Front. Immunol. 10 (2019) 2450. https://doi.org/10.3389/fimmu.2019.02450.

I. Sarabia, A. Bosque, HIV-1 Latency and Latency Reversal: Does Subtype Matter?, Viruses. 11 (2019)
1104. https://doi.org/10.3390/v11121104.

E.N. Borducchi, J. Liu, J.P. Nkolola, A.M. Cadena, W.-H. Yu, S. Fischinger, T. Broge, P. Abbink, N.B.
Mercado, A. Chandrashekar, D. Jetton, L. Peter, K. McMahan, E.T. Moseley, E. Bekerman, J.
Hesselgesser, W. Li, M.G. Lewis, G. Alter, R. Geleziunas, D.H. Barouch, Antibody and TLR7 agonist delay
viral rebound in SHIV-infected monkeys, Nature. 563 (2018) 360-364.
https://doi.org/10.1038/s41586-018-0600-6.

G.Q. Del Prete, W.G. Alvord, Y. Li, C. Deleage, M. Nag, K. Oswald, J.A. Thomas, C. Pyle, W.J. Bosche, V.
Coalter, A. Wiles, R. Wiles, B. Berkemeier, M. Hull, E. Chipriano, L. Silipino, R. Fast, J. Kiser, R. Kiser, T.
Malys, J. Kramer, M.W. Breed, C.M. Trubey, J.D. Estes, T.L. Barnes, J. Hesselgesser, R. Geleziunas, J.D.

62



[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

Lifson, TLR7 agonist administration to SIV-infected macaques receiving early initiated cART does not
induce plasma viremia, JCl Insight. 4 (n.d.). https://doi.org/10.1172/jci.insight.127717.

E.N. Borducchi, C. Cabral, K.E. Stephenson, J. Liu, P. Abbink, D. Ng’ang’a, J.P. Nkolola, A.L. Brinkman,
L. Peter, B.C. Lee, J. Jimenez, D. Jetton, J. Mondesir, S. Mojta, A. Chandrashekar, K. Molloy, G. Alter,
J.M. Gerold, A.L. Hill, M.G. Lewis, M.G. Pau, H. Schuitemaker, J. Hesselgesser, R. Geleziunas, J.H. Kim,
M.L. Robb, N.L. Michael, D.H. Barouch, Ad26/MVA therapeutic vaccination with TLR7 stimulation in
SIV-infected rhesus monkeys, Nature. 540 (2016) 284—-287. https://doi.org/10.1038/nature20583.
D.C. McGowan, F. Herschke, M.D. Khamlichi, M.L. Rosauro, S.M.P. Benedicto, F. Pauwels, B. Stoops,
V. Pande, A. Scholliers, B. Van Schoubroeck, W. Mostmans, K. Van Dijck, T. Thoné, H. Horton, G.
Fanning, T.H.M. Jonckers, P. Raboisson, Design and synthesis of tetrahydropyridopyrimidine based
Toll-Like Receptor (TLR) 7/8 dual agonists, Bioorg. Med. Chem. Lett. 28 (2018) 3216-3221.
https://doi.org/10.1016/j.bmcl.2018.08.015.

S. Chen, J.T. Do, Q. Zhang, S. Yao, F. Yan, E.C. Peters, H.R. Schoéler, P.G. Schultz, S. Ding, Self-renewal
of embryonic stem cells by a small molecule, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 17266-17271.
https://doi.org/10.1073/pnas.0608156103.

F. Vascotto, J. Petschenka, K. Walzer, M. Vormehr, M. Brkic, S. Strobl, R. Rdsemann, M. Diken, S.
Kreiter, O. Tiireci, U. Sahin, Intravenous delivery of the toll-like receptor 7 agonist SC1 confers tumor
control by inducing a CD8+ T cell response, Oncolmmunology. 8 (2019) 1-11.
https://doi.org/10.1080/2162402X.2019.1601480.

M. Vormehr, K. Reinhard, R. Blatnik, K. Josef, J.D. Beck, N. Salomon, M. Suchan, A. Selmi, F. Vascotto,
J. Zerweck, H. Wenschuh, M. Diken, S. Kreiter, O. Tireci, A.B. Riemer, U. Sahin, A non-functional
neoepitope specific CD8+ T-cell response induced by tumor derived antigen exposure in vivo,
Oncolmmunology. 8 (2019) 1553478. https://doi.org/10.1080/2162402X.2018.1553478.

S. Hamm, S. Rath, S. Michel, R. Baumgartner, Cancer immunotherapeutic potential of novel small
molecule  TLR7 and TLR8  agonists, J. Immunotoxicol. 6  (2009) 257-265.
https://doi.org/10.3109/15476910903286733.

G.M. Wiedemann, S.J. Jacobi, M. Chaloupka, A. Krdachan, S. Hamm, S. Strobl, R. Baumgartner, S.
Rothenfusser, P. Duewell, S. Endres, S. Kobold, A novel TLR7 agonist reverses NK cell anergy and cures
RMA-S lymphoma-bearing mice, Oncoimmunology. 5 (2016) e1189051.
https://doi.org/10.1080/2162402X.2016.1189051.

H. Lu, G.N. Dietsch, M.-A.H. Matthews, Y. Yang, S. Ghanekar, M. Inokuma, M. Suni, V.C. Maino, K.E.
Henderson, J.J. Howbert, M.L. Disis, R.M. Hershberg, VTX-2337 is a novel TLR8 agonist that activates
NK cells and augments ADCC, Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 18 (2012) 499-509.
https://doi.org/10.1158/1078-0432.CCR-11-1625.

G.N. Dietsch, H. Lu, Y. Yang, C. Morishima, L.Q. Chow, M.L. Disis, R.M. Hershberg, Coordinated
Activation of Toll-Like Receptor8 (TLR8) and NLRP3 by the TLR8 Agonist, VTX-2337, Ignites Tumoricidal
Natural Killer Cell Activity, PLOS ONE. 11 (2016) e0148764.
https://doi.org/10.1371/journal.pone.0148764.

B.J. Monk, A. Facciabene, W.E. Brady, C.A. Aghajanian, P.M. Fracasso, J.L. Walker, H.A. Lankes, K.L.
Manjarrez, G.-del H. Danet-Desnoyers, K.M. Bell-McGuinn, C.K. McCourt, A. Malykhin, R.M.
Hershberg, G. Coukos, Integrative Development of a TLR8 Agonist for Ovarian Cancer
Chemoimmunotherapy, Clin. Cancer Res. 23 (2017) 1955-1966. https://doi.org/10.1158/1078-
0432.CCR-16-1453.

L.Q.M. Chow, C. Morishima, K.D. Eaton, C.S. Baik, B.H. Goulart, L.N. Anderson, K.L. Manjarrez, G.N.
Dietsch, J.K. Bryan, R.M. Hershberg, M.L. Disis, R.G. Martins, Phase Ib Trial of the Toll-like Receptor 8
Agonist, Motolimod (VTX-2337), Combined with Cetuximab in Patients with Recurrent or Metastatic
SCCHN, Clin. Cancer Res. (2016). https://doi.org/10.1158/1078-0432.CCR-16-1934.

R. Hershberg, Methods for the treatment of allergic diseases, EP2621499B1, 2017.
https://patents.google.com/patent/EP2621499B1/en (accessed December 16, 2019).

C.M. Royer, K. Rudolph, G.N. Dietsch, R.M. Hershberg, E.G. Barrett, VTX-1463, a novel TLR-8 agonist,
attenuates nasal congestion after ragweed challenge in sensitized beagle dogs, Immun. Inflamm. Dis.
4 (2016) 45-51. https://doi.org/10.1002/iid3.91.

63



[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]
[180]
[181]
[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

J.J. Howbert, V. Kusukuntla, A. Tretyakov, N. Nielsen, P. Krasik, J. Jiang, H. Yang, Methods of Synthesis
of Benzazepine Derivatives, WO0/2010/054215, 2010.
https://patentscope.wipo.int/search/en/detail.jsf?docld=W02010054215&recNum=39&docAn=US2
009063577&queryString=(PA/array)%20&maxRec=320 (accessed December 16, 2019).

D.J. Dowling, Z. Tan, Z.M. Prokopowicz, C.D. Palmer, M.-A.H. Matthews, G.N. Dietsch, R.M. Hershberg,
O. Levy, The Ultra-Potent and Selective TLR8 Agonist VTX-294 Activates Human Newborn and Adult
Leukocytes, PLOS ONE. 8 (2013) e58164. https://doi.org/10.1371/journal.pone.0058164.

T. Yamamoto, T. Kanuma, S. Takahama, T. Okamura, E. Moriishi, K.J. Ishii, K. Terahara, Y. Yasutomi,
STING agonists activate latently infected cells and enhance SIV-specific responses ex vivo in naturally
SIV controlled cynomolgus macaques, Sci. Rep. 9 (2019) 5917. https://doi.org/10.1038/s41598-019-
42253-3.

J. Tang, M. Sun, G. Shi, Y. Xu, Y. Han, X. Li, W. Dong, L. Zhan, C. Qin, Toll-Like Receptor 8 Agonist
Strengthens the Protective Efficacy of ESAT-6 Immunization to Mycobacterium tuberculosis Infection,
Front. Immunol. 8 (2018). https://doi.org/10.3389/fimmu.2017.01972.

H. Hemmi, T. Kaisho, O. Takeuchi, S. Sato, H. Sanjo, K. Hoshino, T. Horiuchi, H. Tomizawa, K. Takeda,
S. Akira, Small anti-viral compounds activate immune cells via the TLR7 MyD88-dependent signaling
pathway, Nat. Immunol. 3 (2002) 196—200. https://doi.org/10.1038/ni758.

C.J. Harrison, L. Jenski, T. Voychehovski, D.l. Bernstein, Modification of immunological responses and
clinical disease during topical R-837 treatment of genital HSV-2 infection, Antiviral Res. 10 (1988) 209—
223.

K. Megyeri, W.C. Au, |. Rosztoczy, N.B. Raj, R.L. Miller, M.A. Tomai, P.M. Pitha, Stimulation of
interferon and cytokine gene expression by imiquimod and stimulation by Sendai virus utilize similar
signal transduction pathways, Mol. Cell. Biol. 15 (1995) 2207-2218.

U.R. Hengge, M. Cusini, Topical immunomodulators for the treatment of external genital warts,
cutaneous warts and molluscum contagiosum, Br. J. Dermatol. 149 Suppl 66 (2003) 15-19.

R.L. Miller, J.F. Gerster, M.L. Owens, H.B. Slade, M.A. Tomai, Imiquimod applied topically: a novel
immune response modifier and new class of drug, Int. J. Inmunopharmacol. 21 (1999) 1-14.

S. Tyring, Imiquimod applied topically: A novel immune response modifier, Skin Ther. Lett. 6 (2001) 1—
4,

E. Hanna, R. Abadi, O. Abbas, Imiquimod in dermatology: an overview, Int. J. Dermatol. 55 (2016) 831-
844. https://doi.org/10.1111/ijd.13235.

M. Urosevic, R. Dummer, C. Conrad, M. Beyeler, E. Laine, G. Burg, M. Gilliet, Disease-independent skin
recruitment and activation of plasmacytoid predendritic cells following imiquimod treatment, J. Natl.
Cancer Inst. 97 (2005) 1143—1153. https://doi.org/10.1093/jnci/dji207.

H. Suzuki, B. Wang, G.M. Shiviji, P. Toto, P. Amerio, M.A. Tomai, R.L. Miller, D.N. Sauder, Imiquimod, a
topical immune response modifier, induces migration of Langerhans cells, J. Invest. Dermatol. 114
(2000) 135-141. https://doi.org/10.1046/j.1523-1747.2000.00833.x.

L. Rogge, L. Barberis-Maino, M. Biffi, N. Passini, D.H. Presky, U. Gubler, F. Sinigaglia, Selective
expression of an interleukin-12 receptor component by human T helper 1 cells, J. Exp. Med. 185 (1997)
825-831.

A. Weber, C. Zimmermann, A.K. Mausberg, B.C. Kieseier, H.P. Hartung, H.H. Hofstetter, Induction of
pro-inflammatory cytokine production in thymocytes by the immune response modifiers Imiquimod
and Gardiquimod™.,, Int. Immunopharmacol. 17 (2013) 427-431.
https://doi.org/10.1016/j.intimp.2013.06.023.

M. Schon, M.P. Schén, The antitumoral mode of action of imiquimod and other imidazoquinolines,
Curr. Med. Chem. 14 (2007) 681-687.

G. Muzio, C. Massone, A. Rebora, Treatment of non-genital warts with topical imiquimod 5% cream,
Eur. J. Dermatol. EJD. 12 (2002) 347-349.

J.C. van der Wouden, R. van der Sande, E.J. Kruithof, A. Sollie, L.W. van Suijlekom-Smit, S. Koning,
Interventions for cutaneous molluscum contagiosum, Cochrane Database Syst. Rev. 5 (2017)
CD004767. https://doi.org/10.1002/14651858.CD004767.pub4.

64



[190]

[191]

[192]

[193]
[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

F.F. Tuon, V.S. Amato, M.E. Graf, A.M. Siqueira, A.C. Nicodemo, V. Amato Neto, Treatment of New
World cutaneous leishmaniasis--a systematic review with a meta-analysis, Int. J. Dermatol. 47 (2008)
109-124. https://doi.org/10.1111/j.1365-4632.2008.03417.x.

K.R. Suchin, J.M. Junkins-Hopkins, A.H. Rook, Treatment of stage IA cutaneous T-Cell lymphoma with
topical application of the immune response modifier imiquimod, Arch. Dermatol. 138 (2002) 1137-
1139.

I. Sanchez-Carpintero, M.I. Martinez, M.C. Mihm, Clinical and histopathologic observations of the
action of imiquimod in an epithelioid hemangioendothelioma and Paget’s mammary disease, J. Am.
Acad. Dermatol. 55 (2006) 75-79. https://doi.org/10.1016/j.jaad.2006.01.056.

A. Steinmann, J.0. Funk, G. Schuler, P. von den Driesch, Topical imiquimod treatment of a cutaneous
melanoma metastasis, J. Am. Acad. Dermatol. 43 (2000) 555-556.

R.T. Kuwahara, R.B. Skinner, Granuloma annulare resolved with topical application of imiquimod,
Pediatr. Dermatol. 19 (2002) 368-371.

R.M. Alonso de Celada, M. Feito Rodriguez, L. Noguera Morel, M.J. Beato Merino, R. De Lucas Laguna,
Treatment of primary follicular mucinosis with imiquimod 5% cream, Pediatr. Dermatol. 31 (2014)
406-408. https://doi.org/10.1111/j.1525-1470.2012.01852 .x.

C.M. Fehres, S.C.M. Bruijns, A.J. van Beelen, H. Kalay, M. Ambrosini, E. Hooijberg, W.W.J. Unger, T.D.
de Gruijl, Y. van Kooyk, Topical rather than intradermal application of the TLR7 ligand imiquimod leads
to human dermal dendritic cell maturation and CD8+ T-cell cross-priming, Eur. J. Immunol. 44 (2014)
2415-2424. https://doi.org/10.1002/eji.201344094.

J.-H. Han, J. Lee, S.-J. Jeon, E.-S. Choi, S.-D. Cho, B.-Y. Kim, D.-J. Kim, J.-H. Park, J.-H. Park, In vitro and
in vivo growth inhibition of prostate cancer by the small molecule imiquimod, Int. J. Oncol. 42 (2013)
2087-2093. https://doi.org/10.3892/ij0.2013.1898.

T. Hayashi, B. Crain, M. Corr, M. Chan, H.B. Cottam, R. Maj, A. Barberis, L. Leoni, D.A. Carson,
Intravesical Toll-like receptor 7 agonist R-837: optimization of its formulation in an orthotopic mouse
model of bladder cancer, Int. J. Urol. Off. J. Jpn. Urol. Assoc. 17 (2010) 483-490.
https://doi.org/10.1111/j.1442-2042.2010.02503.x.

J.A. Camargo, G.R. Passos, K.L. Ferrari, A. Billis, M.J.A. Saad, L.O. Reis, Intravesical Immunomodulatory
Imiquimod Enhances Bacillus Calmette-Guérin Downregulation of Nonmuscle-invasive Bladder
Cancer, Clin. Genitourin. Cancer. 16 (2018) e587—-e593. https://doi.org/10.1016/j.clgc.2017.10.019.
S. Adams, L. Kozhaya, F. Martiniuk, T.-C. Meng, L. Chiriboga, L. Liebes, T. Hochman, N. Shuman, D.
Axelrod, J. Speyer, Y. Novik, A. Tiersten, J.D. Goldberg, S.C. Formenti, N. Bhardwaj, D. Unutmaz, S.
Demaria, Topical TLR7 agonist imiquimod can induce immune-mediated rejection of skin metastases
in patients with breast cancer, Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 18 (2012) 6748-6757.
https://doi.org/10.1158/1078-0432.CCR-12-1149.

S. Adams, Y. Novik, R. Oratz, D. Axelrod, J. Speyer, A. Tiersten, J.D. Goldberg, N. Bhardwaj, D. Unutmaz,
S. Demaria, S. Formenti, Clinical Trial Evidence of the Antitumor Activity of Topical Imiquimod for
Breast Cancer Skin Metastases, J. Clin. Oncol. 32 (2014) 3204-3205.
https://doi.org/10.1200/JC0.2014.56.1282.

M. Rozenblit, W. Hendrickx, A. Heguy, L. Chiriboga, C. Loomis, K. Ray, F. Darvishian, M. Egeblad, S.
Demaria, F.M. Marincola, D. Bedognetti, S. Adams, Transcriptomic profiles conducive to immune-
mediated tumor rejection in human breast cancer skin metastases treated with Imiquimod, Sci. Rep.
9 (2019) 1-14. https://doi.org/10.1038/s41598-019-42784-9.

H. Kohrt, Breast Cancer Treatment with Imiquimod: Applying an Old Lotion to a New Disease, Clin.
Cancer Res. 18 (2012) 6571-6573. https://doi.org/10.1158/1078-0432.CCR-12-3138.

A.K. Bhatta, P. Wang, U. Keyal, Z. Zhao, J. Ji, L. Zhu, X. Wang, G. Zhang, Therapeutic effect of Imiquimod
enhanced ALA-PDT on cutaneous squamous cell carcinoma, Photodiagnosis Photodyn. Ther. 23 (2018)
273-280. https://doi.org/10.1016/j.pdpdt.2018.07.010.

M.-Y. Ahn, S.-M. Kwon, H.H. Cheong, J.-H. Park, J. Lee, S.-K. Min, S.-G. Ahn, J.-H. Yoon, Toll-like receptor
7 agonist, Imiquimod, inhibits oral squamous carcinoma cells through apoptosis and necrosis, J. Oral
Pathol. Med. 41 (2012) 540-546. https://doi.org/10.1111/j.1600-0714.2012.01158.x.

65



[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

D.l. Bernstein, C.J. Harrison, M.A. Tomai, R.L. Miller, Daily or weekly therapy with resiquimod (R-848)
reduces genital recurrences in herpes simplex virus-infected guinea pigs during and after treatment,
J. Infect. Dis. 183 (2001) 844—-849. https://doi.org/10.1086/319262.

M.A. Tomai, S.J. Gibson, L.M. Imbertson, R.L. Miller, P.E. Myhre, M.J. Reiter, T.L. Wagner, C.B.
Tamulinas, J.M. Beaurline, J.F. Gerster, Immunomodulating and antiviral activities of the
imidazoquinoline S-28463, Antiviral Res. 28 (1995) 253-264.

T.L. Testerman, J.F. Gerster, L.M. Imbertson, M.J. Reiter, R.L. Miller, S.J. Gibson, T.L. Wagner, M.A.
Tomai, Cytokine induction by the immunomodulators imiquimod and S-27609, J. Leukoc. Biol. 58
(1995) 365—-372.

C.L. Ahonen, S.J. Gibson, R.M. Smith, L.K. Pederson, J.M. Lindh, M.A. Tomai, J.P. Vasilakos, Dendritic
cell maturation and subsequent enhanced T-cell stimulation induced with the novel syntheticimmune
response modifier R-848, Cell. Immunol. 197 (1999) 62—72. https://doi.org/10.1006/cimm.1999.1555.
T.L. Wagner, C.L. Ahonen, A.M. Couture, S.J. Gibson, R.L. Miller, R.M. Smith, M.J. Reiter, J.P. Vasilakos,
M.A. Tomai, Modulation of TH1 and TH2 cytokine production with the immune response modifiers,
R-848 and imiquimod, Cell. Immunol. 191 (1999) 10-19. https://doi.org/10.1006/cimm.1998.1406.
K.H. Fife, T.-C. Meng, D.G. Ferris, P. Liu, Effect of resiquimod 0.01% gel on lesion healing and viral
shedding when applied to genital herpes lesions, Antimicrob. Agents Chemother. 52 (2008) 477-482.
https://doi.org/10.1128/AAC.01173-07.

J.J. Wu, D.B. Huang, S.K. Tyring, Resiquimod: a new immune response modifier with potential as a
vaccine adjuvant for Thl immune responses, Antiviral Res. 64 (2004) 79-83.
https://doi.org/10.1016/j.antiviral.2004.07.002.

T. Meyer, C. Surber, L.E. French, E. Stockfleth, Resiquimod, a topical drug for viral skin lesions and skin
cancer, Expert Opin. Investig. Drugs. 22 (2013) 149-159.
https://doi.org/10.1517/13543784.2013.749236.

M. Schoén, A.B. Bong, C. Drewniok, J. Herz, C.C. Geilen, J. Reifenberger, B. Benninghoff, H.B. Slade, H.
Gollnick, M.P. Schon, Tumor-selective induction of apoptosis and the small-molecule immune
response modifier imiquimod, J. Natl. Cancer Inst. 95 (2003) 1138-1149.

G. Stary, C. Bangert, M. Tauber, R. Strohal, T. Kopp, G. Stingl, Tumoricidal activity of TLR7/8-activated
inflammatory dendritic cells, J. Exp. Med. 204 (2007) 1441-1451.
https://doi.org/10.1084/jem.20070021.

M.L. Kalb, A. Glaser, G. Stary, F. Koszik, G. Stingl, TRAIL(+) human plasmacytoid dendritic cells kill tumor
cells in vitro: mechanisms of imiquimod- and IFN-a-mediated antitumor reactivity, J. Immunol. Baltim.
Md 1950. 188 (2012) 1583—1591. https://doi.org/10.4049/jimmunol.1102437.

A.H. Rook, J.M. Gelfand, J.C. Gelfand, M. Wysocka, A.B. Troxel, B. Benoit, C. Surber, R. Elenitsas, M.A.
Buchanan, D.S. Leahy, R. Watanabe, I.R. Kirsch, E.J. Kim, R.A. Clark, Topical resiquimod can induce
disease regression and enhance T-cell effector functions in cutaneous T-cell lymphoma, Blood. 126
(2015) 1452-1461. https://doi.org/10.1182/blood-2015-02-630335.

M.A. Tomai, J.P. Vasilakos, TLR-7 and -8 agonists as vaccine adjuvants, Expert Rev. Vaccines. 10 (2011)
405-407. https://doi.org/10.1586/erv.11.26.

R.L. Sabado, A. Pavlick, S. Gnjatic, C.M. Cruz, |. Vengco, F. Hasan, M. Spadaccia, F. Darvishian, L.
Chiriboga, R.M. Holman, J. Escalon, C. Muren, C. Escano, E. Yepes, D. Sharpe, J.P. Vasilakos, L.
Rolnitzsky, J. Goldberg, J. Mandeli, S. Adams, A. Jungbluth, L. Pan, R. Venhaus, P.A. Ott, N. Bhardwaj,
Resiquimod as an immunologic adjuvant for NY-ESO-1 protein vaccination in patients with high-risk
melanoma, Cancer Immunol. Res. 3 (2015) 278-287. https://doi.org/10.1158/2326-6066.CIR-14-
0202.

O.M. Grauer, J.W. Molling, E. Bennink, L.W.J. Toonen, R.P.M. Sutmuller, S. Nierkens, G.J. Adema, TLR
Ligands in the Local Treatment of Established Intracerebral Murine Gliomas, J. Immunol. 181 (2008)
6720-6729. https://doi.org/10.4049/jimmunol.181.10.6720.

E.L.J.M. Smits, N. Cools, E. Lion, K. Van Camp, P. Ponsaerts, Z.N. Berneman, V.F.l. Van Tendeloo, The
Toll-like receptor 7/8 agonist resiquimod greatly increases the immunostimulatory capacity of human
acute myeloid leukemia cells, Cancer Immunol. Immunother. CIl. 59 (2010) 35-46.
https://doi.org/10.1007/s00262-009-0721-8.

66



[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

J.J. Ignatz-Hoover, H. Wang, S.A. Moreton, A. Chakrabarti, M.K. Agarwal, K. Sun, K. Gupta, D.N. Wald,
The role of TLR8 signaling in acute myeloid leukemia differentiation, Leukemia. 29 (2015) 918-926.
https://doi.org/10.1038/leu.2014.293.

T. Yin, S. He, Y. Wang, Toll-like receptor 7/8 agonist, R848, exhibits antitumoral effects in a breast
cancer model, Mol. Med. Rep. 12 (2015) 3515-3520. https://doi.org/10.3892/mmr.2015.3885.

J.F. Gerster, K.J. Lindstrom, R.L. Miller, M.A. Tomai, W. Birmachu, S.N. Bomersine, S.J. Gibson, L.M.
Imbertson, J.R. Jacobson, R.T. Knafla, P.V. Maye, N. Nikolaides, F.Y. Oneyemi, G.J. Parkhurst, S.E.
Pecore, M.J. Reiter, L.S. Scribner, T.L. Testerman, N.J. Thompson, T.L. Wagner, C.E. Weeks, J.-D. Andre,
D. Lagain, Y. Bastard, M. Lupu, Synthesis and structure-activity-relationships of 1H-imidazo[4,5-
c]Jquinolines that induce interferon production, J. Med. Chem. 48 (2005) 3481-3491.
https://doi.org/10.1021/jm049211v.

N.B. Butchi, S. Pourciau, M. Du, T.W. Morgan, K.E. Peterson, Analysis of the Neuroinflammatory
Response to TLR7 Stimulation in the Brain: Comparison of Multiple TLR7 and/or TLR8 Agonists, J.
Immunol. 180 (2008) 7604—7612. https://doi.org/10.4049/jimmunol.180.11.7604.

M.A. Geller, S. Cooley, P.A. Argenta, L.S. Downs, L.F. Carson, P.L. Judson, R. Ghebre, B. Weigel, A.
Panoskaltsis-Mortari, J. Curtsinger, J.S. Miller, Toll-Like Receptor-7 (TLR-7) Agonist Administered
Subcutaneously in a Prolonged Dosing Schedule in Heavily Pretreated Recurrent Breast, Ovarian, and
Cervix Cancers, Cancer Immunol. Immunother. CII. 59 (2010) 1877-1884.
https://doi.org/10.1007/s00262-010-0914-1.

R. Dummer, A. Hauschild, J.C. Becker, J.-J. Grob, D. Schadendorf, V. Tebbs, J. Skalsky, K.C. Kaehler, S.
Moosbauer, R. Clark, T.-C. Meng, M. Urosevic, An exploratory study of systemic administration of the
toll-like receptor-7 agonist 852A in patients with refractory metastatic melanoma, Clin. Cancer Res.
Off. J. Am. Assoc. Cancer Res. 14 (2008) 856—864. https://doi.org/10.1158/1078-0432.CCR-07-1938.
D.J. Dowling, E.A. Scott, A. Scheid, I. Bergelson, S. Joshi, C. Pietrasanta, S. Brightman, G. Sanchez-
Schmitz, S.D. Van Haren, J. Ninkovi¢, D. Kats, C. Guiducci, A. de Titta, D.K. Bonner, S. Hirosue, M.A.
Swartz, J.A. Hubbell, O. Levy, Toll-like receptor 8 agonist nanoparticles mimic immunomodulating
effects of the live BCG vaccine and enhance neonatal innate and adaptive immune responses, J.
Allergy Clin. Immunol. 140 (2017) 1339-1350. https://doi.org/10.1016/j.jaci.2016.12.985.

S. Scholch, C. Rauber, A. Tietz, N.N. Rahbari, U. Bork, T. Schmidt, C. Kahlert, U. Haberkorn, M.A. Tomai,
K.E. Lipson, R. Carretero, J. Weitz, M. Koch, P.E. Huber, Radiotherapy combined with TLR7/8 activation
induces strong immune responses against gastrointestinal tumors, Oncotarget. 6 (2015) 4663-4676.
https://doi.org/10.18632/oncotarget.3081.

P.E. Huber, N.H. Nicolay, R. Lopez, Combined treatment with TLR7/8 agonists and carbon ion radiation
induces local and abscopal immune responses in gastrointestinal tumor models., J. Clin. Oncol. 35
(2017) 292-292. https://doi.org/10.1200/1C0.2017.35.4_suppl.292.

M.J. Schwartz, H. Liu, D.H. Hwang, H. Kawamoto, D.S. Scherr, Antitumor Effects of an Imidazoquinoline
in Renal Cell Carcinoma, Urology. 73 (2009) 1156-1162.
https://doi.org/10.1016/j.urology.2008.02.010.

Smith Eric B., Schwartz Michael, Kawamoto Hideki, You Xueke, Hwang David, Liu Huixian, Scherr
Douglas S., Antitumor Effects of Imidazoquinolines in Urothelial Cell Carcinoma of the Bladder, J. Urol.
177 (2007) 2347-2351. https://doi.org/10.1016/j.juro.2007.01.112.

E.C. Kauffman, H. Liu, M.J. Schwartz, D.S. Scherr, Toll-Like Receptor 7 Agonist Therapy with
Imidazoquinoline Enhances Cancer Cell Death and Increases Lymphocytic Infiltration and
Proinflammatory Cytokine Production in Established Tumors of a Renal Cell Carcinoma Mouse Model,
J. Oncol. 2012 (2012). https://doi.org/10.1155/2012/103298.

D. Smirnov, J.J. Schmidt, J.T. Capecchi, P.D. Wightman, Vaccine adjuvant activity of 3M-052: An
imidazoquinoline designed for local activity without systemic cytokine induction, Vaccine. 29 (2011)
5434-5442. https://doi.org/10.1016/].vaccine.2011.05.061.

D. Smirnov, G. Zhao, J. Beaurline, K. Johnson, J. Capecchi, L. Harrison, M. Tomai, J. Elvecrog, D. Klinman,
J. Vasilakos, Intratumoral immunotherapy with the TLR7/8 agonist 3M-052, J. Immunother. Cancer. 1
(2013) P138. https://doi.org/10.1186/2051-1426-1-S1-P138.

67



[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

M. Singh, H. Khong, Z. Dai, X.-F. Huang, J.A. Wargo, Z.A. Cooper, J.P. Vasilakos, P. Hwu, W.W. Overwijk,
Effective innate and adaptive anti-melanoma immunity through localized TLR-7/8 activation, J.
Immunol. Baltim. Md 1950. 193 (2014) 4722-4731. https://doi.org/10.4049/jimmunol.1401160.

M. Singh, H. Khong, Z. Dai, J.P. Vasilakos, P. Hwu, W.W. Overwijk, Induction of systemic anti-melanoma
immunity through intratumoral TLR-7/8 activation, J. Immunother. Cancer. 2 (2014) P176.
https://doi.org/10.1186/2051-1426-2-S3-P176.

S.R. Mullins, J.P. Vasilakos, K. Deschler, I. Grigsby, P. Gillis, J. John, M.J. Elder, J. Swales, E. Timosenko,
Z. Cooper, S.J. Dovedi, A.J. Leishman, N. Luheshi, J. Elvecrog, A. Tilahun, R. Goodwin, R. Herbst, M.A.
Tomai, R.W. Wilkinson, Intratumoral immunotherapy with TLR7/8 agonist MEDI9197 modulates the
tumor microenvironment leading to enhanced activity when combined with other immunotherapies,
J. Immunother. Cancer. 7 (2019) 244. https://doi.org/10.1186/s40425-019-0724-8.

B.G. Zhao, J.P. Vasilakos, D. Tross, D. Smirnov, D.M. Klinman, Combination therapy targeting toll like
receptors 7, 8 and 9 eliminates large established tumors, J. Immunother. Cancer. 2 (2014) 12.
https://doi.org/10.1186/2051-1426-2-12.

N. Van Hoeven, C.B. Fox, B. Granger, T. Evers, S.W. Joshi, G.I. Nana, S.C. Evans, S. Lin, H. Liang, L. Liang,
R. Nakajima, P.L. Felgner, R.A. Bowen, N. Marlenee, A. Hartwig, S.L. Baldwin, R.N. Coler, M. Tomai, J.
Elvecrog, S.G. Reed, D. Carter, A Formulated TLR7/8 Agonist is a Flexible, Highly Potent and Effective
Adjuvant for Pandemic Influenza Vaccines, Sci. Rep. 7 (2017) 46426.
https://doi.org/10.1038/srep46426.

J. Zhu, K. Lai, R. Brownile, L.A. Babiuk, G.K. Mutwiri, Porcine TLR8 and TLR7 are both activated by a
selective TLR7 ligand, imiquimod, Mol. Immunol. 45 (2008) 3238-3243.
https://doi.org/10.1016/j.molimm.2008.02.028.

N.A. Forward, S.J. Furlong, Y. Yang, T.-J. Lin, D.W. Hoskin, Signaling through TLR7 enhances the
immunosuppressive activity of murine CD4+CD25+ T regulatory cells, J. Leukoc. Biol. 87 (2010) 117—-
125. https://doi.org/10.1189/jlb.0908559.

L.S. Velasquez, B.E. Hjelm, C.J. Arntzen, M.M. Herbst-Kralovetz, An Intranasally Delivered Toll-Like
Receptor 7 Agonist Elicits Robust Systemic and Mucosal Responses to Norwalk Virus-Like Particles,
Clin. Vaccine Immunol. 17 (2010) 1850-1858. https://doi.org/10.1128/CVI.00230-10.

M. Buitendijk, S.K. Eszterhas, A.L. Howell, Gardiquimod: A Toll-Like Receptor-7 Agonist That Inhibits
HIV Type 1 Infection of Human Macrophages and Activated T Cells, AIDS Res. Hum. Retroviruses. 29
(2013) 907-918. https://doi.org/10.1089/aid.2012.0313.

B.-B. Zou, F. Wang, L. Li, F.-W. Cheng, R. Jin, X. Luo, L.-X. Zhu, X. Geng, S.-Q. Zhang, Activation of Toll-
like receptor 7 inhibits the proliferation and migration, and induces the apoptosis of pancreatic cancer
cells, Mol. Med. Rep. 12 (2015) 6079-6085. https://doi.org/10.3892/mmr.2015.4130.

F. Ma, J. Zhang, J. Zhang, C. Zhang, The TLR7 agonists imiquimod and gardiquimod improve DC-based
immunotherapy for melanoma in mice, Cell. Mol. Immunol. 7 (2010) 381-388.
https://doi.org/10.1038/cmi.2010.30.

N.M. Shukla, S.S. Malladi, C.A. Mutz, R. Balakrishna, S.A. David, Structure-activity relationships in
human toll-like receptor 7-active imidazoquinoline analogues, J. Med. Chem. 53 (2010) 4450-4465.
https://doi.org/10.1021/jm100358c.

C. Shi, Z. Xiong, P. Chittepu, C.C. Aldrich, J.R. Ohlfest, D.M. Ferguson, Discovery of Imidazoquinolines
with Toll-Like Receptor 7/8 Independent Cytokine Induction, ACS Med. Chem. Lett. 3 (2012) 501-504.
https://doi.org/10.1021/mI300079%.

C.E. Schiaffo, C. Shi, Z. Xiong, M. Olin, J.R. Ohlfest, C.C. Aldrich, D.M. Ferguson, Structure-activity
relationship analysis of imidazoquinolines with Toll-like receptors 7 and 8 selectivity and enhanced
cytokine induction, J. Med. Chem. 57 (2014) 339-347. https://doi.org/10.1021/jm4004957.

P. Larson, T.A. Kucaba, Z. Xiong, M. Olin, T.S. Griffith, D.M. Ferguson, Design and Synthesis of N1-
Modified Imidazoquinoline Agonists for Selective Activation of Toll-like Receptors 7 and 8, ACS Med.
Chem. Lett. 8 (2017) 1148—1152. https://doi.org/10.1021/acsmedchemlett.7b00256.

H.P. Kokatla, E. Yoo, D.B. Salunke, D. Sil, C.F. Ng, R. Balakrishna, S.S. Malladi, L.M. Fox, S.A. David, Toll-
like receptor-8 agonistic activities in C2, C4, and C8 modified thiazolo[4,5-c]quinolines, Org. Biomol.
Chem. 11 (2013) 1179-1198. https://doi.org/10.1039/c20b26705e.

68



[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

H.P. Kokatla, D. Sil, S.S. Malladi, R. Balakrishna, A.R. Hermanson, L.M. Fox, X. Wang, A. Dixit, S.A. David,
Exquisite selectivity for human toll-like receptor 8 in substituted furo[2,3-c]quinolines, J. Med. Chem.
56 (2013) 6871-6885. https://doi.org/10.1021/jm400694d.

H.P. Kokatla, D. Sil, H. Tanji, U. Ohto, S.S. Malladi, L.M. Fox, T. Shimizu, S.A. David, Structure-based
design of novel human Toll-like receptor 8 agonists, ChemMedChem. 9 (2014) 719-723.
https://doi.org/10.1002/cmdc.201300573.

J.A. Deane, G.A. Cortez, C. Li, N. Eifler, S. Kasibhatla, N. Parikh, S. Pan, S. Bender, Abstract 4128:
Identification and characterization of LHC165, a TLR7 agonist designed for localized intratumoral
therapies, Cancer Res. 79 (2019) 4128-4128. https://doi.org/10.1158/1538-7445.AM2019-4128.

LHC 165 - Adislnsight, (n.d.). https://adisinsight.springer.com/drugs/800050451 (accessed January 15,
2020).

M. Jurk, A. Kritzler, B. Schulte, S. Tluk, C. Schetter, A.M. Krieg, J. Vollmer, Modulating responsiveness
of human TLR7 and 8 to small molecule ligands with T-rich phosphorothiate oligodeoxynucleotides,
Eur. J. Immunol. 36 (2006) 1815-1826. https://doi.org/10.1002/eji.200535806.

K.K.B. Gorden, X. Qiu, J.J.L. Battiste, P.P.D. Wightman, J.P. Vasilakos, S.S. Alkan, Oligodeoxynucleotides
differentially modulate activation of TLR7 and TLR8 by imidazoquinolines, J. Immunol. Baltim. Md
1950. 177 (2006) 8164—8170. https://doi.org/10.4049/jimmunol.177.11.8164.

K.K.B. Gorden, X.X. Qiu, C.C.A. Binsfeld, J.P. Vasilakos, S.S. Alkan, Cutting edge: activation of murine
TLR8 by a combination of imidazoquinoline immune response modifiers and polyT
oligodeoxynucleotides, J. Immunol. Baltim. Md 1950. 177 (2006) 6584-6587.
https://doi.org/10.4049/jimmunol.177.10.6584.

MCT-465 - Product Profile - BCIQ, (n.d.). https://bcig.biocentury.com/products/mct-465 (accessed
December 13, 2019).

F. Doener, H.S. Hong, I. Meyer, K. Tadjalli-Mehr, A. Daehling, R. Heidenreich, S.D. Koch, M. Fotin-
Mleczek, U. Gnad-Vogt, RNA-based adjuvant CV8102 enhances the immunogenicity of a licensed
rabies  vaccine in a first-in-human trial, Vaccine. 37 (2019) 1819-1826.
https://doi.org/10.1016/j.vaccine.2019.02.024.

F. Heil, H. Hemmi, H. Hochrein, F. Ampenberger, C. Kirschning, S. Akira, G. Lipford, H. Wagner, S. Bauer,
Species-Specific Recognition of Single-Stranded RNA via Toll-like Receptor 7 and 8, Science. 303 (2004)
1526-1529. https://doi.org/10.1126/science.1093620.

R. Heidenreich, E. Jasny, A. Kowalczyk, J. Lutz, J. Probst, P. Baumhof, B. Scheel, S. Voss, K.-J. Kallen, M.
Fotin-Mleczek, A novel RNA-based adjuvant combines strong immunostimulatory capacities with a
favorable safety profile, Int. J. Cancer. 137 (2015) 372-384. https://doi.org/10.1002/ijc.29402.

L. Hicks, Y. Shi, J. Mena, C. Hammond, Y. Tomic, M.A. Tomai, R.L. Miller, D.E. Spaner, The Effect of a
Toll Receptor-7 Agonist (528690) on the Immunogenicity of Chronic Lymphocytic Leukemia Cells.,
Blood. 104 (2004) 3481-3481. https://doi.org/10.1182/blood.V104.11.3481.3481.

J. Tomic, D. White, Y. Shi, J. Mena, C. Hammond, L. He, R.L. Miller, D.E. Spaner, Sensitization of IL-2
Signaling through TLR-7 Enhances B Lymphoma Cell Immunogenicity, J. Immunol. 176 (2006) 3830—
3839. https://doi.org/10.4049/jimmunol.176.6.3830.

D.E. Spaner, Y. Shi, D. White, J. Mena, C. Hammond, J. Tomic, L. He, M.A. Tomai, R.L. Miller, J. Booth,
L. Radvanyi, Immunomodulatory effects of Toll-like receptor-7 activation on chronic lymphocytic
leukemia cells, Leukemia. 20 (2006) 286—295. https://doi.org/10.1038/sj.leu.2404061.

Y. Shi, D. White, L. He, R.L. Miller, D.E. Spaner, Toll-like receptor-7 tolerizes malignant B cells and
enhances killing by cytotoxic agents, Cancer Res. 67 (2007) 1823—-1831. https://doi.org/10.1158/0008-
5472.CAN-06-2381.

Spring Bank Broadens Application of Proprietary “Small Molecule Nucleic Acids Hybrids” (SMNH)
Platform for the Discovery of Vaccine Adjuvants., Spring Bank Pharm. (2013).
https://springbankpharm.com/springbank-broadens-the-application-of-its-proprietary-small-
molecule-nucleic-acids-hybrids-smnh-platform-for-the-discovery-of-vaccine-adjuvants/ (accessed
December 12, 2019).

A. Khan, C. Singh, R. Pandey, A. Sheri, S. Padmanabhan, R. lyer, C. Jagannath, Novel small molecule
nucleotide homologs (SMNH) activate human macrophages to kill intracellular Mycobacterium
tuberculosis. (VAC6P.949), J. Immunol. 192 (2014) 140.10-140.10.

69



[269]

[270]
[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

G.A. Daniels, W.E. Carson, A.C. Mita, K.L. Kendra, M.H. Rahimy, D.W. Inman, J.R. Appleman, J.L.
Freddo, D.G. McNeel, Phase | open-label, dose-escalation study of ANA773 tosylate, an oral prodrug
of a toll-like receptor-7 agonist, in patients with advanced solid tumors., J. Clin. Oncol. 29 (2011) 2524—
2524, https://doi.org/10.1200/jc0.2011.29.15_suppl.2524.

Anadys Pharmaceuticals Inc, 2008 Annual Report., 2008.

J.F. Bergmann, J. de Bruijne, D.M. Hotho, R.J. de Knegt, A. Boonstra, C.J. Weegink, A.A. van Vliet, J. van
de Wetering, S.P. Fletcher, L.A. Bauman, M. Rahimy, J.R. Appleman, J.L. Freddo, H.L.A. Janssen, H.W.
Reesink, Randomised clinical trial: anti-viral activity of ANA773, an oral inducer of endogenous
interferons acting via TLR7, in chronic HCV, Aliment. Pharmacol. Ther. 34 (2011) 443-453.
https://doi.org/10.1111/j.1365-2036.2011.04745 .x.

E. Gane, I. Folitar, C. Schwabe, |. Rodriguez, L. Gao, E. Calleja, R. Upmanyu, T. Racek, E. Coakley, J.
Grippo, RO7020531, a novel prodrug of a toll-like receptor 7 agonist, is safe, well tolerated and
activates TLR signaling in healthy volunteers, J. Hepatol. 68 (2018) S514-S515.
https://doi.org/10.1016/50168-8278(18)31277-7.

E.J. Hennessy, A.E. Parker, L.A.J. O’Neill, Targeting Toll-like receptors: emerging therapeutics?, Nat.
Rev. Drug Discov. 9 (2010) 293-307. https://doi.org/10.1038/nrd3203.

Y. Ota, T. Otsubo, J. Koroki, Y. Hirose, E. Koga-Yamakawa, M. Murata, M. Goto, Y. Matsuki, Abstract
4726: Novel intravenous injectable TLR7 agonist, DSP-0509, synergistically enhanced antitumor
immune responses in combination with anti-PD-1 antibody, Cancer Res. 78 (2018) 4726-4726.
https://doi.org/10.1158/1538-7445.AM2018-4726.

DSP 0509 - AdisInsight, (n.d.). https://adisinsight.springer.com/drugs/800051219 (accessed January
16, 2020).

Pipeline, BioNTech. (n.d.). https://www.biontech.de/science/pipeline (accessed January 16, 2020).

Y. Hu, H. Zhang, M. Wu, D. Huo, H. Chen, X. Zhu, X. Li, Z. Xu, Y. Ding, J. Niu, Orally Administered TQ-
A3334 to Evaluate the Safety,Tolerability,Pharmacokinetics and Pharmacodynamics Single and
Multiple Ascending Doses in Healthy Chinese Subjects, (n.d.) 1.

F. Herschke, C. Li, A.D. Creus, R. Zhu, Q. Han, Q. Lu, T.-I. Lin, PS-076-Antiviral activity of JNJ-4964 (AL-
034/TQ-A3334), a selective toll-like receptor 7 agonist, in AAV/HBV mice after oral administration for
12 weeks, J. Hepatol. 70 (2019) e49-e50. https://doi.org/10.1016/50618-8278(19)30088-X.

A. De Creus, Q. Lu, C. Li, M. Tuefferd, F. Herschke, P1-014: Preclinical in-vivo characterization of an
oral TLR7 agonist, AL-034 (or TQ-A3334), J. Viral Hepat. 25 (2018) 39-40.
https://doi.org/10.1111/jvh.09_12923.

C. Li, F. Herschke, A. De Creus, R. Zhu;, P1-015: Oral administration of JNJ-4964 (AL-034/TQ-A3334), a
selective toll-like receptor 7 agonist, in AAV/HBV mice for 12 weeks, resulted in potent and sustained
anti-HBV activity with HBsAg seroconversion and detectable HBsAg-specific T cells and B cells, J. Viral
Hepat. 25 (2018) 40-40. https://doi.org/10.1111/jvh.10_12923.

S. Adams, Toll-like receptor agonists in cancer therapy, Immunotherapy. 1 (2009) 949-964.
https://doi.org/10.2217/imt.09.70.

S. Kivimde, W. Rubas, R. Pena, J. McLaughlin, M. Hennessy, Y. Kirksey, W. Nieves, M. Lee, C. Law, K.
Bhasi, P. Quach, J. Cetz, J.L. Langowski, C. Fanton, J.Z. Aquino, Z. Ren, H. Cai, B. Deng, W. Zhang, N.K.
Anand, J.A. Riggs-Sauthier, S. Doberstein, J. Zalevsky, Harnessing the innate and adaptive immune
system to eradicate treated and distant untreated solid tumors, (n.d.) 1.

M.C. Patra, S. Choi, Recent progress in the development of Toll-like receptor (TLR) antagonists, Expert
Opin. Ther. Pat. 26 (2016) 719-730. https://doi.org/10.1080/13543776.2016.1185415.

S. Zhang, Z. Hu, H. Tanji, S. Jiang, N. Das, J. Li, K. Sakaniwa, J. Jin, Y. Bian, U. Ohto, T. Shimizu, H. Yin,
Small-molecule inhibition of TLR8 through stabilization of its resting state, Nat. Chem. Biol. 14 (2018)
58-64. https://doi.org/10.1038/nchembio.2518.

M. Severa, F. Rizzo, E. Giacomini, V. Annibali, V. Gafa, S. Romano, M.C. Buscarinu, A. Fornasiero, M.
Salvetti, E.M. Coccia, IFN-B Therapy Regulates TLR7-Mediated Response in Plasmacytoid Dendritic
Cells of Multiple Sclerosis Patients Influencing an Anti-Inflammatory Status, J. Interferon Cytokine Res.
35 (2015) 668-681. https://doi.org/10.1089/jir.2014.0207.

70



[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

C.-Y. Lai, Y.-W. Su, K.-I. Lin, L.-C. Hsu, T.-H. Chuang, Natural Modulators of Endosomal Toll-Like
Receptor-Mediated Psoriatic Skin Inflammation, J. Immunol. Res. 2017 (2017) 7807313.
https://doi.org/10.1155/2017/7807313.

A. Marshak-Rothstein, Toll-like receptors in systemic autoimmune disease, Nat. Rev. Immunol. 6
(2006) 823-835. https://doi.org/10.1038/nri1957.

D. Finke, M.-L. Eloranta, L. Ronnblom, Endogenous type | interferon inducers in autoimmune diseases,
Autoimmunity. 42 (2009) 349-352.

G.C. Tsokos, Systemic lupus erythematosus, N. Engl. J. Med. 365 (2011) 2110-2121.
https://doi.org/10.1056/NEJMra1100359.

S.R. Christensen, J. Shupe, K. Nickerson, M. Kashgarian, R.A. Flavell, M.J. Shlomchik, Toll-like receptor
7 and TLR9 dictate autoantibody specificity and have opposing inflammatory and regulatory roles in a
murine model of lupus, Immunity. 25 (2006) 417-428.
https://doi.org/10.1016/j.immuni.2006.07.013.

A. Forsbach, J.-G. Nemorin, K. Volp, U. Samulowitz, C. Montino, C. Miiller, S. Tluk, S. Hamm, S. Bauer,
G.B. Lipford, J. Vollmer, Characterization of conserved viral leader RNA sequences that stimulate
innate immunity through TLRs, Oligonucleotides. 17 (2007) 405-417.
https://doi.org/10.1089/0li.2007.0098.

V. Vielhauer, T.N. Mayadas, Functions of TNF and its receptors in renal disease: distinct roles in
inflammatory tissue injury and immune regulation, Semin. Nephrol. 27 (2007) 286-308.
https://doi.org/10.1016/j.semnephrol.2007.02.004.

M. De Bandt, Lessons for lupus from tumour necrosis factor blockade, Lupus. 15 (2006) 762—-767.
https://doi.org/10.1177/0961203306071703.

J. Vollmer, S. Tluk, C. Schmitz, S. Hamm, M. Jurk, A. Forsbach, S. Akira, K.M. Kelly, W.H. Reeves, S.
Bauer, A.M. Krieg, Immune stimulation mediated by autoantigen binding sites within small nuclear
RNAs involves Toll-like receptors 7 and 8, J. Exp. Med. 202 (2005) 1575-1585.
https://doi.org/10.1084/jem.20051696.

J.-E. Gottenberg, N. Cagnard, C. Lucchesi, F. Letourneur, S. Mistou, T. Lazure, S. Jacques, N. Ba, M.
Ittah, C. Lepajolec, M. Labetoulle, M. Ardizzone, J. Sibilia, C. Fournier, G. Chiocchia, X. Mariette,
Activation of IFN pathways and plasmacytoid dendritic cell recruitment in target organs of primary
Sjogren’s syndrome, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 2770-2775.
https://doi.org/10.1073/pnas.0510837103.

D. Ganguly, G. Chamilos, R. Lande, J. Gregorio, S. Meller, V. Facchinetti, B. Homey, F.J. Barrat, T. Zal,
M. Gilliet, Self-RNA-antimicrobial peptide complexes activate human dendritic cells through TLR7 and
TLRS, J. Exp. Med. 206 (2009) 1983—1994. https://doi.org/10.1084/jem.20090480.

J. Cherfils-Vicini, S. Platonova, M. Gillard, L. Laurans, P. Validire, R. Caliandro, P. Magdeleinat, F. Mami-
Chouaib, M.-C. Dieu-Nosjean, W.-H. Fridman, D. Damotte, C. Sautés-Fridman, |. Cremer, Triggering of
TLR7 and TLR8 expressed by human lung cancer cells induces cell survival and chemoresistance, J. Clin.
Invest. 120 (2010) 1285-1297. https://doi.org/10.1172/JCI36551.

S. Chatterjee, L. Crozet, D. Damotte, K. Iribarren, C. Schramm, M. Alifano, A. Lupo, J. Cherfils-Vicini, J.
Gog, S. Katsahian, M. Younes, M.C. Dieu-Nosjean, W.H. Fridman, C. Sautés-Fridman, I. Cremer, TLR7
promotes tumor progression, chemotherapy resistance, and poor clinical outcomes in non-small cell
lung cancer, Cancer Res. 74 (2014) 5008-5018. https://doi.org/10.1158/0008-5472.CAN-13-2698.

A. Ochi, C.S. Graffeo, C.P. Zambirinis, A. Rehman, M. Hackman, N. Fallon, R.M. Barilla, J.R. Henning, M.
Jamal, R. Rao, S. Greco, M. Deutsch, M.V. Medina-Zea, U. Bin Saeed, M.O. Ego-Osuala, C. Hajdu, G.
Miller, Toll-like receptor 7 regulates pancreatic carcinogenesis in mice and humans, J. Clin. Invest. 122
(2012) 4118-4129. https://doi.org/10.1172/1C163606.

J. Vaz, R. Andersson, Intervention on toll-like receptors in pancreatic cancer, World J. Gastroenterol.
20(2014) 5808-5817. https://doi.org/10.3748/wjg.v20.i19.5808.

F.E. Mohamed, R.M. Al-Jehani, S.S. Minogue, F. Andreola, A. Winstanley, S.W.M. Olde Damink, A.
Habtesion, M. Malagd, N. Davies, T.V. Luong, A.P. Dhillon, R.P. Mookerjee, D.K. Dhar, R. Jalan, Effect
of toll-like receptor 7 and 9 targeted therapy to prevent the development of hepatocellular carcinoma,
Liver Int. Off. J. Int. Assoc. Study Liver. 35 (2015) 1063-1076. https://doi.org/10.1111/liv.12626.

71



[302]

[303]

[304]

[305]

[306]

[307]

[308]
[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

S. Baenziger, M. Heikenwalder, P. Johansen, E. Schlaepfer, U. Hofer, R.C. Miller, S. Diemand, K. Honda,
T.M. Kundig, A. Aguzzi, R.F. Speck, Triggering TLR7 in mice induces immune activation and lymphoid
system disruption, resembling HIV-mediated pathology, Blood. 113 (2009) 377-388.
https://doi.org/10.1182/blood-2008-04-151712.

M.M. Lederman, A surprising role for TLR7, Nat. Immunol. 16 (2015) 8-9.
https://doi.org/10.1038/ni.3051.

S. Zhang, Z. Hu, H. Tanji, S. Jiang, N. Das, J. Li, K. Sakaniwa, J. Jin, Y. Bian, U. Ohto, T. Shimizu, H. Yin,
Small-molecule inhibition of TLR8 through stabilization of its resting state, Nat. Chem. Biol. 14 (2018)
58-64. https://doi.org/10.1038/nchembio.2518.

R. Fox, Anti-malarial drugs: possible mechanisms of action in autoimmune disease and prospects for
drug development, Lupus. 5 Suppl 1 (1996) S4-10.

G. Ruiz-Irastorza, M. Ramos-Casals, P. Brito-Zeron, M.A. Khamashta, Clinical efficacy and side effects
of antimalarials in systemic lupus erythematosus: a systematic review, Ann. Rheum. Dis. 69 (2010) 20—
28. https://doi.org/10.1136/ard.2008.101766.

A. Kuznik, M. Benéina, U. Svajger, M. Jeras, B. Rozman, R. Jerala, Mechanism of Endosomal TLR
Inhibition by  Antimalarial Drugs and Imidazoquinolines, J. Immunol. (2011).
https://doi.org/10.4049/jimmunol.1000702.

S.-J. Lee, E. Silverman, J.M. Bargman, The role of antimalarial agents in the treatment of SLE and lupus
nephritis, Nat. Rev. Nephrol. 7 (2011) 718-729. https://doi.org/10.1038/nrneph.2011.150.

S.M. Weber, J.-M. Chen, S.M. Levitz, Inhibition of Mitogen-Activated Protein Kinase Signaling by
Chloroquine, J. Immunol. 168 (2002) 5303-5309. https://doi.org/10.4049/jimmunol.168.10.5303.
W.-U. Kim, S.-A. Yoo, S.-Y. Min, S.-H. Park, H.-S. Koh, S.-W. Song, C.-S. Cho, Hydroxychloroquine
potentiates Fas-mediated apoptosis of rheumatoid synoviocytes, Clin. Exp. Immunol. 144 (2006) 503—
511. https://doi.org/10.1111/j.1365-2249.2006.03070.x.

A. Wozniacka, A. Lesiak, J. Boncela, K. Smolarczyk, D.P. McCauliffe, A. Sysa-Jedrzejowska, The influence
of antimalarial treatment on IL-1B, IL-6 and TNF-a mRNA expression on UVB-irradiated skin in systemic
lupus erythematosus, Br. J. Dermatol. 159 (2008) 1124-1130. https://doi.org/10.1111/j.1365-
2133.2008.08804 .x.

A. Lesiak, J. Narbutt, A. Sysa-Jedrzejowska, J. Lukamowicz, D. McCauliffe, A. Wdzniacka, Effect of
chloroquine phosphate treatment on serum MMP-9 and TIMP-1 levels in patients with systemic lupus
erythematosus, Lupus. 19 (2010) 683—688. https://doi.org/10.1177/0961203309356455.

H. Yasuda, A. Leelahavanichkul, S. Tsunoda, J.W. Dear, Y. Takahashi, S. Ito, X. Hu, H. Zhou, K. Doi, R.
Childs, D.M. Klinman, P.S.T. Yuen, R.A. Star, Chloroquine and inhibition of Toll-like receptor 9 protect
from sepsis-induced acute kidney injury, Am. J. Physiol.-Ren. Physiol. 294 (2008) F1050-F1058.
https://doi.org/10.1152/ajprenal.00461.2007.

N.l. Paton, L. Lee, Y. Xu, E.E. Ooi, Y.B. Cheung, S. Archuleta, G. Wong, A.W. Smith, Chloroquine for
influenza prevention: a randomised, double-blind, placebo controlled trial, Lancet Infect. Dis. 11
(2011) 677-683. https://doi.org/10.1016/51473-3099(11)70065-2.

M.C. Borges, L.A. Castro, B.A.L. da Fonseca, M.C. Borges, L.A. Castro, B.A.L. da Fonseca, Chloroquine
use improves dengue-related symptoms, Mem. Inst. Oswaldo Cruz. 108 (2013) 596-599.
https://doi.org/10.1590/50074-02762013000500010.

G. Cui, X. Ye, T. Zuo, H. Zhao, Q. Zhao, W. Chen, F. Hua, Chloroquine pretreatment inhibits toll-like
receptor 3 signaling  after  stroke, Neurosci. Lett. 548 (2013) 101-104.
https://doi.org/10.1016/j.neulet.2013.02.072.

F.E. Mohamed, R.M. Al-Jehani, S.S. Minogue, F. Andreola, A. Winstanley, S.W.M.O. Damink, A.
Habtesion, M. Malagé, N. Davies, T.V. Luong, A.P. Dhillon, R.P. Mookerjee, D.K. Dhar, R. Jalan, Effect
of toll-like receptor 7 and 9 targeted therapy to prevent the development of hepatocellular carcinoma,
Liver Int. 35 (2015) 1063-1076. https://doi.org/10.1111/liv.12626.

Gbémez-Guzman Manuel, Jiménez Rosario, Romero Miguel, Sdnchez Manuel, Zarzuelo Maria José,
Gbémez-Morales Mercedes, O’Valle Francisco, Lopez-Farré Antonio José, Algieri Francesca, Galvez
Julio, Pérez-Vizcaino Francisco, Sabio José Mario, Duarte Juan, Chronic Hydroxychloroquine Improves
Endothelial Dysfunction and Protects Kidney in a Mouse Model of Systemic Lupus Erythematosus,
Hypertension. 64 (2014) 330-337. https://doi.org/10.1161/HYPERTENSIONAHA.114.03587.

72



[319]

[320]
[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

G.B. Lipford, C.M. Zepp, Quinazoline derivative useful as toll-like receptor antagonist,
W02008152471A1, 2008. https://patents.google.com/patent/W02008152471A1/en (accessed
December 20, 2019).

T. Parkinson, The future of toll-like receptor therapeutics, Curr. Opin. Mol. Ther. 10 (2008) 21-31.

M. Watanabe, M. Kasai, H. Tomizawa, M. Aoki, K. Eiho, Y. Isobe, S. Asano, Dihydropyrrolo[2,3-
d]pyrimidines: Selective Toll-Like Receptor 9 Antagonists from Scaffold Morphing Efforts, ACS Med.
Chem. Lett. 5 (2014) 1235-1239. https://doi.org/10.1021/mI5003184.

N.M. Shukla, S.S. Malladi, V. Day, S.A. David, Preliminary evaluation of a 3H imidazoquinoline library
as dual TLR7/TLR8 antagonists, Bioorg. Med. Chem. 19 (2011) 3801-3811.
https://doi.org/10.1016/j.bmc.2011.04.052.

N.M. Shukla, C.A. Mutz, S.S. Malladi, H.J. Warshakoon, R. Balakrishna, S.A. David, Toll-like receptor
(TLR)-7 and -8 modulatory activities of dimeric imidazoquinolines, J. Med. Chem. 55 (2012) 1106—
1116. https://doi.org/10.1021/jm2010207.

L.-F. Hou, S.-J. He, J.-X. Wang, Y. Yang, F.-H. Zhu, Y. Zhou, P.-L. He, Y. Zhang, Y.-F. Yang, Y. Li, W. Tang,
J.-P. Zuo, SM934, a water-soluble derivative of arteminisin, exerts immunosuppressive functions in
vitro and in vivo, Int. Immunopharmacol. 9 (2009) 1509-1517.
https://doi.org/10.1016/j.intimp.2009.09.003.

Y. Wu, W. Tang, J. Zuo, Development of artemisinin drugs in the treatment of autoimmune diseases,
Sci. Bull. 61 (2016) 37-41. https://doi.org/10.1007/s11434-015-0975-9.

L.-F. Hou, S.-J. He, X. Li, Y. Yang, P.-L. He, Y. Zhou, F.-H. Zhu, Y.-F. Yang, Y. Li, W. Tang, J.-P. Zuo, Oral
administration of artemisinin analog SM934 ameliorates lupus syndromes in MRL/lpr mice by
inhibiting Thl and Th17 cell responses, Arthritis Rheum. 63 (2011) 2445-2455.
https://doi.org/10.1002/art.30392.

Y. Wu, S. He, B. Bai, L. Zhang, L. Xue, Z. Lin, X. Yang, F. Zhu, P. He, W. Tang, J. Zuo, Therapeutic effects
of the artemisinin analog SM934 on lupus-prone MRL/ Ipr mice via inhibition of TLR-triggered B-cell
activation and plasma cell formation, Cell. Mol. Immunol. 13 (2016) 379-390.
https://doi.org/10.1038/cmi.2015.13.

L.-F. Hou, S.-J. He, X. Li, C.-P. Wan, Y. Yang, X.-H. Zhang, P.-L. He, Y. Zhou, F.-H. Zhu, Y.-F. Yang, Y. Li, W.
Tang, J.-P. Zuo, SM934 Treated Lupus-Prone NZBxNZW F1 Mice by Enhancing Macrophage Interleukin-
10 Production and Suppressing Pathogenic T Cell Development, PLOS ONE. 7 (2012) e32424.
https://doi.org/10.1371/journal.pone.0032424.

X. Li, T.-T. Li, X.-H. Zhang, L.-F. Hou, X.-Q. Yang, F.-H. Zhu, W. Tang, J.-P. Zuo, Artemisinin Analogue
SM934 Ameliorates Murine Experimental Autoimmune Encephalomyelitis through Enhancing the
Expansion and Functions of Regulatory T Cell, PLOS ONE. 8 (2013) e74108.
https://doi.org/10.1371/journal.pone.0074108.

Z.-M. Lin, X.-Q. Yang, F.-H. Zhu, S.-). He, W. Tang, J.-P. Zuo, Artemisinin analogue SM934 attenuate
collagen-induced arthritis by suppressing T follicular helper cells and T helper 17 cells, Sci. Rep. 6
(2016) 1-11. https://doi.org/10.1038/srep38115.

B.S. Franklin, S.T. Ishizaka, M. Lamphier, F. Gusovsky, H. Hansen, J. Rose, W. Zheng, M.A. Ataide, R.B.
de Oliveira, D.T. Golenbock, R.T. Gazzinelli, Therapeutical targeting of nucleic acid-sensing Toll-like
receptors prevents experimental cerebral malaria, Proc. Natl. Acad. Sci. 108 (2011) 3689—3694.
https://doi.org/10.1073/pnas.1015406108.

M. Lamphier, W. Zheng, E. Latz, M. Spyvee, H. Hansen, J. Rose, M. Genest, H. Yang, C. Shaffer, Y. Zhao,
Y. Shen, C. Liu, D. Liu, T.R. Mempel, C. Rowbottom, J. Chow, N.C. Twine, M. Yu, F. Gusovsky, S.T.
Ishizaka, Novel Small Molecule Inhibitors of TLR7 and TLR9: Mechanism of Action and Efficacy In Vivo,
Mol. Pharmacol. 85 (2014) 429-440. https://doi.org/10.1124/mol.113.089821.

W. Piao, K.A. Shirey, L.W. Ru, W. Lai, H. Szmacinski, G.A. Snyder, E.J. Sundberg, J.R. Lakowicz, S.N.
Vogel, V.Y. Toshchakov, A Decoy Peptide that Disrupts TIRAP Recruitment to TLRs Is Protective in a
Murine Model of Influenza, Cell Rep. 11 (2015) 1941-1952.
https://doi.org/10.1016/j.celrep.2015.05.035.

A.D. Judge, G. Bola, A.C.H. Lee, I. Maclachlan, Design of noninflammatory synthetic siRNA mediating
potent gene silencing in vivo, Mol. Ther. J. Am. Soc. Gene Ther. 13 (2006) 494-505.
https://doi.org/10.1016/j.ymthe.2005.11.002.

73



[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

K. Karikd, M. Buckstein, H. Ni, D. Weissman, Suppression of RNA recognition by Toll-like receptors: the
impact of nucleoside modification and the evolutionary origin of RNA, Immunity. 23 (2005) 165-175.
https://doi.org/10.1016/j.immuni.2005.06.008.

M. Robbins, A. Judge, L. Liang, K. McClintock, E. Yaworski, . MacLachlan, 2’-O-methyl-modified RNAs
act as TLR7 antagonists, Mol. Ther. J. Am. Soc. Gene Ther. 15 (2007) 1663-1669.
https://doi.org/10.1038/sj.mt.6300240.

S.T. Sarvestani, H.J. Stunden, M.A. Behlke, S.C. Forster, C.E. McCoy, M.D. Tate, J. Ferrand, K.A. Lennox,
E. Latz, B.R.G. Williams, M.P. Gantier, Sequence-dependent off-target inhibition of TLR7/8 sensing by
synthetic microRNA inhibitors, Nucleic Acids Res. 43 (2015) 1177-1188.
https://doi.org/10.1093/nar/gku1343.

H. Hemmi, O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M. Matsumoto, K. Hoshino, H. Wagner,
K. Takeda, S. Akira, A Toll-like receptor recognizes bacterial DNA, Nature. 408 (2000) 740-745.
https://doi.org/10.1038/35047123.

D. Yu, D. Wang, F.-G. Zhu, L. Bhagat, M. Dai, E.R. Kandimalla, S. Agrawal, Modifications incorporated
in CpG motifs of oligodeoxynucleotides lead to antagonist activity of toll-like receptors 7and 9, J. Med.
Chem. 52 (2009) 5108-5114. https://doi.org/10.1021/jm900730r.

F. Barrat, R.L. Coffman, C. Guiducci, Methods of treatment using TLR7 and/or TLR9 inhibitors,
US8940310B2, 2015. https://patents.google.com/patent/US8940310/en/und (accessed December
10, 2019).

C. Guiducci, K.L. Fearon, F. Barrat, Human toll-like receptor inhibitors and methods of use thereof,
US9228184B2, 2016. https://patents.google.com/patent/US9228184B2/en (accessed December 10,
2019).

E.R. Kandimalla, L. Bhagat, D. Wang, D. Yu, T. Sullivan, N. La Monica, S. Agrawal, Design, synthesis and
biological evaluation of novel antagonist compounds of Toll-like receptors 7, 8 and 9, Nucleic Acids
Res. 41 (2013) 3947-3961. https://doi.org/10.1093/nar/gkt078.

F.-G. Zhu, W. Jiang, L. Bhagat, D. Wang, D. Yu, J.X. Tang, E.R. Kandimalla, N. La Monica, S. Agrawal, A
novel antagonist of Toll-like receptors 7, 8 and 9 suppresses lupus disease-associated parameters in
NZBW/F1 mice, Autoimmunity. 46 (2013) 419-428. https://doi.org/10.3109/08916934.2013.798651.
F.C.F. Schmitt, I. Freund, M.A. Weigand, M. Helm, A.H. Dalpke, T. Eigenbrod, Identification of an
optimized 2’-O-methylated trinucleotide RNA motif inhibiting Toll-like receptors 7 and 8, RNA N. Y. N.
23 (2017) 1344-1351. https://doi.org/10.1261/rna.061952.117.

E.R. Kandimalla, D. Wang, D. Yu, I. Nowak, S. Agrawal, Immune regulatory oligonucleotide (iro)
compounds to modulate toll-like receptor based immune response, US20140193396A1, 2014.
https://patents.google.com/patent/US20140193396A1/en?0q=idara+us+20140193396  (accessed
December 10, 2019).

D.M.W. Balak, M.B.A. van Doorn, R.D. Arbeit, R. Rijneveld, E. Klaassen, T. Sullivan, J. Brevard, H.B. Thio,
E.P. Prens, J. Burggraaf, R. Rissmann, IMO-8400, a toll-like receptor 7, 8, and 9 antagonist,
demonstrates clinical activity in a phase 2a, randomized, placebo-controlled trial in patients with
moderate-to-severe plaque psoriasis, Clin. Immunol. Orlando Fla. 174 (2017) 63-72.
https://doi.org/10.1016/j.clim.2016.09.015.

M. Suarez-Farifias, R. Arbeit, W. Jiang, F.S. Ortenzio, T. Sullivan, J.G. Krueger, Suppression of molecular
inflammatory pathways by Toll-like receptor 7, 8, and 9 antagonists in a model of IL-23-induced skin
inflammation, PloS One. 8 (2013) e84634. https://doi.org/10.1371/journal.pone.0084634.

W. Jiang, F. Zhu, J. Tang, E. Kandimalla, N.L. Monica, S. Agrawal, IMO-8400, a novel TLR7, TLR8 and
TLR9 antagonist, inhibits disease development in mouse models of psoriasis (119.8), J. Immunol. 188
(2012) 119.8-119.8.

F.-G. Zhu, W. Jiang, Y. Dong, E. Kandimalla, N.L. Monica, S. Agrawal, IMO-8400, a novel TLR7, TLR8 and
TLR9 antagonist, inhibits disease development in lupus-prone NZBW/F1 mice (119.12), J. Immunol.
188 (2012) 119.12-119.12.

F. Zhu, D. Wang, W. Jiang, L. Bhagat, S. Agrawal, Sal757 Targeting Innate Immune Receptors to Treat
Inflammatory Bowel Disease: Preclinical Activity of IM0O-9200, an Antagonist of TLRS 7, 8, and 9 in
Mouse Models of Colitis, Gastroenterology. 148 (2015) S-324. https://doi.org/10.1016/S0016-
5085(15)31073-8.

74



[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

[362]

[363]

[364]

[365]

[366]

W. Jiang, L. Bhagat, D. Yu, E.R. Kandimalla, S. Agrawal, IMO-3100, an Antagonist of Toll-Like Receptors
7 and 9, Modulates Gene Expression and Regulatory Networks Induced by Ligands (48.25), J. Immunol.
182 (2009) 48.25-48.25.

D. Wang, M. Precopio, M. Reardon, T. Lan, J.X. Tang, E.R. Kandimalla, A.S. Bexon, N. La Monica, S.
Agrawal, Supra-additive effect of IMO-4200, a novel TLR7 and TLR8 dual agonist, with rituximab and
cytotoxics in preclinical models of hematologic malignancies., J. Clin. Oncol. 29 (2011) e13076—
€13076. https://doi.org/10.1200/jc0.2011.29.15_suppl.e13076.

D. Wang, M. Precopio, M.J. Reardon, T. Lan, J.X. Tang, E.R. Kandimalla, A. Bexon, N.L. Monica, S.
Agrawal, IM0O-4200, a Novel TLR7 and TLR8 Dual Agonist, Enhances Antitumor Effect of Ofatumumab,
Rituximab and Cytotoxics in Preclinical Models of Hematological Malignancies, Blood. 118 (2011)
3724-3724. https://doi.org/10.1182/blood.V118.21.3724.3724.

F. Rommler, M. Hammel, A. Waldhuber, T. Miller, M. Jurk, E. Uhlmann, H. Wagner, J. Vollmer, T.
Miethke, Guanine-Modified Inhibitory Oligonucleotides Efficiently Impair TLR7- and TLR9-Mediated
Immune Responses of Human Immune Cells, PLOS ONE. 10 (2015) e0116703.
https://doi.org/10.1371/journal.pone.0116703.

F. Rommler, M. Jurk, E. Uhlmann, M. Hammel, A. Waldhuber, L. Pfeiffer, H. Wagner, J. Vollmer, T.
Miethke, Guanine Modification of Inhibitory Oligonucleotides Potentiates Their Suppressive Function,
J. Immunol. 191 (2013) 3240-3253. https://doi.org/10.4049/jimmunol.1300706.

F.J. Barrat, T. Meeker, J. Gregorio, J.H. Chan, S. Uematsu, S. Akira, B. Chang, O. Duramad, R.L. Coffman,
Nucleic acids of mammalian origin can act as endogenous ligands for Toll-like receptors and may
promote systemic lupus erythematosus, J. Exp. Med. 202 (2005) 1131-1139.
https://doi.org/10.1084/jem.20050914.

F.J. Barrat, T. Meeker, J.H. Chan, C. Guiducci, R.L. Coffman, Treatment of lupus-prone mice with a dual
inhibitor of TLR7 and TLR9 leads to reduction of autoantibody production and amelioration of disease
symptoms, Eur. J. Immunol. 37 (2007) 3582—-3586. https://doi.org/10.1002/eji.200737815.

C. Guiducci, M. Gong, Z. Xu, M. Gill, D. Chaussabel, T. Meeker, J.H. Chan, T. Wright, M. Punaro, S.
Bolland, V. Soumelis, J. Banchereau, R.L. Coffman, V. Pascual, F.J. Barrat, TLR recognition of self nucleic
acids hampers glucocorticoid activity in lupus, Nature. 465 (2010) 937-941.
https://doi.org/10.1038/nature09102.

R.D. Pawar, A. Ramanjaneyulu, O.P. Kulkarni, M. Lech, S. Segerer, H.-J. Anders, Inhibition of Toll-like
receptor-7 (TLR-7) or TLR-7 plus TLR-9 attenuates glomerulonephritis and lung injury in experimental
lupus, J. Am. Soc. Nephrol. JASN. 18 (2007) 1721-1731. https://doi.org/10.1681/ASN.2006101162.
R.D. Pawar, A. Ramanjaneyulu, O.P. Kulkarni, M. Lech, S. Segerer, H.-J. Anders, Inhibition of Toll-Like
Receptor-7 (TLR-7) or TLR-7 plus TLR-9 Attenuates Glomerulonephritis and Lung Injury in Experimental
Lupus, J. Am. Soc. Nephrol. 18 (2007) 1721-1731. https://doi.org/10.1681/ASN.2006101162.

Y. Zhang, E. Chang, J. Dutz, Toll like receptor 7 antagonist IRS661 inhibits insulitis and autoimmune
diabetes in non-obese diabetic mice (P5227), J. Immunol. 190 (2013) 67.10-67.10.

A.S. Lee, M. Ghoreishi, W.K. Cheng, T.-Y.E. Chang, Y.Q. Zhang, J.P. Dutz, Toll-like receptor 7 stimulation
promotes autoimmune diabetes in the NOD mouse, Diabetologia. 54 (2011) 1407-1416.
https://doi.org/10.1007/s00125-011-2083-y.

Dynavax Regains Full Rights to Investigational TLR 7/9 Inhibitor DV1179 Following Expiration of
Collaboration With GSK, Dynavax Technol. Corp. (n.d.). http://investors.dynavax.com/news-
releases/news-release-details/dynavax-regains-full-rights-investigational-tlr-79-inhibitor  (accessed
December 23, 2019).

C. Vanpouille-Box, J.A. Hoffmann, L. Galluzzi, Pharmacological modulation of nucleic acid sensors —
therapeutic potential and persisting obstacles, Nat. Rev. Drug Discov. 18 (2019) 845-867.
https://doi.org/10.1038/s41573-019-0043-2.

M.A. Anwar, M. Shah, J. Kim, S. Choi, Recent clinical trends in Toll-like receptor targeting therapeutics,
Med. Res. Rev. 39 (2019) 1053-1090. https://doi.org/10.1002/med.21553.

Search of: TLR 7 - List Results - ClinicalTrials.gov, (n.d.).
https://clinicaltrials.gov/ct2/results?cond=&term=TLR+7&cntry=&state=&city=&dist= (accessed
December 11, 2019).

75



[367] Search of: TLR 8 - List Results - ClinicalTrials.gov, (n.d.).
https://clinicaltrials.gov/ct2/results?cond=&term=TLR+8&cntry=&state=&city=&dist= (accessed
December 11, 2019).

[368] Clinical Trials register - Search for TLR7, (n.d.). https://www.clinicaltrialsregister.eu/ctr-
search/search?query=TLR7 (accessed December 12, 2019).

[369] L. Milling, Y.Zhang, D.J. Irvine, Delivering safer immunotherapies for cancer, Adv. Drug Deliv. Rev. 114
(2017) 79-101. https://doi.org/10.1016/j.addr.2017.05.011.

76



| Antagonists

c c
?/ 2 o
= +—
o ©
N E =
SOUNE %
=
— (%) Y
N~ “NH, o %
>
& c N=
\ = \ = NN
5 £
0 y 00 @ =
NfJ\NH N IPro-ianammatory\ ~ N™ "NH,
O:<N L e cytokines I 2
HO N ONH, 05 \ o
o = TypeIIFNs/ =
% ) ‘ . 8_
OH OH 3 E
- (¢0)
v Yy T
Immunotherapy, Adjuvant strategy Autoimmune diseases treatment
Antiviral and antibacterial action Cancer management

Allergy and asthma treatment AIDS attenuation








