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1.1 Preface 

Autoimmune and inflammatory diseases affect hundreds of millions of people worldwide, 

presenting a growing global health challenge. As of now, approximately 5% of the world's 

population suffer of these conditions.1 The disease spectrum contains more than 100 distinct 

conditions, including rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus, 

type 1 diabetes, and Crohn's disease, collectively demonstrating one of the highest non-

communicable disease burdens worldwide.2,3 The prevalence of autoimmune diseases has been 

increasing steadily by 3–5% annually, making the identification of underlying pathogenic 

mechanisms and the development of targeted therapeutic interventions an increasingly urgent 

priority.4 

The innate immune system serves as the body's first line of defense, operating through a limited 

repertoire of germline-encoded receptors that detect molecular patterns associated with 

pathogens and cellular stress. Among these pattern recognition receptors (PRRs), Toll-like 

receptors (TLRs) play a central role in initiating immune responses by sensing pathogen- and 

damage-associated molecular patterns, thereby triggering inflammatory signaling cascades.5 

Human Toll-like receptor 8 (TLR8) has emerged as a critical endosomal receptor for its roles 

in host defense, vaccine efficacy, and immunotherapy, although many aspects of its function 

remain incompletely understood.6 Dysregulated TLR8 signaling has been implicated in driving 

autoimmune syndromes and chronic inflammation, making its selective modulation a promising 

scientific and clinical strategy.7 

Recent advances have elucidated mechanisms of ligand recognition and signaling of endosomal 

TLRs, with TLR8 now recognized as a pivotal yet still partly characterized regulator of antiviral 

and inflammatory responses.8 A comprehensive investigation of TLR8 signaling, structure, and 

pharmacological modulation therefore provides novel insights into immune regulation and offer 

promising therapeutic opportunities for autoimmune and inflammatory diseases. 
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1.2 The Immune System 

1.2.1 General Principles 

The innate immune system is the host's first and most ancient line of defense, delivering a rapid, 

non-specific response to infectious pathogens and endogenous danger signals. This system is 

evolutionarily conserved and provides the critical signals that are required to activate and shape 

the more specialized adaptive immune response.5 A core principle of innate immunity is its 

ability to recognize conserved molecular patterns rather than specific antigens.9 These patterns 

are broadly categorized into two groups: pathogen-associated molecular patterns (PAMPs), 

which are unique to microorganisms (e.g., lipopolysaccharide (LPS), bacterial flagellin, viral 

RNA), and danger-associated molecular patterns (DAMPs), which are host-derived molecules 

released from damaged or stressed cells.10,11 The ability of the immune system to distinguish 

between these danger signals and harmless self-molecules is fundamental for initiating an 

appropriate inflammatory response while maintaining tolerance.12 Within minutes to hours, the 

innate immune system mobilizes a diverse repertoire of defense mechanisms comprising 

physical barriers, cellular effectors, and soluble mediators (Figure 1). Cellular responses include 

phagocytosis and degranulation by neutrophils and macrophages, as well as natural killer (NK) 

cell-mediated cytotoxicity. Concurrently, soluble factors such as complement proteins, reactive 

oxygen species, and an array of inflammatory cytokines, including tumor necrosis factor (TNF), 

interleukin (IL)-1, IL-6, and type I interferons (IFNs) amplify and coordinate the immune 

response.13 

The adaptive immune system in contrast, provides a delayed but highly antigen-specific 

response mediated by B and T lymphocytes. This response enables precise pathogen clearance 

and long-lived immunological memory. Activation depends on the presentation of antigens via 

major histocompatibility complex (MHC) class I and II together with co-stimulatory signals, 

which are induced by innate sensing and consequently couple adaptive responses to the tissue 

context of infection or injury.14 Key effector mechanisms include cytotoxic T cell-mediated 

elimination of infected or malignant cells, T helper (Th) cell polarization directing immune 

responses, and germinal center B cell differentiation involving class switch recombination and 

affinity maturation to generate high-affinity, isotype-switched antibodies (Figure 1).14,15 

Following activation, memory T and B cells provide rapid, robust recall responses upon re-

exposure, with tolerance checkpoints limiting autoreactivity. Notably, cytokines and co-

stimulation produced downstream of endosomal TLRs, particularly TLR8 in human myeloid 

cells, critically shape the magnitude and quality of adaptive immune responses, thus bridging 
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innate pathogen recognition with durable, specific immunity.7 The complement system, 

comprising more than 30 plasma and membrane-bound proteins, bridges innate and adaptive 

immunity by opsonizing pathogens, promoting chemotaxis, and inducing cell lysis through 

membrane attack complex formation.16 Beyond its defensive functions, inappropriate 

complement activation can damage host tissues and has been implicated in autoimmune and 

inflammatory disorders such as systemic lupus erythematosus (SLE) and rheumatoid arthritis 

(RA).17 

1.2.2 Cells of the Innate Immune System 

The innate immune system compromises a diverse set of cellular effectors that provide a rapid, 

non-specific defense against invading pathogens and danger signals. Neutrophils are the most 

abundant type of white blood cell in human blood and are typically the first responders to sites 

of infection or tissue injury. They control antimicrobial activity through phagocytosis, 

degranulation, the release of reactive oxygen species and neutrophil extracellular traps (NETs), 

which limits the spread of pathogens in the early stages of infection.18 Monocytes and 

macrophages also serve as professional phagocytes, but they play a central role in mediating 

inflammation by secretion of cytokines such as TNF and IL-1β. Tissue-resident macrophages 

further contribute to homeostasis and clearance of apoptotic cells, linking host defense to tissue 

repair.19 

Dendritic cells (DCs) act as a key connector between innate and adaptive immunity. 

Conventional myeloid DCs are highly enriched in TLRs and specialize in antigen uptake, 

processing, and presentation to T cells via MHC molecules, while plasmacytoid DCs specialize 

in the rapid production of type I IFNs in response to viral nucleic acids.5,20,21 Natural killer (NK) 

cells present another subset of innate effectors that induce direct cytotoxicity against virally 

infected or malignant cells by releasing perforin and granzymes. They also produce IFN-γ to 

promote macrophage activation and Th1 polarization (Figure 1).22 

Additional innate populations provide complementary functions. Mast cells and basophils 

release histamine, proteases, and lipid mediators that drive immediate hypersensitivity and 

parasite defense. Eosinophils play a distinct role in anti-helminth immunity and allergic 

inflammation pathogenesis.23 Finally, although lacking antigen-specific receptors, innate 

lymphoid cells (ILCs) produce effector cytokines that mirror T helper cell subsets (Th1-, Th2-

, and Th17-like responses), thereby providing an early layer of immune regulation and tissue-

specific protection.24 
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Figure 1. Overview of innate and adaptive immunity. In the innate immunity pathway, a 

pathogen enters the body and is recognized by sensor cells such as macrophages via PRRs, e.g. 

TLR8. This recognition triggers the release of primary cytokines like TNF, which rapidly 

activate effector cells such as neutrophils. Activated neutrophils then perform phagocytosis, 

eliminating the pathogen, demonstrating the innate immune system’s fast, non-specific defense 

mechanism. In contrast, the adaptive immunity pathway starts similarly with pathogen 

recognition by PRRs on macrophages, leading to the secretion of primary cytokines such as IL-

12. IL-12 activates lymphocytes, including innate lymphoid cells or T cells, which produce 

secondary cytokines such as IFN-γ. These cytokines further activate effector cells including 

macrophages. The adaptive response divides into two major arms: B cells are activated to 

produce antibodies that specifically bind and neutralize the pathogen, while activated 

macrophages partake in enhanced phagocytosis. Created with BioRender.com. 

1.2.3 Pattern Recognition Receptors 

Recognition of PAMPs and DAMPs is mediated by a limited number of germline-encoded 

PRRs.5 The major families of PRRs include the Toll-like receptors (TLRs), the NOD-like 

receptors (NLRs), the RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), and absent 

in melanoma 2 (AIM2)-like receptors (ALRs).25 TLRs are type I transmembrane proteins that 

consist of an extracellular leucine-rich repeat (LRR) domain for ligand binding and a cytosolic 
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Toll/IL-1 receptor (TIR) domain for signaling. TLRs will be discussed in detail in section 1.3. 

CLRs are a large family of transmembrane and soluble receptors characterized by a 

carbohydrate-recognition domain, which depend on Ca²⁺ for ligand binding, although C-type 

lectin-like receptors (CTLRs) function independently.26 Canonical CLRs such as Dectin-1 and 

Dectin-2 detect fungal β-glucans and mannans, whereas others recognize a broader spectrum 

of ligands including lipids and proteins.27 CLR signaling integrates antifungal defense, antigen 

uptake and T cell polarization.28 RLRs are cytosolic RNA helicases that detect viral RNA and 

initiate type I interferon responses. This family includes RIG-I, MDA5, and LGP2. RIG-I 

senses short double-stranded RNAs with 5′triphosphate ends, while MDA5 responds to longer 

double-stranded RNA (dsRNAs).29,30 Upon recognition, RLRs signal via the mitochondrial 

adaptor MAVS, activating TBK1 and IRF3/7, and coupling RNA detection to interferon 

release.31 NLRs represent the fourth major PRR class, functioning as cytosolic proteins that 

sense microbial ligands, cellular injury, or metabolic stress. These receptors share a tripartite 

architecture consisting of a C-terminal LRR domain for ligand sensing, a central NACHT 

domain for oligomerization and variable N-terminal effector domains such as caspase-

recruitment domains (CARDs, as in NLRC proteins) or pyrin domains (PYDs, as in NLRPs).32 

Certain NLRs, including NLRP3, NLRP1, and NLRC4, assemble into inflammasomes. These 

a large multiprotein complexes that activate caspase-1 (and caspase-4/5 in humans, caspase-11 

in mice).33 Caspase-1 then cleaves pro-IL-1β and pro-IL-18 into their mature forms, inducing 

pyroptosis via gasdermin D pore formation.34,35 Dysregulation of NLR activity contributes to 

autoinflammatory diseases and metabolic syndromes, highlighting its clinical relevance.36 

Beyond the canonical PRR families, additional cytosolic DNA sensors have been identified. 

ALRs, such as AIM2 and IFI16, recognize double-stranded DNA (dsDNA) via HIN200 

domains.37 AIM2 forms an inflammasome with ASC, activating caspase-1 and driving the 

release of IL-1β/IL-18.38 The cGAS–STING pathway is another central mechanism of DNA-

sensing. Upon binding to cytosolic dsDNA, cGAS synthesizes cyclic GMP-AMP (cGAMP), 

which activates the ER-resident adaptor STING. This leads to the recruitment of TBK1 and the 

induction of type I IFNs.39,40 These pathways expand the scope of innate surveillance to include 

viral and endogenous DNA, thereby linking infection control to autoimmunity and cancer.41,42 

Among these receptors, the TLR family stands out due to its well-defined signaling pathways 

and its high potential to pharmacological modulation, making it a particularly attractive target 

for drug targeting and discovery.43–45 
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1.3 The Toll-like Receptor Family 

1.3.1 Overview 

Toll-like receptor research originated with the identification of the Toll gene in Drosophila 

melanogaster genetic screens conducted by Anderson and Nüsslein-Volhard in 1985.46 

Subsequent studies revealed that TLRs are central to innate immunity because they detect 

pathogen invasion, initiate inflammatory cascades, and activate antigen-presenting cells to 

prime antigen specific adaptive immunity beyond mere nonspecific barriers.21,45 TLRs have 

emerged as a principal PRR family extensively studied for their essential roles in linking innate 

pathogen recognition to adaptive immune instruction, as well as their involvement in 

autoimmune and inflammatory pathologies.10 These transmembrane proteins are defined by a 

conserved structural pattern, featuring an LRR ectodomain for ligand binding, a single 

transmembrane helix, and a TIR domain in the intracellular region responsible for initiating 

downstream signaling.47 The human TLR family includes ten functional members (TLR1–

TLR10) that are divided into two functional subgroups. Cell-surface TLRs (TLR1, 2, 4, 5, 6, 

and 10) are located on the plasma membrane and primarily recognize molecular patterns from 

extracellular pathogens.48 For example, TLR5 recognizes bacterial flagellin (Figure 2).49 In 

contrast, endosomal TLRs (TLR3, 7, 8, and 9) are located within intracellular endosomes and 

detect nucleic acids from internalized pathogens (Figure 2).48,50 TLRs undergo conformational 

rearrangements that promote dimerization of their ectodomains.51 This brings the intracellular 

TIR domains into close proximity, enabling the recruitment of adaptor proteins such as MyD88 

or TRIF, and therefore initiating downstream signaling cascades that lead to the activation of 

NF-κB.7,10 

1.3.2 Nucleic Acid-sensing TLRs 

Endosomal TLRs are crucial for host defense yet also play a role in autoimmune diseases. Each 

endosomal TLR is differentiated by its specific ligand, for example, TLR3 recognizes dsRNA,52 

while TLR7 and TLR8 both recognize single-stranded RNA (ssRNA).50,53 TLR9 is activated by 

unmethylated CpG-DNA motifs, commonly found in bacterial and viral genomes (Figure 

2).54,55 This unique localization within the endosomes and occasionally lysosomes is a critical 

regulatory mechanism that ensures they encounter only internalized pathogen components (like 

those from phagocytosed viruses and bacteria), while largely avoiding the host's own nucleic 

acids in the cytoplasm and preventing inappropriate immune activation.56 The trafficking of 

these receptors from the endoplasmic reticulum (ER) to the endosomes is carefully controlled 
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by the chaperone protein UNC93B1, a multipass transmembrane protein that directly regulates 

the packaging of TLRs into vesicles for ER exit.57 UNC93B1 remains associated with TLRs 

through multiple post-Golgi sorting steps, and mediates differential trafficking of individual 

endosomal TLRs through distinct cellular pathways. For instance, TLR9 requires UNC93B1-

mediated recruitment of adaptor protein complex 2 (AP-2) for clathrin-dependent endocytosis 

and delivery to endolysosomes, whereas TLR7 utilize alternative, AP-2-independent trafficking 

routes.58 Additionally, endosomal TLRs require proteolytic cleavage and acidic pH for 

activation, providing additional regulatory checkpoints that prevent aberrant signaling. The 

proteolytic processing separates the full-length receptor into functional fragments within the 

acidic endolysosomal environment, a maturation step essential for ligand recognition and 

downstream signaling.59 Dysregulation of these tightly controlled pathways is strongly 

implicated in autoimmune diseases like SLE. Specific UNC93B1 variants that enhance TLR7 

and TLR8 trafficking and signaling have been identified in SLE patients, highlighting the 

balance required for optimal immune homeostasis.60 For a more detailed description of nucleic 

sensing TLRs, please refer to Publication I, which is reproduced in chapter 2 of this thesis. 
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Figure 2. Overview of TLR signaling pathways. Localization, ligands, and downstream 

signaling of cell-surface and endosomal TLRs. Cell-surface TLRs (TLR1/2, TLR2/6, TLR4, 

and TLR5) detect bacterial and viral components such as lipopeptides, LPS and flagellin. 

Endosomal TLRs (TLR3, TLR7, TLR8, and TLR9) recognize nucleic acids. Ligand binding 

induces dimerization and recruits adaptor proteins that promote signaling. Most TLRs signal 

through MyD88, which leads to the activation of NF-κB and the transcription of inflammatory 

mediators, including cytokines, chemokines, adhesion molecules, and co-stimulatory 

molecules. In contrast, TLR3 and partially TLR4 signal via TRIF, which activates IRFs to 

induce type I IFN gene expression. Together, these pathways regulate immediate inflammatory 

responses and the induction of adaptive immunity. Created with BioRender.com. 
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1.4 Toll-like Receptor 8 

1.4.1 Biology and Function 

In humans, TLR8 is predominantly expressed in monocytes, macrophages, and myeloid 

dendritic cells (mDCs). These cells function as professional antigen-presenting cells by 

phagocytosing pathogens, producing diverse cytokines and activating T cells.5,21 While other 

cells, such as neutrophils and NK cells, also contribute to innate immunity, their role in TLR8 

signaling is less prominent than that of the myeloid lineage.61 Within these cells, TLR8 localizes 

to late endosomes and lysosomes, where its activation drives strong proinflammatory 

responses.62 

Natural ligands of human TLR8 include microbial ssRNA and certain RNA degradation 

products,63,64 but it can also be potently activated by various synthetic ligands, including small-

molecules, and specific oligonucleotides.63,65,66 Physiologically, human TLR8 activation is 

crucial for antiviral and antibacterial immunity, driving the production of cytokines that help 

clear infections. However, TLR8 dysregulation contributes to chronic inflammation in 

autoimmune diseases such as SLE and RA.6,67 Additionally, TLR8 is also being explored for its 

potential role in modulating the anti-tumor response in cancer immunotherapy.7,68 In contrast 

to human, the murine TLR8 ortholog is largely nonfunctional when stimulated with known 

TLR8 ligands, presenting a key species-specific difference.69,70 For a more detailed description 

of the TLR8 biology and function, please refer to Publication I (chapter 2). 

1.4.2 Signaling Pathways 

Upon ligand binding, TLR8 dimerizes, and its cytoplasmic TIR domains recruit the key adaptor 

protein MyD88.71,48 This initiates a signaling cascade in which MyD88 acts as a scaffold to 

recruit and activate the kinase IRAK4, which subsequently phosphorylates IRAK1. Recent 

structural and cell biological insights reveal that MyD88-dependent TLR signaling proceeds 

through assembly of the Myddosome, a location-specific supramolecular organizing center 

(SMOC), in which increased local concentrations of signaling components facilitate the weak 

allosteric interactions required for kinase activation.72–74 This complex acts as a central hub 

from which the entire downstream TLR signaling cascade is executed.75 The Myddosome is a 

helical oligomeric complex formed by the death domains (DDs) of MyD88 and the kinases 

IRAK4 and IRAK1/2.76 Structural studies (e.g., cryo-EM and crystallography) show that 

MyD88 provides the nucleation seed via its DD, enabling the sequential recruitment of six to 

eight IRAK4 molecules and up to four IRAK1/2 molecules into a left-handed helical 
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assembly.77 The cascade continues with the recruitment of TRAF6, a crucial E3 ubiquitin ligase 

that activates the TAK1 complex, leading to the phosphorylation and activation of NF-κB and 

MAPK signaling pathways.78 This results in the induction of key pro-inflammatory cytokines 

such as TNF and IL-1β, alongside the upregulation of co-stimulatory molecules CD80 and 

CD86, which are essential for T cell activation and shaping of the adaptive immune 

response.7,78,79 Negative feedback mechanisms, involving proteins such as IRAK-M and 

suppressor of cytokine signaling (SOCS) family members tightly regulate this pathway to 

prevent excessive and potentially damaging inflammation.80 

Beyond this canonical model, recent advances have substantially deepened our understanding 

of endosomal TLR8 signaling. TLR7 and 8 are activated not by full-length RNA, but by specific 

RNA degradation products generated by lysosomal RNases such as RNase T2, PLD3/PLD4, 

and RNase 6 from bacterial RNA.81,82 This activation relies on a cooperative dual-site 

mechanism, requiring both uridine-containing fragments and short oligoribonucleotides 

binding distinct sites on the receptor.64,83 As such, TLR8 detects intermediates of RNA 

breakdown, directly linking nucleic acid catabolism to innate immune signaling.84 Downstream 

of the receptor, signaling selectivity is increasingly understood to involve adaptor-level 

checkpoints. The SLC15A4–TASL complex has recently been identified as a crucial 

determinant for IRF5 activation, which is a key transcription factor for type I IFN responses 

downstream of TLR7/8/9 activation.85,86 High-resolution structural studies demonstrate how the 

adaptor TASL docks within the SLC15A4 transporter, providing an anchoring motive for IRF5 

recruitment and activation.87 This adaptor-level checkpoint explains how TLR7/8/9 can 

differentially regulate cytokine production. Specifically, IRF5 activation drives the production 

of type I IFNs and pro-inflammatory cytokines, which are strongly linked to autoimmunity.88 

Therefore, pharmacological targeting of the SLC15A4–TASL axis is emerging as a druggable 

target for modulating immune responses downstream TLR7/8/9.88 In addition, recent work has 

identified the serine/threonine kinase STK25 as a novel positive regulator of TLR8 signaling, 

mediating its effects through direct phosphorylation and activation of IRF5.89 STK25 

expression is upregulated upon TLR7/8/9 stimulation, and genetic loss of STK25 significantly 

attenuates TLR8-driven inflammatory responses in primary immune cells. This highlights 

STK25 as a potential therapeutic target for ameliorating TLR8-mediated pathological 

inflammation and autoimmunity. For a more detailed description of the TLR8 signaling 

pathway, please refer to Publication I (chapter 2). 
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1.4.3 Receptor Structure and Ligand Binding 

TLR8 is a type I transmembrane glycoprotein composed of an N-terminal leucine-rich repeat 

(LRR) ectodomain (~800 amino acids (aa)), a single-pass transmembrane helix (~20 

hydrophobic residues), and a C-terminal TIR domain (~150 aa) that engages adaptor proteins 

upon activation (Figure 3).90,91 The ectodomain forms the hallmark horseshoe-shaped solenoid 

made of tandem LRRs that mediates ligand recognition. A distinctive architectural element is 

the Z-loop inserted between LRRs 14-15 (Figure 3). In acidified endosomes, this loop 

undergoes a proteolytic cleavage, a crucial step that relieves autoinhibition, enables 

homodimerization, and activates the receptor competent for signaling. Subsequently, the 

receptor's ectodomains form an inter-subunit interface that is essential for ligand-mediated 

activation.64,92 

X-Ray crystallographic structures revealed that TLR8 recognizes uridine-rich ssRNA 

degradation products through two cooperative binding sites. Site 1 is located between LRRs 

11-14 in TLR8; and LRRs 16*-18* in TLR8* in the dimer interface and accommodates uridine 

as well as many small-molecule ligands. Site 2 sits on the concave LRR surface of one protomer 

and binds short oligoribonucleotides.64 While uridine alone binds site 1, this interaction is 

insufficient to trigger the full conformational change necessary for receptor activation. Instead, 

simultaneous binding of a short RNA fragment to site 2 induces a conformational closure of the 

TLR8 ectodomains into a signaling-competent dimer, thereby explaining the synergistic effect 

of RNA degradation products.64 The natural ligands for these two sites are generated by the 

lysosomal endoribonuclease RNase T2, which produces 5′-uridine-containing fragments and 

2′,3′-cyclic-phosphate-terminated adenine/guanine oligoribonucleotides matching the binding 

preferences of site 1 and site 2, respectively.83 This dual-site recognition mechanism clarifies 

TLR8’s pharmacology: synthetic monovalent agonists can activate TLR8 by binding site 1 

alone, whereas physiologic RNA ligands typically require engagement of both site 1 (uridine) 

and site 2 (short oligoribonucleotide) to achieve the receptor’s active conformation.64 

Additionally, natural modifications of nucleosides, like substitution of uridine with 

pseudouridine or other natural modifications, can modulate recognition by TLR7 and TLR8 and 

thereby reduce receptor activation and subsequent cytokine production.93 This observation has 

been critical for the development of therapeutic mRNA technologies that evade innate immune 

activation by these receptors.94 
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Figure 3. Domain architecture of TLR8. Modular organization of a prototypical endosomal 

TLR, such as TLR8. The extracellular leucine-rich repeat (LRR) ectodomain is depicted with 

its N-terminal and C-terminal regions, interrupted by the characteristic Z-loop, a short-inserted 

sequence that requires proteolytic cleavage in acidic endosomes to enable receptor dimerization 

and activation. The ectodomain is anchored in the endosomal membrane via a single 

transmembrane helix, which connects to the cytoplasmic TIR domain. The TIR domain is 

responsible for recruiting adaptor proteins such as MyD88, initiating downstream signaling 

cascades. Created with BioRender.com. 

Moreover, crystal structures of TLR8 ectodomains have demonstrated that TLR8 antagonists, 

such as the CU-CPT9 series, bind specifically at the protein–protein dimer interface (Site 1), 

locking the receptor’s ectodomains in an inactive, open conformation.95 Key residues mediating 

antagonist binding include Phe346, Tyr348, Asn312, Val378, Asp543, Asp545, and Thr574, 

which form a composite interaction network spanning both monomers. Hydrophobic residues 

such as Leu351, Val520, and Leu573 support shape complementarity of the antagonist scaffold, 

while Asp543 and Thr574 engage in hydrogen bonding that anchors antagonists and inhibits 

conformational closure of the dimer. Molecular dynamics (MD) simulations and τRAMD (τ-

random acceleration molecular dynamics) unbinding pathway analysis have further 

demonstrated that antagonists with ionic head groups, particularly those interacting with 
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Glu427 and Tyr567, prefer the internal dissociation path, enhancing residence time and 

pharmacological stability.96 Collectively, these interactions maintain TLR8 in its resting 

architecture and effectively inhibit the inter-subunit rotation required for MyD88 recruitment 

and downstream signal transduction.95 For a more detailed description of TLR8 structure and 

ligand binding, please refer to Publication I (chapter 2). 

1.5 TLRs as a Therapeutic Target 

1.5.1 TLR8 in Human Disease 

Abnormal TLR8 activity has been associated with a wide range of immune-mediated, 

infectious, malignant, and hyperinflammatory conditions (Figure 4). Rare gain-of-function 

(GOF) variants in TLR8 cause an immune dysregulation syndrome, which is characterized by 

neutropenia, antibody deficiency, lymphoproliferation, and bone-marrow failure, underlining 

the tightly balanced TLR8 signaling in humans.97,98 In the tumor microenvironment, TLR8 

recognizes tumor-secreted microRNAs, including miR-21 and miR-29a, which function as 

paracrine agonists that activate TLR8 in surrounding immune cells. This microRNA-TLR8 

interaction triggers a prometastatic inflammatory program characterized by NF-κB activation 

and secretion of proinflammatory cytokines, thereby establishing a direct mechanistic link 

between solid tumors and tumor-associated inflammation.99 Among endosomal TLRs, TLR8 

specifically contributes to chronic inflammation in RA, with TLR8 agonists inducing 

significant TNF production from synovial membranes.100 Peripheral blood mononuclear cells 

from psoriasis patients exhibit significantly increased expression of intracellular TLRs 

including TLR8, accompanied by elevated inflammatory cytokine gene expression of TNF and 

IFN-γ.101 Beyond psoriasis, monocytes from patients with systemic sclerosis exhibit altered 

cytokine responses upon TLR8 stimulation, demonstrating disease-specific dysregulation of the 

pathway.102 Genetic and functional studies also associate TLR8 polymorphisms with 

tuberculosis susceptibility, highlighting a host-determinant role at the population level.103,104 At 

the systemic level, excessive TLR8 signaling contributes to hyperinflammatory states such as 

cytokine storm and sepsis by promoting NF-κB and MAPK signaling and elevating IL-6, TNF, 

and other inflammatory mediators, resulting in multiorgan dysfunction.105,106 In addition, recent 

investigations showed that endogenous microRNAs, particularly miR-574-5p, drive 

autoimmune inflammation in conditions like SLE through IFN production, B cell activation 

and autoantibody generation.107 Similarly, in Sjögren’s disease, TLR8-positive monocytes and 

macrophages infiltrate salivary gland lesions in patients, where they express elevated levels of 
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CD86 and contribute to adaptive immune responses through enhanced antigen presentation and 

T cell activation.108 For a more detailed description of TLR8 in human disease, please refer to 

Publication I (chapter 2). 

 

Figure 4. Diseases and pathological conditions linked to TLR8. Highlighted conditions include 

chronic inflammation, autoimmune diseases (rheumatoid arthritis, psoriasis, systemic lupus 

erythematosus), infections (tuberculosis, chronic hepatitis B, bacterial sepsis), cytokine storm, 

solid tumors and hematologic malignancies (acute myeloid leukemia), underlining the diverse 

roles of TLR8 in immune regulation and pathology. Created with BioRender.com. 

1.5.2 Therapeutic Rationale 

Pharmacological modulation of TLR8 can be broadly classified into two principal approaches. 

The first involves the development of TLR8 agonists to potentiate adaptive immune responses, 

positioning these compounds as promising vaccine adjuvants. Notably, TLR8 agonists are being 

investigated for their capacity to mediate robust Th1-polarized immune responses, with 
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applications in cancer immunotherapy and the enhancement of antiviral immunity.109,110 

Building on these findings, a range of TLR8 or 7/8 agonists have progressed into clinical 

treatment for solid tumors. These agents are investigated for use in combination with 

established therapies such as immune checkpoint inhibitors, with the goal of amplifying anti-

tumor immune responses and overcoming resistance mechanisms within the tumor 

microenvironment. EIK1001, a systemically delivered TLR7/8 co-agonist, recently has 

demonstrated encouraging anti-tumor activity in Phase I trials across various solid tumors and 

is currently being evaluated in Phase II/III studies as first-line treatment for advanced melanoma 

and in Phase II trials for both squamous and non-squamous non-small cell lung cancer 

(NSCLC).8,111 In hematologic malignancies, TLR8 activation in acute myeloid leukemia 

(AML) cells and their microenvironment promotes differentiation and inhibits proliferation in 

preclinical models.112 TLR8 agonists like motolimod induce inflammatory cell death in AML 

cells, positioning TLR8 as a promising therapeutic target.113 In chronic hepatitis B, the oral 

TLR8 agonist selgantolimod (GS-9688) enhances antiviral immune functions and has advanced 

into phase 2 clinical testing, demonstrating on-target immunologic activity and acceptable 

safety profile in virally suppressed patients on nucleoside therapy.114,115 Moreover, preclinical 

studies have explored TLR8 agonists in combination with low-dose cisplatin, showing 

synergistic effects in boosting anti-tumor immunity.116 

In contrast, the primary rationale for TLR8 antagonists is their potential to treat autoimmune 

and chronic inflammatory diseases, where TLR8 overactivation by endogenous nucleic acids 

drives a persistent inflammatory state.117–119 Several compounds exhibiting dual TLR7/8 

antagonism have been reported and advanced into clinical development.8,120 Enpatoran 

(M5049), a dual TLR7/8 antagonist, is the most clinically advanced candidate and has 

demonstrated significant improvements in disease indicators and type I IFN gene signatures in 

Phase II trials for cutaneous lupus erythematosus, with good tolerability profiles confirmed.121 

Supporting preclinical data from E6742 further highlight the promise of this approach in models 

of lupus-like disease.122 Similarly, BMS-986256 (Afimetoran) has shown efficacy in patients 

with CLE, improving CLASI-A scores by >50%.123 

However, while dual antagonism holds promise for autoimmune indications, the preservation 

of TLR7 function is crucial given its predominant role in plasmacytoid dendritic cells (pDCs) 

that regulate type IFN-mediated antiviral responses, in contrast to TLR8, which is principally 

expressed in monocytes and macrophages. Non-selective inhibition of both TLR7 and TLR8 

may disrupt antiviral defenses and impair dendritic cell regulatory capacity due to their distinct 
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expression patterns and transcriptional outputs.124,125 In conditions such as RA, psoriasis, and 

cytokine storm syndromes, overactivation of myeloid TLR8 drives pathologic tissue damage 

via excessive cytokine release. Selective inhibition of TLR8, but not TLR7, can therefore 

suppress pathological NF-κB signaling and tissue-destructive inflammation, while 

simultaneously maintaining TLR7’s antiviral, tolerogenic, and immune-modulatory benefits.126 

Despite these advances, no TLR8-selective drug has received regulatory approval to date. 

Although there are currently no approved TLR8-directed medicines, several other TLR-

modulating agents are licensed in the U.S./EU, primarily as agonists used topically or as vaccine 

adjuvants. The TLR7 agonist imiquimod is approved as a topical immunomodulatory therapy 

for external genital and perianal warts, actinic keratosis, and superficial basal cell carcinoma 

(e.g., Aldara/Zyclara), with its mechanism of action well-documented in the immunology 

literature.127,128 Among vaccines, monophosphoryl lipid A (MPL), a TLR4 agonist, is an 

established component of advanced adjuvant formulations such as AS01B used in the Shingrix 

zoster vaccine and AS01E in Arexvy, an RSV vaccine.129–131 MPL is also used in AS04 (MPL 

adsorbed onto aluminum salts) for the HPV vaccine Cervarix and the hepatitis B vaccine 

Fendrix, indicated for patients with renal insufficiency.132,133 Furthermore, HEPLISAV-B, an 

adult hepatitis B vaccine, contains CpG 1018, a TLR9 agonist oligonucleotide adjuvant.134 

In summary, TLR8 acts as a critical regulator between immunity and disease. Selective 

inhibition of TLR8 offers therapeutic promise for reducing maladaptive myeloid inflammation 

in autoimmune, infectious, and tumor-associated contexts, while preserving the essential 

antiviral functions of TLR7. Robust preclinical and clinical data support advancing potent, 

selective TLR8 inhibitors for pathological RNA sensing and cytokine-driven diseases. For a 

more detailed description of the TLR8 therapeutic rationale, I refer to Publication I (chapter 2). 
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1.6 Objective and Scope of this Thesis 

1.6.1 Overall Aim 

This thesis focuses on identifying, characterizing, and mechanistically evaluating novel, 

selective small-molecule antagonists that target human TLR8. The primary objective is to 

evaluate their pharmacological potential in various immunological cell lines. Specifically, this 

work advances basic immunology by investigating the molecular details of antagonistic effects 

on TLR8 signaling and mapping the key binding interactions and amino acid residues that are 

essential for ligand recognition. Furthermore, this thesis supports medicinal chemistry efforts 

by providing potent, selective lead compounds that could form the basis of new 

immunomodulatory therapies. 

1.6.2 Thesis Structure 

This dissertation comprises three publications and one unpublished chapter that collectively 

address the knowledge gaps identified above. 

Chapter 1 covers a review article that thoroughly summarizes the current state of knowledge 

regarding the biology and pharmacology of endosomal TLRs 7, 8, and 9. It places this thesis in 

the context of ongoing research efforts and discusses potential future immunotherapeutic 

strategies. 

Chapter 2 investigates the structural insights and further optimization of previously discovered 

pyrimidine-based scaffolds, revealing their potential to antagonize TLR8 and therefore 

providing a framework for rational design of future TLR8 directed antagonists. 

Chapter 3 describes the discovery and initial pharmacological characterization of a novel 

isoxazole-based scaffold, acting as a potent selective TLR8 antagonist and providing the first-

in-class structure–activity relationships (SAR) for this chemotype with comprehensive 

pharmacological characterization. 

Chapter 4 focuses on the rational optimization of a pyrimidine-based antagonist scaffold, 

building upon the insights from Chapters 2 and 3. Through systematic exploration of SAR, this 

chapter demonstrates how targeted molecular modifications enhance both TLR8 selectivity and 

inhibitory potency, discovering a lead compound that achieves performance comparable to the 

most potent selective TLR8 antagonists reported to date. 
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Structure-guided approaches to modulate endosomal toll-like receptors TLR7, TLR8 and 

TLR9: advances, challenges and therapeutic promise 

Troy Matziol*, Valerij Talagayev*, Günther Weindl, Gerhard Wolber 

Drug Discov. Today. 2025;30(11):104495 

*Troy Matziol and Valerij Talagayev contributed equally to this work. 

Please refer to Appendix I for the publication’s full text. 

 

2.1 Publication summary 

Endosomal TLRs are a specialized subgroup within the TLR superfamily. They are responsible 

for mediating host responses to viral and bacterial nucleic acids, and they play a crucial role in 

connecting innate and adaptive immunity. In recent years, our mechanistic understanding of 

these receptors has expanded significantly, covering not only ligand recognition and receptor 

dynamics, but also how these insights can be used to develop rational pharmacological 

treatments for complex diseases such as cancer, autoimmunity, and chronic viral infection. This 

review of endosomal TLRs (TLR7/8/9) provides a comprehensive overview of the latest 

advances in their structural biology, signaling pathways, pharmacological modulation and 

therapeutic potential. Combining recent structural insights with translational pharmacology, the 

review reveals new opportunities and ongoing challenges in precise immunomodulation 

through endosomal TLRs. 

Endosomal TLRs 7/8/9 share a conserved leucine-rich repeat ectodomain architecture and 

function as ligand-activated homodimers. TLR8 exists as a pre-formed dimer with two spatially 

distinct binding sites: one at the dimerization interface for small agonists and a concave pocket 

for oligoribonucleotide fragments. TLR7 employs an analogous strategy with sites for 

guanosine analogs and uridine-rich RNA sequences. TLR9 uses stimulatory CpG DNA as 

bivalent molecular glue that threads through both receptor protomers to form an active 2:2 

complex. While each of these receptors has evolved distinct binding modes to discriminate 

between diverse nucleic acid structures, structural studies consistently demonstrate that ligand-

induced conformational changes represent a conserved requirement for signal initiation. 
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Recent studies give insight into the signaling mechanism of TLR7/8/9, which is mediated by 

the MyD88-dependent assembly of a higher-order Myddosome complex. This supramolecular 

complex further triggers the activation of NF-κB and IRFs (mainly IRF5 and IRF7), driving the 

production of proinflammatory cytokines and type I interferons. New players have emerged in 

this signaling pathway, including the adaptor TASL and the transporter SLC15A4. These 

proteins specifically scaffold IRF5 phosphorylation downstream of TLR7 and 9 in 

plasmacytoid dendritic cells and B cells, revealing a critical layer of signaling 

compartmentalization for IFN-driven autoimmunity and antiviral defense. 

From a drug discovery perspective, the review outlines structure-guided advances in TLR 

modulator development, enabled by high-resolution crystal structures revealing molecular 

mechanisms of ligand recognition. Agonists typically use nucleoside-mimetic scaffolds such as 

imidazoquinolines, while antagonists stabilize inactive conformations through hydrophobic 

interface binding. Recent therapeutic innovations reach out beyond traditional small molecules 

to address key translational challenges. Brain-penetrant TLR antagonists have been developed 

to target neuroinflammatory cascades in CNS (central nervous system) disorders, while 

advanced delivery platforms overcome systemic toxicity limitations. Antibody-drug conjugates 

carrying TLR agonist payloads enable tumor-selective immune activation and engineered 

nanoparticle systems provide spatiotemporal control of TLR stimulation. These targeted 

approaches localize TLR modulation to disease-relevant compartments while minimizing off-

target effects. 

Despite these advances, clinical development of TLR modulators faces ongoing challenges 

including immune-related adverse effects, insufficient target selectivity due to the structural 

similarities among endosomal TLRs, and heterogeneous context-dependent signaling across 

cell types and disease stages. Nevertheless, several TLR7/8 antagonists with improved 

selectivity and brain penetration have advanced to clinical trials for lupus and other autoimmune 

diseases. These compounds show great potential for reducing disease symptoms by decreasing 

pathogenic interferon responses and therefore reduce TLR7/8-driven autoimmunity. 

Emerging biological insights further enrich the therapeutic landscape. Natural 2′-O-methylated 

RNA fragments serve as endogenous TLR7/8 antagonists and can be used as templates to design 

immunomodulators that suppress unwanted cytokine induction. Regulatory roles of UNC93B1 

and adaptor complexes such as TASL/TASL2 in receptor trafficking and signaling are being 

investigated, suggesting novel intervention points. Moreover, recent evidence implicates TLR8 
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as a critical sensor of endogenous ssRNA released during tissue damage and infection. This role 

links it to chronic inflammation and autoimmunity, thereby underscoring the need for cell-type-

selective modulation. 

Deepening knowledge of how TLR7, TLR8, and TLR9 function at the structural and 

mechanistic level reveals valuable opportunities to target their immunomodulatory functions. 

Advances in drug design and delivery technologies, as well as the use of clinical biomarkers 

enable more targeted immunotherapies centered on endosomal TLRs. 

2.2 Author contribution 

Within this review, I was responsible for compiling and evaluating the literature on endosomal 

TLR7, TLR8, and TLR9, specifically on pharmacology, therapeutic applications of ligands, and 

challenges in achieving receptor selectivity. I prepared the figure describing the signaling 

pathway and the table displaying compounds investigated in clinical trials, incorporated the 

references, and contributed to the overall manuscript structure. I revised the manuscript in close 

collaboration with my co-first author and the corresponding authors. 
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Optimization of 6-(trifluoromethyl)pyrimidine derivatives as TLR8 antagonists 

Nika Strašek Benedik, Valerij Talagayev, Troy Matziol, Ana Dolšak, Izidor Sosič, Günther 

Weindl, Gerhard Wolber, Matej Sova 

Acta Pharm. 2025;75(2):159–183 

Please refer to Appendix II for the publication’s full text and supporting information. 

 

3.1 Publication summary 

TLR8 has gained significant attention as a central player in human innate immunity, acting as 

a sensor of RNA catabolites within endolysosomes and therefore creating strong 

proinflammatory responses. While this function is essential for antimicrobial defense, aberrant 

or chronic TLR8 activation has been strongly linked to autoimmune disorders such as SLE, 

psoriasis, and RA. Despite a growing interest in developing selective small-molecule 

antagonists for TLR8, only a limited number have been successfully created. A major challenge 

in designing TLR8 modulators is achieving favorable pharmacokinetic properties while 

minimizing off-target and cytotoxic effects. 

The main goal of this study was to design and synthesize a novel series of small-molecule 

inhibitors as selective TLR8 antagonists. These new compounds were developed and optimized 

based on previously identified 6-(trifluoromethyl)pyrimidin-2-amines.135,136 The rational 

design focused on selective modifications at two critical positions on the scaffold. Selection of 

substituents was guided by molecular dynamics simulations to systematically investigate SAR 

in TLR8 binding pocket. The chemical modifications enhanced binding affinities by 

strengthening hydrogen bonding interactions, modulating hydrophobic contacts, and addressing 

steric constraints within the TLR8 uridine-binding pocket, which has been characterized 

through crystallographic and computational studies as essential for ligand recognition and 

receptor inhibition. Further mechanistic insights were obtained through docking studies and 

protein-ligand interaction frequency analyses (Dynophore clouds), which clarified the SAR 

drivers responsible for observed variations in potency and cytotoxicity. 

Biological evaluation used hTLR8-transfected HEK293 cells with an NF-κB SEAP reporter to 

quantify the inhibition of TLR8 activation with agonist TL8-506. Out of 15 tested compounds, 

none showed agonistic activity, while several ones antagonized TLR8-dependent NF-κB 
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signaling with low-micromolar potencies in this cellular system. Two compounds, 14 and 26, 

were selected for more detailed profiling. Compound 14 of the first series displayed robust 

inhibition of TLR8 signaling with IC50 value in low micromolar range, but reduced cell viability 

at higher concentrations raised concerns about cytotoxicity. By contrast, compound 26 achieved 

a similar potency while preserving cellular viability, making it the most promising lead 

candidate of the second series. Structure–activity relationship analysis revealed that a 4-

hydroxyphenyl ring positioned two carbon atoms from the main scaffold proved essential for 

binding in the first series, while the pyrrole ring at position 4 significantly contributed to 

antagonistic activity in the second series. Substitutions with furan or pyrazole rings generally 

resulted in a loss of activity. Incorporation of biphenyl substituents or modification of linker 

length resulted in reduced potency, underscoring the importance of optimal spatial geometry 

and electronic properties for productive receptor engagement. 

New key insights from this article: 

(1) The pyrimidin-2-amine scaffold can be effectively modified using targeted synthetic 

methods to create potent TLR8 antagonists. 

(2) SAR studies showed that even minor chemical alterations can have a major impact on 

both compound activity and its toxicity. 

(3) Compound 26 emerged as a lead candidate with an optimal balance of high potency and 

full cellular viability, avoiding the cytotoxic effects observed with other potent 

compounds such as compound 14. 

In conclusion, this work demonstrates that systematic scaffold optimization of 6-

(trifluoromethyl)pyrimidin-2-amines yields potent, non-toxic antagonists of TLR8. While 

further studies are required to confirm selectivity, in vivo efficacy and pharmacokinetic 

properties, the identification of compound 26 provides a promising candidate for further 

investigation due to its balanced profile of potency and safety. Future development strategies 

include exploring alternative substituents at position 6 beyond trifluoromethyl groups and 

introducing modifications to the pyrrole ring at position 2. Importantly, halogen selection 

critically impacts compound safety. Chlorine and bromine substitutions should be avoided to 

minimize cytotoxicity, while fluorine incorporation at strategic positions enhances both potency 

and cellular viability. Collectively, the resulting chemical scaffolds offer a validated platform 

for developing selective TLR8-targeted immunomodulatory agents. 
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3.2 Author contribution 

Within this project, I was responsible for designing, executing, and analyzing all biological 

experiments. In collaboration with co-authors, I contributed to experimental design and 

evaluated structure–activity relationships through biological data interpretation. I prepared 

biological figures, wrote the corresponding sections of the manuscript, and participated in 

manuscript revision. 
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Discovery of Novel Isoxazole-Based Small-Molecule Toll-Like Receptor 8 Antagonists 

Troy Matziol*, Valerij Talagayev*, Tjaša Slokan, Nika Strašek Benedik, Janine Holze, Matej 

Sova, Gerhard Wolber, and Günther Weindl 

J Med Chem. 2025;68(4):4888–4907 

*Troy Matziol and Valerij Talagayev contributed equally to this work. 
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4.1 Publication summary 

Targeting TLR8 with selective small-molecule antagonists represents a promising therapeutic 

strategy to reduce pathogenic inflammation while preserving beneficial host defense 

mechanisms. Despite growing research interest, the development of potent, selective, and 

clinically viable TLR8 antagonists remains challenging due to structural complexities of the 

receptor and the similarity of its ligand-binding domains to related TLRs, notably TLR7. 

The objective of this research was to discover and characterize new molecular scaffolds capable 

of acting as potent, selective, and bioavailable antagonists of TLR8, with proven functional 

inhibition in human immune cell models. To achieve this, a three-dimensional pharmacophore 

model was constructed by analyzing multiple crystal structures and identifying conserved 

interactions essential for effective antagonism. Virtual screening of a library of 2.7 million 

compounds and subsequent molecular docking identified 42 hits. Among these, the isoxazole 

scaffold was prioritized due to its novelty and predicted fit within the antagonist binding pocket. 

Initial screening in hTLR8-transfected HEK293 reporter cells identified compounds 10 and 12 

as lead molecules with submicromolar IC50 values for TLR8 inhibition, matching the potency 

of the clinical-stage dual TLR7/8 antagonist enpatoran.121,137 Cytotoxicity assays confirmed 

favorable safety profiles for lead compounds over a wide concentration range in various cell 

lines. Selectivity assessments demonstrated a strong preference for TLR8 over other TLR 

family members, notably showing minimal affinity towards TLR7, highlighting the precision 

of antagonism achieved. Functionally, our study links TLR8 antagonism of compound 10 to the 

reduction of inflammasome-associated cytokine release by interfering with TLR8-dependent 

priming rather than directly blocking inflammasome assembly. This was further confirmed 
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when cells were primed with TLR8 agonist TL8-506 and subsequently challenged with 

canonical inflammasome activators. Compound 10 reduced IL-1β production without affecting 

cell viability, suggesting selective inhibition of the TLR8 priming pathway rather than non-

specific cytotoxicity or direct inflammasome blockade. Western blot analysis of downstream 

signaling components provided mechanistic confirmation. Compound 10 blocked stimulus-

induced phosphorylation of the NF-κB subunit p65 and prevented IκBα degradation, 

demonstrating effective inhibition of the canonical TLR8-mediated NF-κB pathway. 

Pharmacological characterization via Schild analysis confirmed competitive antagonism at the 

TLR8 agonist binding site. This orthosteric mechanism was experimentally validated through 

site-directed mutagenesis studies: mutations disrupting the predicted binding pocket prevented 

both agonist activation and antagonist sensitivity, while aromatic substitution preserved agonist 

responsiveness and maintained antagonist susceptibility. Co-immunoprecipitation (co-IP) 

experiments showed reduced MyD88 recruitment to TLR8 in the presence of compound 10, 

representing the first direct evidence of this mechanism for a TLR8 antagonist. Molecular 

docking and molecular dynamics simulations provided structural support for these experimental 

findings. Dynamic mass redistribution (DMR) assays confirmed selective TLR8 inhibition, 

with compound 10 suppressing TLR8 signaling while other TLR responses remained intact. 

The following insights were gained from this research paper: 

(1) Discovery of a novel isoxazole-based scaffold, compound 10, that selectively 

antagonizes human TLR8 in nanomolar range without cross-inhibiting other TLRs and 

high selectivity over TLR7. 

(2) Identification of Gly351, Val378, Phe495, and Ala518 as crucial residues that shape 

antagonist binding and guide SAR optimization strategies. 

(3) Pharmacological proof-of-concept in both immortalized and primary human immune 

cells, showing TNF suppression without off-target effects on other TLRs. 

(4) Selective blockade of TLR8-dependent priming, which inhibited subsequent IL-1β 

release following canonical inflammasome activation. 

(5) Mutagenesis validation of key binding pocket residues and confirmation of competitive 

binding through Schild analysis. 

(6) Mechanism of action at the uridine-binding site, demonstrated through co-IP 

experiments, effectively blocking MyD88 recruitment and downstream NF-κB/IRF 

activation. 
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The integration of crystallographic data, computational modeling, chemical synthesis, and 

functional pharmacology demonstrates an effective interdisciplinary approach for challenging 

targets like TLR8. This study expands the repertoire of TLR8-targeted molecules and 

establishes a comprehensive way of rational drug design that may be applicable to other pattern 

recognition receptors. 

4.2 Author contribution 

Within this project, I was the experimental and investigative lead for all biological assays and 

performed all biological experiments, except the DMR. I designed the biological experiments 

in close collaboration with the medicinal chemistry team, supported structure–activity 

relationship interpretation through biological data analysis, and prepared all figures and tables 

concerning biological data. I contributed equally to writing and revising the manuscript with 

the co-author and all corresponding authors. 
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5.1 Introduction 

Toll-like receptors (TLRs) are type I integral membrane glycoproteins that play a central role 

in innate immunity.5 As a family of pattern-recognition receptors in mammals they recognize 

chemically diverse microbial structures known as pathogen-associated molecular patterns 

(PAMPs), as well as molecules derived from damaged cells known as damage-associated 

molecular patterns (DAMPs).10,138 After ligand binding, recruitment of adaptor proteins such 

as MyD88 triggers proinflammatory signaling cascades leading to activation of the transcription 

factor nuclear factor-kappaB (NF-κB), which regulates the induction of proinflammatory 

cytokines and chemokines.78 In humans, ten different types of TLRs have been identified. These 

are located either on the cell membrane (TLRs 1, 2, 4, 5, 6 and 10) or within endosomal 

compartments (TLRs 3, 7, 8 and 9).48 Endosomal TLRs recognize nucleic acids from pathogens 

or damaged host cells, such as double-stranded RNAs (TLR3), single-stranded RNAs (TLR7 
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and TLR8) or single-stranded DNAs (TLR9).53 Therefore, they have been implicated in the 

immune response following viral infection as well as the pathogenesis of various inflammatory 

and autoimmune diseases.139–141 TLR8 in particular is associated with the development of 

systemic lupus erythematosus (SLE),142 rheumatoid arthritis100 and psoriasis.101 Targeting 

TLR8 with antagonists has therefore been investigated as a potential strategy to attenuate 

cytokine production and alleviate the symptoms of these autoimmune diseases.143  

Several chemotypes of TLR8 inhibitors have been reported in recent years,6,66,136,143 however, 

none has reached the market so far. There are many challenges associated with the development 

of novel TLR8 modulators. The first is the absence of suitable rodent models, as TLR8 is 

nonfunctional in both mice and rats.70,95 Consequently, the role of TLR8 in murine physiology 

is not well established, resulting in limited disease model data that could clarify its involvement 

in autoimmunity.144 Additionally, some TLR ligands suffer from suboptimal pharmacokinetic 

properties, such as short half-lives and poor bioavailability.145 Finally, achieving receptor 

selectivity within the structurally homologous Toll-like receptor family remains one of the 

principal challenges in the design and development of TLR8 inhibitors.146 The selectivity issue 

is particularly evident for TLR7 and TLR8, which share substantial sequence and structural 

similarity as well as overlapping ligand recognition profiles – both are able to bind single-

stranded RNA and nonselective small-molecule ligands.63 As a result, many dual TLR7/8 

antagonists have been reported in recent years.8,147 Notably, enpatoran (M5049),137,144,148,149 

afimetoran (BMS-986256),123 E6742,122,150 and MHV370151–153 are TLR7/8 dual antagonists in 

clinical development for the treatment of COVID-19 pneumonia, SLE or other systemic 

autoimmune diseases. More recently, KBD4466154 has been reported as a potent TLR7/8 

inhibitor demonstrating therapeutic efficacy in an SLE animal model. Structure-based rational 

design has also enabled the discovery of SMU-39, a potent TLR7/8 antagonist that effectively 

ameliorated psoriasis in mice and exhibited no signs of systemic toxicity.155 Two additional 

compounds, ETI41 and ETI60, exhibited potent inhibition of endosomal TLR-mediated 

proinflammatory signaling, displaying nanomolar potency across cellular, biophysical, and in 

vivo assays.156 Despite these advances, only a few small-molecule ligands show selective 

inhibition of TLR8, including the 1,2,4-triazole derivative TH-1027 (1),157 the pyrazolo[1,5-

a]pyrimidine derivative CU-CPT8m (2),95 the quinoline derivative CU-CPT9a (3),146 the 6-

(trifluoromethyl)pyrimidin-2-amine derivative 4,136 and the isoxazole derivative 5158 (Figure 

5). For the reasons outlined above, there is a strong need to develop new chemotypes of 

selective TLR8 antagonists. 
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Figure 5. Structures of selective TLR8 antagonists. The main scaffolds are highlighted in 

purple. 

 

In this study, novel selective TLR8 antagonists were identified through in silico design. 

Previously, isoxazole-based antagonists, which targeted the uridine binding site at TLR8 

homodimer interface (Figure 6A) and showed inhibition in the nanomolar range, were 

discovered.158 The isoxazole-containing compounds consisted of three key components: (i) an 

isoxazole scaffold that interacted with the backbone amide of Gly351, (ii) a linker containing a 

positively charged nitrogen that formed an ionic interaction with Glu427, and (iii) a variable 

rest that differed among the synthesized compounds (Figure 6B). 
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Figure 6. TLR8 protein structure. (A) TLR8 homodimer protein structure with the uridine 

binding site. (B) Binding mode of the most potent isoxazole-based TLR8 antagonist identified 

in previous study158 consisting of a scaffold, linker and rest. Color code: brown and grey ribbons 

and atoms, TLR8 protein structure; light blue atoms, isoxazole-based TLR8 antagonist. 

 

Our approach focused on replacing the isoxazole scaffold with a pyrimidine scaffold, 

previously identified as a key component for TLR8 inhibition.136,146 By retaining the linker to 

preserve critical interactions, this modification aimed to enhance antagonist potency. Using this 

strategy, pyrimidine-based TLR8 antagonists with diverse substituents attached to the amide 

group were designed (Figure 7). 
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Figure 7. Design of a pyrimidine-based TLR8 antagonist from isoxazole derivative 5. The 

scaffolds are highlighted in pink, and the structural changes are shown in purple and green. 

 

5.2 Results and discussion 

5.2.1 Design, synthesis, and initial biological evaluation of pyrimidine-based TLR8 

antagonists 

We used our in-house library of building blocks containing a primary amine for a nucleophilic 

substitution, along with an additional amine necessary for ionic interactions. These building 

blocks were used to replace the ethylpiperidine-4-yl rest present in isoxazole derivative 5 to 

create a database of pyrimidine-based TLR8 antagonists. The molecules in this database were 

subjected to computational molecular docking studies to determine their binding modes within 

the uridine binding site of TLR8 (Table S1). The predicted binding modes were evaluated based 

on key protein-ligand interactions, specifically the hydrogen bond between the pyrimidine 

nitrogen and the backbone amine of Gly351, and the ionic interaction between the protonated 

amine and the side chain of Glu427. Additionally, we assessed the structural and conformational 

integrity of the binding modes. Based on these criteria, we selected 13 molecules (compounds 

9–17, 20–23) with promising binding profiles for synthesis and experimental validation. 

The synthesis started with methyl 4-(hydroxymethyl)benzoate (6) (Scheme 1). Nucleophilic 

substitution with 4-chloro-2,6-dimethylpyrimidine afforded methyl 4-(((2,6-

dimethylpyrimidin-4-yl)oxy)methyl)benzoate (7), which was hydrolyzed in the presence of 1 

M NaOH to yield carboxylic acid 8. The coupling reaction using 8, HATU and the appropriate 

amine provided amides 9–17. Similarly, tert-butyl 4-(4-(((2,6-dimethylpyrimidin-4-

yl)oxy)methyl)benzamido)piperidine-1-carboxylate (9) was obtained by a coupling reaction 

using 8, HATU and tert-butyl 4-aminopiperidine-1-carboxylate. The Boc protecting group was 

then removed with trifluoroacetic acid and the resulting piperidine derivative 19 was alkylated 

with the corresponding alkyl bromide to yield final compounds 20–23. 
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Scheme 1. Synthesis of pyrimidine-based compounds 9–17 and 20–23. Reagents and 

conditions: (A) NaH, 4-chloro-2,6-dimethylpyrimidine, DMF, 60 °C, 6 h, then room 

temperature (rt) overnight; (B) 1 M NaOH, 1,4-dioxane, rt, 24 h; (C) HATU, amine (R1NH2), 

DIPEA, THF, rt, 24 h; (D) HATU, tert-butyl 4-aminopiperidine-1-carboxylate, DIPEA, THF, 

rt, 24 h; (E) TFA, DCM, rt, 24 h; (F) alkyl bromide, K2CO3, KI, acetonitrile, reflux, 2 h. 

 

To validate the in silico predictions, compounds 9–17, 20–23 were screened using HEK293 

reporter cells expressing hTLR8.135,136,158–160 All tested candidates showed strong inhibition of 

TLR8-mediated NF-κB signaling, with at least 80% inhibition at 10 µM (Figure S1A and Table 

1). MTT assay results confirmed no significant cytotoxic effects at concentrations up to 50 µM, 

and no agonistic activity was observed at either 10 or 25 µM (Figure S1B, C). The most 

promising candidates, demonstrating at least 90% inhibition at 10 µM in hTLR8-HEK293 

reporter cells, were selected for IC50 analysis (Figure S2, Table 1). All tested compounds 

showed IC50 values around 1 µM, with compound 16 demonstrating the most potent inhibitory 

activity, with an IC50 of 0.3 µM against the TLR8-selective agonist TL8-506, outperforming 

our previously reported isoxazole-based antagonists.158 Furthermore, no cytotoxic effects were 

observed in hTLR8-HEK293 cells at concentrations up to 100 µM (Figure S3). 

 

Table 1. Inhibition of TL8-506-stimulated TLR8-dependent NF-κB activity and IC50 values of 

compounds 9–17 and 20–23 in hTLR8-HEK293 reporter cells. Normalized percent inhibition 

data are mean ± SEM of three to four independent experiments. One-sample t-test vs. 100% 

NF-κB activity. ***P ≤ 0.001, ****P ≤ 0.0001. n.d., not determined. IC50 values were derived 

from concentration-response curves (Figure S2). Data are mean of four independent 

experiments with 95% CI in parentheses. 
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Compound Amine (R1NH2) % inhibition at 10 

µM ± SEM 

hTLR8-HEK293 

IC50 [µM] 

(95% CI) 

hTLR8-HEK293 

9 
 

97 ± 0.4**** 2.73 (2.23–3.31) 

10 
 

80 ± 2*** n.d. 

11 
 

86 ± 1**** n.d. 

12 
 

84 ± 1*** n.d. 

13 

 

93 ± 1**** 2.10 (1.53–2.83) 

14 
 

100 ± 0.2**** 1.17 (1.02–1.35) 

15 
 

98 ± 0.5**** 0.575 (0.350–0.884) 

16 
 

100 ± 0.3**** 0.300 (0.162–0.494) 
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17 
 

95 ± 2**** 1.11 (0.662–1.76) 

20 

 

98 ± 1**** 1.08 (0.633–1.81) 

21 

 

97 ± 1**** 2.11 (1.75–2.53) 

22 

 

95 ± 2**** 2.04 (1.73–2.38) 

23 
 

100 ± 0.2**** 0.693 (0.441–1.04) 

 

5.2.2 Structure–activity relationships and molecular dynamics of pyrimidine-based TLR8 

antagonists 

The first synthesized compound was derivative 9, which has 1-methylpyrrolidin-3-amine 

attached to the main scaffold via the amide bond. It showed TLR8 antagonist activity in the low 

micromolar range (IC50 of 2.73 µM). When a linker is present between the amino group and the 

pyrrolidine ring (compound 10), the activity is lost. Similarly, the introduction of 1,4’-

bipiperidine or 4-(pyrrolidin-1-yl)piperidine leads to the inactive compounds 11 and 12, 

respectively. Based on the active isoxazole derivative 5 from our previous study,158 we 

synthesized N-(2-(dimethylamino)-2-(p-tolyl)ethyl)-4-(((2,6-dimethylpyrimidin-4-

yl)oxy)methyl)benzamide (13), which has fourfold lower potency compared to the parent 

compound. The most optimal substitution for TLR8 antagonist activity was 1-alkylpiperidin-4-

amine with the length of the alkyl substituent playing an important role for potency. Shorter 

(methyl in 17 and ethyl in 14) and longer substituents (butyl, pentyl or hexyl as in 20, 21 and 

22, respectively) than propyl (compound 15) resulted in derivatives with lower potencies. When 

propyl was replaced by an allyl substituent (compound 23), the IC50 value remained in the 
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nanomolar range. Finally, the most potent pyrimidine derivative (IC50 of 0.3 µM) was 

compound 16 with the branched substituent isopropyl. 

Comparison of the binding hypotheses for compounds 15, 16, and 23 reveals that all three form 

a hydrogen bond between the nitrogen N1 of the pyrimidine ring and the backbone amine of 

Gly351. The methyl groups make hydrophobic contacts with the side chains of residues Lys350, 

Val378, Phe494* and Phe495*, with the asterisk indicating the chain B of the homodimer. The 

phenyl ring of 15, 16, and 23 establishes hydrophobic contacts with I403 and A518*, while the 

amine group of the piperidine ring forms an ionic interaction with Glu427. The main difference 

between these compounds lies in the hydrophobic interactions formed by the groups attached 

to the piperidine ring. The propyl group of 15 forms hydrophobic contacts with Phe346 and 

Phe470, while the isopropyl group of 16 interacts only with Leu490. The allyl rest of 23 shows 

a hydrophobic contact with Phe470. These observations suggest that the isopropyl group is 

more favorable for potency, likely due to its interaction with Leu490 (Figure 8). 
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Figure 8. 3D and 2D representations of the binding hypothesis for compounds 15, 16 and 23. 

These compounds show identical interactions except for the substituent located on the 

piperidine ring, which shows a hydrophobic contact with Phe346 and Phe470 in compound 15, 

with Leu490 in compound 16 and with Phe470 in compound 23. Compound 16 shows higher 

inhibitory potency, indicating that interaction with Leu490 is preferred for TLR8 inhibition. 

The asterisk denotes chain B. Color code: brown and gray ribbons and atoms, TLR8 protein 

structure (PDB ID: 6V9U); yellow molecule, compound 15; pink molecule, compound 16; light 

blue molecule, compound 23. 

 

To further investigate the interactions of compounds 15, 16 and 23, molecular dynamics 

simulations were performed. The trajectories of the simulations were analyzed using the 

OpenMMDL Analysis part of the OpenMMDL workflow,161 which analyzes the frequency of 

interactions of the protein with the ligands throughout the trajectories of the simulations, with 

the methodology incorporating the concept of Dynophores, employed in our previous 

studies.136,158,162 The analysis shows that the hydrogen bond interaction between the backbone 

of Gly351 and the pyrimidine nitrogen is present in 98–99% of the simulation duration for 

compounds 15, 16 and 23. The methyl groups on the pyrimidine ring show hydrophobic 

contacts in 73–94% of the trajectory. The phenyl ring maintains hydrophobic contacts in 97–

98% of the simulation duration. The piperidine amine maintains an ionic interaction with the 

side chain of Glu427 in 98% of the frames during the simulation with compound 15, 89% of 

the frames during the simulation with compound 16 and 11% of the frames during the 

simulation with compound 23. This interaction potentially affects the inhibition potency of 

compound 23. The propyl group of 15 shows hydrophobic contacts in 46% of the simulation 

frames, while the ethyl group of 23 shows hydrophobic contacts in 38% of the frames. The 

methyl groups of the isopropyl in 16 show hydrophobic contacts during 23% and 35% of the 

simulation respectively (Table S2–S4). Additionally, the root mean square deviation (RMSD) 

was calculated for simulations of compounds 15, 16 and 23. The average RMSD for simulations 

of 15, 16 and 23 was 2.78 Å, 2.54 Å and 3.58 Å, respectively (Figure S4–S6). 

 

5.2.3 Optimization of the pyrimidine scaffold toward potent quinazoline derivative 35 

To evaluate the importance of methyl groups on the pyrimidine ring, three additional 

compounds 30, 31 and 32 were synthesized (Scheme 2 and Table 2). Removal of the methyl 

groups (compound 30) results in approximately 7-fold lower potency compared with 16. 
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Introduction of a methyl group at position 6 of the pyrimidine ring (compound 32) does not 

improve potency, whereas the presence of a methyl group at position 2 increases potency, 

indicating that this substitution is important for potent antagonistic activity on TLR8. In the 

next step, compounds in which benzene or cyclopentane was fused to the 2-methylpyrimidine 

ring were synthesized to obtain quinazoline and 6,7-dihydro-5H-cyclopenta[d]pyrimidine 

derivatives 35 and 38, respectively (Scheme 2 and Table 2). Both modifications enhanced 

potency, with quinazoline derivative 35 identified as the most potent TLR8 antagonist, with an 

IC50 value in the low nanomolar range, resulting in approximately 10-fold greater potency 

compared to 16 (Table 1 and 2). 

 

 

Scheme 2. Synthesis of compounds 30–32, 35 and 38. Reagents and conditions: (A) NaH, 

appropriate 4-chloropyrimidine, anhydrous THF or DMF, 60 °C for 4 h or 24 h at rt; (B) 1 M 

NaOH, 1,4-dioxane, rt, 24 h; (C) HATU, DIPEA, 1-isopropylpiperidin-4-amine, THF, rt, 24 h; 

(D) NaH, 4-chloro-2-methylquinazoline, anhydrous DMF, rt, 24h; (E) NaH, 4-chloro-2-methyl-

6,7-dihydro-5H-cyclopenta[d]pyrimidine, anhydrous DMF, rt, 24 h. 

 

Table 2. Inhibition of TL8-506-stimulated TLR8-dependent NF-κB activity and IC50 values of 

compounds 30–32, 35 and 38 in hTLR8-HEK293 reporter cells. Normalized percent inhibition 

data are mean ± SEM of three or four independent experiments. One-sample t-test vs. 100% 

NF-κB activity. ***P ≤ 0.001, ****P ≤ 0.0001. IC50 values were derived from concentration-
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response curves (Figure S2). Data are mean of four independent experiments with 95% CI in 

parentheses. 

 

Compound R4 % inhibition at 10 µM ± 

SEM 

hTLR8-HEK293 

IC50 [µM] 

(95% CI) 

hTLR8-HEK293 

30 

 

98 ± 0.5**** 1.98 (1.33–3.41) 

31 

 

100 ± 0.4*** 0.50 (0.36–0.69) 

32 

 

96 ± 1**** 3.23 (2.11–6.22) 

35 

 

100 ± 0.2**** 0.032 (0.015–0.052) 

38 

 

100 ± 0.3*** 0.160 (0.083–0.260) 
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The binding hypotheses for compounds 35 and 38 indicate that both compounds form a 

hydrogen bond interaction between the nitrogen N1 of the pyrimidine ring and the backbone 

amide of Gly351. The methyl group makes hydrophobic contacts with the side chains of Tyr348, 

Val378 and Phe494* in both compounds. The phenyl ring of 35 and the cyclopentane ring of 

38 establish hydrophobic contacts with the side chain of Lys350. A π-stacking interaction is 

observed between the pyrimidine ring and the side chain of Phe494* in both 35 and 38. The 

phenyl ring of both compounds 35 and 38 forms hydrophobic contacts with Ile403, Phe405 and 

Ala518*. The amine of the piperidine ring forms an ionic interaction with the side chain of 

Glu427 in both 35 and 38, and the isopropyl group makes a hydrophobic contact with the side 

chain of Leu490 (Figure 9). The presence of a bicyclic ring scaffold, such as the quinazoline 

scaffold in compound 35, results in an additional π-stacking interaction with Phe494*. This 

interaction is absent in compounds 15 and 16. The presence or absence of this interaction affects 

inhibition potency, with compound 35 displaying higher inhibitory potency than compounds 15 

and 16. 
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Figure 9. 3D and 2D representations of the binding hypothesis for compounds 35 and 38. Both 

compounds show identical interactions in the binding site interface of TLR8 and display an 

aromatic interaction between the pyrimidine ring and Phe495* that is not present in the binding 

hypothesis for compounds 15, 16 and 23. The asterisk denotes chain B. Color code: brown and 

gray ribbons and atoms, TLR8 protein structure (PDB ID: 6V9U); turquoise molecule, 

compound 35; light brown molecule, compound 38. 
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To further evaluate the binding hypothesis for 35 and 38 MD simulations were performed and 

the previously described OpenMMDL Analysis part of the OpenMMDL workflow was used to 

calculate protein-ligand interaction frequencies. The analysis showed that the nitrogen N1 of 

the pyrimidine ring in 35 and 38 forms hydrogen bond interactions with the backbone amine of 

Gly351 in 95% and 99% of the frames during the simulation, respectively. The pyrimidine ring 

shows hydrophobic contacts in 52–55% of the simulation duration, while the methyl group 

shows hydrophobic contacts in 94–96% of the frames. The phenyl ring maintains interactions 

in 98% of the simulation duration. The carbamide oxygen forms a hydrogen bond in 16–20% 

of the simulation frames, while the piperidine amine maintains an ionic interaction with the side 

chain of Glu427 in 91–92% of the simulation duration. Both methyl groups of the isopropyl 

form hydrophobic contacts in 14–16% and 23–28% of the simulation respectively. The main 

noticeable difference between 35 and 38 is the frequency of aromatic interactions formed by 

the pyrimidine ring. The pyrimidine ring of 35 forms an aromatic interaction in 66% of the 

frames, while the pyrimidine ring of 38 only forms an aromatic interaction in 35% of the frames, 

highlighting the importance of the aromatic interaction of the pyrimidine ring for potency (Table 

S5, S6). RMSD values were calculated for 35 and 38 during the simulations. The average 

RMSD for 35 was 3.48 Å, while the average RMSD for 38 was 3.16 Å (Figure S7, S8). 

 

5.2.4 Biological characterization of compounds 16 and 35 as selective TLR8 antagonists 

Since compound 16 was identified as the most potent antagonist from the first series, its TLR 

selectivity across a panel of TLR ligands targeting TLR2/1, TLR2/6, TLR3, TLR4, TLR5, 

TLR7, TLR8, and TLR9 using HEK293 reporter cells was evaluated. The results confirmed 

high specificity of compound 16 for hTLR8, with no significant inhibition of other TLRs 

(Figure 10A). Given the high structural similarity between TLR8 and TLR7, IC50 analysis was 

performed in hTLR7-expressing cells (Figure S9A), revealing a significantly higher IC50 (29.8 

µM) compared to hTLR8 (0.313 µM), corresponding to a selectivity factor exceeding 95-fold 

in favor of hTLR8. 

To further validate the functional relevance of compound 16, its inhibitory activity was assessed 

in THP-1 macrophages and human peripheral mononuclear blood cells (PBMCs), representing 

more physiologically relevant cells. Compound 16 demonstrated concentration-dependent 

inhibition of TNF secretion, with IC50 values of 0.232 µM (95% CI: 0.126–0.388 µM) in THP-

1 macrophages and 0.849 µM (95% CI: 0.662–1.16 µM) in PBMCs (Figure 10B and Table 3). 

LDH assays confirmed the absence of cytotoxic effects up to 50 µM, the highest concentration 
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tested (Figure S10). When stimulated with TLR8 or TLR4 agonists in THP1-Dual MD2-CD14-

TLR4 cells (hereafter referred to as THP-1 Dual cells), compound 16 selectively inhibited key 

downstream signaling pathways of TLR8, including NF-κB and IRF signaling, while having no 

effect on TLR4 activation (Figure 10C). Using label-free optical biosensor technology,158,160 we 

confirmed that compound 16 inhibits TLR8-mediated cell responses. The concentration-effect 

curve for dynamic mass redistribution (DMR) signals (Figure 10D) showed an IC50 of 3.52 μM 

(95% CI: 1.76–6.67 μM) for compound 16 in TLR8-activated THP-1 Dual cells. These findings 

further highlight the efficacy of compound 16 in modulating pro-inflammatory pathways in 

relevant cellular contexts.  
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Figure 10. Compound 16 selectively inhibits TLR8-mediated inflammation and signaling. (A) 

hTLR-HEK293 reporter cells were preincubated with or without compound 16 (10 μM) for 1 

h, and then stimulated with ligands for TLR2/1 (Pam3CSK4, 10 ng/mL), TLR2/6 (Pam2CSK4, 

1 ng/mL), TLR3 (poly(I:C) HMW, 10 µg/mL), TLR4 (LPS E. coli, 10 ng/mL), TLR5 (flagellin, 

100 ng/mL), TLR7 (CL307, 0.8 µM), TLR8 (TL8-506, 1.5 µM), or TLR9 (ODN2006, 5 µM). 

Supernatants were analyzed for TLR-mediated NF-κB activation by SEAP reporter assay using 

QuantiBlue (OD620) and normalized to the respective TLR agonist alone. Data are presented as 

mean + SEM (n=3). (B) PBMCs or THP-1 macrophages were preincubated with increasing 

concentrations of compound 16 for 1 h and then stimulated with TL8-506 (0.6 μM) for 4 h. 

TNF release in the cell culture supernatants was determined by ELISA. For the calculation of 

the concentration-response curve nonlinear regression with variable slope (four parameters) 

was used. IC50 values are shown in Table 3. Data are mean ± SEM (n=3–4). (C) THP1-Dual 

MD2-CD14-TLR4 cells (THP-1 Dual cells) were preincubated with 10 µM of compound 16 

for 1 h, and then stimulated with TL8-506 (6 μM) or LPS from Escherichia coli (E. coli) (10 

ng/mL) for 24 h. Supernatants were analyzed for NF-κB activation by SEAP reporter assay 

using QuantiBlue (OD620) or for IRF activation by Lucia luciferase using QuantiLuc. Data are 

mean + SEM (n=3). (D) Inhibitory concentration-response curves resulting from DMR traces. 

THP1-Dual MD2-CD14-TLR4 cells (THP-1 Dual cells) were preincubated with increasing 

concentrations of compound 16 for 1.5 h and then stimulated with TL8-506 (6 μM). For the 

calculation of the concentration-response curve nonlinear regression with variable slope (four 
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parameters) was used. The concentration-response curve was derived from DMR signals 

recorded at 250 min. Data are mean ± SEM (n=4). 

 

Since compound 35 emerged as a highly potent antagonist from the third series, we next 

evaluated its TLR selectivity profile using a panel of TLR ligands in HEK293 reporter cells. 

Similar to compound 16, compound 35 showed strong specificity for hTLR8, with no detectable 

inhibition of other TLRs (Figure 11A). To further assess selectivity, IC50 analysis was 

performed in hTLR7-expressing cells (Figure S9B). The IC50 value for hTLR7 was markedly 

higher (9.27 µM; 95% CI: 8.21–10.09 µM) compared with hTLR8 (0.032 µM; 95% CI: 0.015–

0.052 µM), corresponding to a selectivity factor over 280-fold in favor of hTLR8. 

Table 3. Potency (IC50, μM) of compounds 16, 35, and CU-CPT9a in TLR8 reporter cells and 

immune cell assays. IC50 values were derived from concentration-response curves (Figure 10, 

11, S2). Data are mean of four independent experiments with 95% CI in parentheses. For each 

cell type, the logIC50 values of compound 35 were compared to those of CU-CPT9a. *P ≤ 0.05, 

***P ≤ 0.001, not significant (ns) = p >0.05. 

Compound IC50 [µM] (95% CI) 
 

hTLR8-HEK293 THP-1 macrophages PBMCs 

16 0.300 (0.162–0.494) 0.232 (0.126–0.388) 0.849 (0.662–1.16) 

35 0.032*** (0.015–0.052) 0.014ns (0.009–0.022) 0.107* (0.085–0.137) 

CU-CPT9a 0.097 (0.067–0.119) 0.010 (0.003–0.028) 0.066 (0.045–0.091) 

 

To assess its functional relevance in more physiologically representative systems, compound 

35 was further tested in THP-1 macrophages and PBMCs. Compound 35 demonstrated 

concentration-dependent inhibition of TNF secretion, with IC50 values of 13.86 nM (95% CI: 

9.26–22.08 nM) in THP-1 macrophages and 107.3 nM (95% CI: 84.73–136.7 nM) in PBMCs 

(Figure 11B and Table 3). The most potent TLR8 antagonist reported to date, CU-CPT9a95,146, 

showed IC50 values of 10.05 nM (95% CI: 2.91–28.48 nM) in THP-1 macrophages and 66.56 

nM (95% CI: 45.18–91.22 nM) in PBMCs, placing compound 35 within a comparable potency 

range (Figure 11C and Table 3). LDH release assays confirmed the absence of cytotoxicity up 
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to 50 µM (Figure S10). Further confirmation of TLR8 antagonism was obtained using label-

free optical biosensor technology. In DMR assays using TLR8-stimulated THP-1 macrophages, 

35 resulted in a concentration-dependent reduction in cellular responses, with an IC50 of 2.205 

nM (95% CI: 0.175–27.79 nM), equipotent to CU-CPT9a, which demonstrated an IC50 of 0.436 

nM (95% CI: 0.030–6.321 nM) (Figure 11D). 

 

Figure 11. Compound 35 selectively inhibits TLR8-mediated inflammation and signaling. (A) 

hTLR-HEK293 reporter cells were preincubated with or without compound 35 (1 μM) for 1 h, 

and then stimulated with ligands for TLR2/1 (Pam3CSK4, 10 ng/mL), TLR2/6 (Pam2CSK4, 1 

ng/mL), TLR3 (poly(I:C) HMW, 10 µg/mL), TLR4 (LPS E. coli, 10 ng/mL), TLR5 (flagellin, 

100 ng/mL), TLR7 (CL307, 0.8 µM), TLR8 (TL8-506, 1.5 µM), or TLR9 (ODN2006, 5 µM). 

Supernatants were analyzed for TLR-mediated NF-κB activation by SEAP reporter assay using 
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QuantiBlue (OD620) and normalized to the respective TLR agonist alone. Mean + SEM (n=4). 

(B) THP-1 macrophages or (C) PBMCs were preincubated with increasing concentrations of 

compound 35 or CU-CPT9a for 1 h and then stimulated with TL8-506 (0.6 μM) for 4 h. TNF 

release in the cell culture supernatants was determined by ELISA. For calculation of the 

concentration-response curve nonlinear regression with variable slope (four parameters) was 

used. IC50 values are shown in Table 3. Mean ± SEM (n=4). (D) Inhibitory concentration-

response curves resulting from DMR traces. THP-1 macrophages were preincubated with 

increasing concentrations of compound 35 or CU-CPT9a for 1.5 h and then stimulated with 

TL8-506 (6 μM). For calculation of the concentration-response curve nonlinear regression with 

variable slope (four parameters) was used. The concentration-response curve was derived from 

DMR signals calculated from the area under the curve. Mean ± SEM (n=4–8). 

 

5.2.5 Binding mode characterization of lead compound 35 

Computational studies were performed to analyze the binding mode of compound 35. Mutations 

at glycine 351 (G351P), valine 378 (V378M), and phenylalanine 495 (F495L*)158 were 

introduced separately, and molecular docking studies with compound 35 were performed. The 

G351P mutation affects the protein backbone and prevents compound 35 from interacting with 

Gly351 leading to loss of activity (Figure 12A,B). The V378M mutation leads to an increase of 

the side chain size with the introduction of the methionine, thereby sterically restricting 

compound 35 from entering the binding site (Figure 12C,D), while the F495L* also causes 

steric hindrance due to the introduced L495* side chain being located closer to Gly351 and thus 

restricting the molecules from forming an interaction with the backbone of Gly351 (Figure 

12E,F). To experimentally validate the in silico predictions for compound 35, site-directed 

mutations were introduced into TLR8 and expressed in HEK293 cells.158 Given the preserved 

activity of the F495L mutant, we investigated whether compound 35 or CU-CPT9a could 

access the TLR8 binding pocket. Both compound 35 and the reference antagonist CU-CPT9a 

nearly completely inhibited TL8-506-induced receptor activation (Figure 12G). Structural 

studies have shown that TLR8 agonists bind a defined pocket, and the crystal structure of CU-

CPT9a confirms its engagement of the same site.95 Taken together with our modeling data, 

these observations support the conclusion that compound 35 targets the same binding site as 

TL8-506 and CU-CPT9a, likely acting through direct competition with the agonist. 
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Figure 12. Compound 35 binds to the pocket of chemical ligands within the TLR8 dimerization 

interface. (A–F) Computational TLR8 binding site mutational studies. TLR8 binding site 

interface with the highlighted surface shape of (A) G351 and the (B) P351 mutation, preventing 

a hydrogen bond interaction with the backbone. (C) V378 and the (D) M378 mutation with the 

extended side chain preventing 35 from entering the binding site. (E) F495* and the (F) L495* 

mutation, pointing towards Gly351 and preventing 35 from entering the binding site and 

performing an interaction with the backbone of Gly351. (G) HEK293 reporter control cells 

were transfected with mutant or wildtype TLR8 plasmid. Cells were preincubated with either 

compound 35 (1 μM) or CU-CPT9a (1 μM) for 1 h and then stimulated with TL8-506 (3 μM) 

for 24 h. Supernatants were analyzed for TLR8-mediated NF-κB activation by the SEAP 

reporter assay using QuantiBlue (OD620) and normalized to TL8-506. Mean + SEM (n=4). 

 

5.2.6 Physicochemical and pharmacokinetic characterization of compounds 16 and 35 

Next, the physicochemical properties, i.e. log D and kinetic solubility, of the most potent 

compounds from the first (compound 16) and the third series (compound 35) were determined 

(Table 4). The kinetic solubility of a compound is the maximum solubility of the fastest 

precipitating species of the compound163 and the goal for drug discovery compounds is to 

achieve solubility higher as 60 μg/mL.164 Compounds 16 and 35 displayed favorable solubility 

characteristics, with kinetic solubility values of 78.3 μg/mL and 91.3 μg/mL, respectively. 

 

Table 4. Log D and kinetic solubility for compounds 16 and 35. 

Compound Log D Kinetic Solubility in Phosphate Buffer pH 7.4 

(μM) (μg/mL) 

16 1.27 205 78.3 

35 2.37 218 91.3 

 

The next step was to determine pharmacokinetic properties such as metabolic stability in liver 

microsomes (Table 5) and plasma protein binding (Table 6) for compounds 16 and 35. 

Metabolic stability was assessed in human and mouse liver microsomes. Key parameters 
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determined were in vitro half-life (t1/2), microsomal intrinsic clearance (CLint(mic)) and in vivo 

hepatic intrinsic clearance (CLint(liver)) by methods described in the experimental section. Both 

compounds showed good metabolic stability, with t1/2 values greater than 70 minutes and low 

clearance. Metabolic stability was higher in human liver microsomes compared to mouse liver 

microsomes, with t1/2 values exceeding 145 minutes (Table 5).  

 

Table 5. Metabolic stability of selected compounds in human and mouse liver microsomes.  

Compound Human liver microsomes Mouse liver microsomes 

t1/2 

(min) 

CLint(mic)
a
 

(μL/min/mg) 

CLint(liver)
b
 

(mL/min/kg) 

t1/2 

(min) 

CLint(mic) 

(μL/min/mg) 

CLint(liver) 

(mL/min/kg) 

16 >145 <9.6 <8.6 >145 <9.6 <38.0 

35 >145 <9.6 <8.6 73.6 18.8 74.6 

Testosterone 15.5 89.2 80.2 4.5 308.6 1222.2 

Diclofenac 5.2 264.1 237.7 47.3 29.3 116.2 

Propafenone 6.7 205.7 185.1 2.0 710.9 2815.3 

a Microsomal intrinsic clearance, CLint(mic) = 0.693/t1/2/mg microsome protein per mL. 

b Hepatic intrinsic clearance, CLint(liver) = CLint(mic) × mg microsomal protein/g liver weight × g liver weight/kg body 

weight 

 

Prediction of plasma protein binding is important because it significantly affects volume of 

distribution, clearance and drug half-life (t1/2).165 The t1/2 is usually longer for drugs with high 

protein binding. In our study, compound 16 exhibited moderate binding, while compound 35 

showed higher binding to human plasma proteins (Table 6). 
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Table 6. Plasma protein binding of compounds 16 and 35 (mean ± SD, n=3). 

Compound Human 

%Unbound %Bound %Recovery 

16 43.7 ± 2.3 56.3 97.9 ± 5.1 

35 11.4 ± 1.3 88.6 93.2 ± 6.2 

Warfarin 0.8 ± 0.0 99.2 104.9 ± 8.5 

 

5.3 Conclusion 

Overactivation of TLR8, which recognizes microbial RNA and triggers the release of 

proinflammatory cytokines, contributes to inflammatory and autoimmune diseases. Many new 

scaffolds of TLR8 antagonists have been reported, however, none have yet reached the market. 

In this work, novel pyrimidine-based TLR8 antagonists were designed and synthesized by 

replacing the isoxazole ring from our previous study with a pyrimidine ring. A structure–activity 

relationship study revealed that the most optimal substituent on the amide bond is 1-

isopropylpiperidine. The most potent compound 16, with an IC50 value of 300 nM, selectively 

inhibited TLR8-mediated signaling and demonstrated concentration-dependent inhibition of 

TNF secretion in THP-1 cells and PBMCs. In the next step, the pyrimidine ring was fused with 

benzene, resulting in the quinazoline derivative 35, which exhibited approximately 10-fold 

higher potency. Compound 35 inhibited TNF secretion in THP-1 cells and PBMCs comparably 

to the antagonist CU-CPT9a. Computational modeling and mutagenesis of the TLR8 binding 

cavity confirmed ligand-receptor interactions within the same pocket as CU-CPT9a, indicating 

competitive antagonism at the agonist site for chemical ligands. The high specificity and 

potency of compound 35, combined with favorable kinetic solubility and metabolic stability in 

human and mouse liver microsomes with a t1/2 exceeding 145 minutes, make it a promising 

candidate for further development of selective TLR8 antagonists. Its superior performance over 

previously developed antagonists highlights its potential for therapeutic applications, especially 

in diseases driven by TLR8-mediated inflammation. 
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5.4 Materials and methods 

5.4.1 Chemistry 

Reagents and solvents were obtained from commercial sources (e.g., BLDpharm, Apollo 

Scientific, Sigma-Aldrich, Acros Organics, Enamine, TCI). Reactions were monitored by thin-

layer chromatography on silica gel plates (Merck DC Fertigplatten Kieselgel 60 GF254) and 

visualized under UV light. If necessary, staining with the appropriate staining reagents was also 

performed. Flash column chromatography was carried out on silica gel 60 (mesh size 70–230; 

Merck) using the indicated solvents. Flash column chromatography of some final compounds 

was performed on an Isolera One (Biotage) using Biotage Sfär C18 D - Duo 100 Å 30 μm 

column. The flow rate was 25 mL/min; detection was performed at 254 nm; and the eluent 

system consisted of 0.1% aqueous trifluoroacetic acid (A) and acetonitrile (B) was used. The 

following gradient was used: 0–3 min, 100% A, 3–18 min 0-100% B, 18–20 min 100% B. 

Yields refer to purified products and were not optimized. 1H and 13C NMR spectra were 

recorded at 295 K in CDCl3 or acetone-d6 (Avance III NMR spectrometer; Bruker, MA, USA) 

using a decoupling inverse 1H probe (Broadband). Coupling constants (J) are given in Hz, and 

the splitting patterns are labeled as follows: s, singlet; bs, broad singlet; d, doublet; t, triplet; q, 

quartet; dd, doublet of doublets; dt, doublet of triplets; m, multiplet. Mass spectra (Expression 

CMS mass spectrometer; Advion, NY, USA) and high-resolution mass measurements (Exactive 

Plus Orbitrap mass spectrometer; Thermo Fisher Scientific, MA, USA) were performed at the 

Faculty of Pharmacy, University of Ljubljana, Slovenia. HPLC analyses were performed using 

the Thermo Scientific UltiMate 3000 modular system (Thermo Fisher Scientific Inc.) equipped 

with a quaternary pump and a multi-wavelength detector. An ACQUITY UPLC HSS C18 

column (2.1 x 50 mm; 1.8 µm), thermostatted to 40 °C was used. The flow rate was 0.4 mL/min; 

detection was performed at 254 nm; and the eluent system consisted of 0.1% aqueous 

trifluoroacetic acid (A) and acetonitrile (B) was used. The following gradient was used: 0–7 

min, 5–95% B; 7–8 min, 95% B. All compounds are >95% pure by HPLC analysis. 

5.4.2 Experimental procedures and characterization data for compounds 7–23 

Methyl 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoate (7) 

To a cooled solution of methyl 4-(hydroxymethyl)benzoate (6) (15.00 mmol, 2.49 g) in 

anhydrous DMF (30 mL), NaH (15 mmol, 0.360 g of 60% dispersion in mineral oil) was added. 

After 1 h, the solution was removed from the ice bath and 4-chloro-2,6-dimethylpyrimidine 

(10.00 mmol, 1.43 g) was added. The reaction mixture was stirred for 6 h at 60 °C and then 
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overnight at room temperature. A 30% solution of NH4Cl (50 mL) and diethyl ether (100 mL) 

were added to the reaction mixture. The phases were separated and the organic phase was 

washed with water (50 mL) and a saturated solution of NaCl (50 mL), dried over anhydrous 

Na2SO4, and filtered. The solvent was removed under reduced pressure, and the residue was 

purified by flash column chromatography. Yield 31%; colorless oil; Rf = 0.13 (EtOAc/ n-

hexane, 1:2, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 2.34 (s, 3H), 2.47 (s, 3H), 3.86 

(s, 3H), 5.47 (s, 2H), 6.70 (s, 1H), 7.55 – 7.60 (m, 2H), 7.96 – 7.99 (m, 2H). 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) 

Methyl 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoate (7) (4.69 mmol, 1.59 g) was 

dissolved in 1M NaOH (15 mL) and dioxane (15 mL) and stirred overnight at room temperature. 

Diethyl ether (30 mL) was added to the reaction mixture and the phases were separated. 1 M 

HCl was added to the aqueous phase and the product precipitated. Yield 77%; white solid; Rf 

= 0.67 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 2.34 (s, 3H), 2.47 

(s, 3H), 5.46 (s, 2H), 6.69 (s, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.93 – 8.00 (m, 2H), 13.01 (s, 1H). 

General procedure A (synthesis of amide) 

A corresponding acid (1 equiv.) was dissolved in anhydrous THF under argon atmosphere and 

HATU (1.5 equiv.) was added. After 15 minutes, a corresponding amine (1 equiv.) and DIPEA 

(4 equiv.) were added to the stirred solution. The reaction mixture was stirred overnight at room 

temperature. EtOAc was then added and the reaction mixture washed with saturated solution of 

NaHCO3. The organic phase was dried over anhydrous Na2SO4, filtered, and evaporated under 

reduced pressure. The residue was purified by flash column chromatography. 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-methylpyrrolidin-3-yl)benzamide (9) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 1-methylpyrrolidin-3-amine (0.58 mmol, 0.058 g) and 

DIPEA (2.32 mmol, 0.404 mL) via general procedure A. The compound was purified by flash 

column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 41%; white solid; 

Rf = 0.16 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.73 – 1.81 (m, 

1H), 2.22 – 2.28 (m, 1H), 2.38 – 2.47 (m, 1H), 2.40 (s, 3H), 2.41 (s, 3H), 2.54 – 2.57 (m, 1H), 

2.58 (s, 3H), 2.79 (dd, J = 10.1, 0.9 Hz, 1H), 3.00 (td, J = 8.6, 3.3 Hz, 1H), 4.65 – 4.72 (m, 

1H), 5.44 (s, 2H), 6.45 (s, 1H), 6.61 (d, J = 8.2 Hz, 1H), 7.41 – 7.57 (m, 2H), 7.70 – 7.86 (m, 

2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 23.86, 25.89, 33.31, 41.79, 49.64, 55.06, 63.12, 

66.87, 103.82, 127.16, 127.94, 134.01, 140.17, 166.43, 167.46, 169.15; HRMS (ESI+) m/z 
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calcd. for C19H25N4O2 [M+H]+ 341.19720, found 341.19700; HPLC purity 95.30% at 254 nm 

(tR = 1.807 min). 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(2-(pyrrolidin-1-yl)ethyl)benzamide (10) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 2-(pyrrolidin-1-yl)ethan-1-amine (0.58 mmol, 0.066 g) 

and DIPEA (2.32 mmol, 0.404 mL) via general procedure A. The compound was purified by 

flash column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 15%; yellow 

solid; Rf = 0.18 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.80 – 1.84 

(m, 4H), 2.40 (s, 3H), 2.58(s, 3H), 2.59 – 2.65 (m, 4H), 2.75 (t, J = 5.9 Hz, 2H), 3.58 (q, J = 

5.5 Hz, 2H), 5.44 (s, 2H), 6.44 (s, 1H), 6.96 (br s, 1H), 7.48 – 7.59 (m, 2H), 7.80 – 7.82 (m, 

2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 23.53, 23.86, 25.90, 38.33, 53.96, 54.69, 66.92, 

103.83, 127.28, 127.95, 134.27, 140.02, 167.16, 167.46, 169.17; HRMS (ESI+) m/z calcd. for 

C20H27N4O2 [M+H]+ 355.21285, found 355.21252; HPLC purity 100.00% at 254 nm (tR = 1.897 

min). 

[1,4'-Bipiperidin]-1'-yl(4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)phenyl)methanone 

(11) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 1,4’-bipiperidine (0.58 mmol, 0.098 g) and DIPEA (2.32 

mmol, 0.404 mL) via general procedure A. The compound was purified by flash column 

chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 32%; white solid; Rf = 0.23 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, acetone-d6): δ (ppm) = 1.60 – 1.66 (m, 2H), 1.75 

– 1.89 (m, 6H), 2.15 (br s, 2H), 2.34 (s, 3H), 2.48 (s, 3H), 3.25 – 3.30 (m, 4H), 3.43 – 3.51 (m, 

1H), 4.02 (s, 4H), 5.45 (s, 2H), 6.56 (s, 1H), 7.44 – 7.47 (m, 2H), 7.54 – 7.57 (m, 2H); 13C NMR 

(100 MHz, acetone-d6): δ (ppm) = 22.73, 23.72, 24.54, 25.88, 27.48, 51.32, 55.89, 64.88, 67.47, 

104.20, 127.96, 128.95, 136.57, 139.56, 167.87, 168.71, 170.09, 170.13; HRMS (ESI+) m/z 

calcd. for C24H33N4O2 [M+H]+ 409.25980, found 409.25945; HPLC purity 100.00% at 254 nm 

(tR = 1.997 min). 

(4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)phenyl)(4-(pyrrolidin-1-yl)piperidin-1-

yl)methanone (12) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 4-(pyrrolidin-1-yl)piperidine (0.58 mmol, 0.090 g) and 

DIPEA (2.32 mmol, 0.404 mL) via general procedure A. The compound was purified by flash 

column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 22%; orange oil; 
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Rf = 0.20 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, acetone-d6): δ (ppm) = 1.44 – 1.58 (m, 

2H), 1.70 – 1.77 (m, 4H), 1.81 – 1.98 (m, 2H), 2.34 (s, 3H), 2.35 – 2.39 (m, 1H), 2.49 (s, 3H), 

2.54 – 2.64 (m, 4H), 3.07 (br s, 2H), 5.46 (s, 2H), 6.56 (s, 1H), 7.41 – 7.43 (m, 2H), 7.53 – 7.55 

(m, 2H); 13C NMR (100 MHz, acetone-d6): δ (ppm) = 23.73, 24.00, 25.90, 31.96, 49.60, 51.81, 

61.89, 67.57, 104.24, 127.91, 128.82, 137.47, 139.05, 167.89, 168.66, 169.77, 170.15. HRMS 

(ESI+) m/z calcd. for C23H31N4O2 [M+H]+ 395.24415, found 395.24411; HPLC purity 95.96% 

at 254 nm (tR = 1.870 min). 

N-(2-(Dimethylamino)-2-(p-tolyl)ethyl)-4-(((2,6-dimethylpyrimidin-4-

yl)oxy)methyl)benzamide (13) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), N1, N1-dimethyl-1-(p-tolyl)ethane-1,2-diamine (0.58 

mmol, 0.104 g), and DIPEA (2.32 mmol, 0.404 ml) via general procedure A. The compound 

was purified by flash column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. 

Yield 20%; yellow solid; Rf = 0.45 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ 

(ppm) = 2.37 (s, 3H), 2.40 (s, 9H), 2.58 (s, 3H), 3.66 – 3.74 (m, 1H), 3.88 – 3.94 (m 1H), 4.01 

– 4.08 (m, 1H), 5.43 (s, 2H), 6.44 (s, 1H), 6.86 (t, J = 5.0 Hz, 1H), 7.18 – 7.22 (m, 4H), 7.48 

(d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 21.17, 

23.86, 25.89, 41.24, 41.77, 66.83, 68.77, 103.80, 127.30, 127.98, 128.92, 129.50, 130.93, 

133.47, 138.91, 140.47, 167.46, 167.49, 167.95, 169.13; HRMS (ESI+) m/z calcd. for 

C25H31N4O2 [M+H]+ 419.24415, found 419.24377; HPLC purity 100.00% at 254 nm (tR = 2.623 

min). 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-ethylpiperidin-4-yl)benzamide (14) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.39 mmol, 

0.100 g), HATU (0.59 mmol, 0.222 g), 1-ethylpiperidin-4-amine (0.39 mmol, 0.050 g), and 

DIPEA (1.56 mmol, 0.272 ml) via general procedure A. The compound was purified by flash 

column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 27%; white solid; 

Rf = 0.11 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.11 (t, J = 7.2 Hz, 

3H), 1.54 – 1.64 (m, 2H), 2.06 – 2.17 (m, 4H), 2.41 (s, 3H), 2.46 (q, J = 7.2 Hz, 2H), 2.58 (s, 

3H), 2.94 (d, J = 11.5 Hz, 2H), 3.97 – 4.07 (m, 1H), 5.44 (s, 2H), 5.95 (d, J = 7.9 Hz, 1H), 6.45 

(s, 1H), 7.49 – 7.51 (m, 2H), 7.75 – 7.77 (m, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 

12.18, 23.86, 25.90, 32.26, 47.09, 52.01, 52.35, 66.84, 103.82, 127.05, 128.02, 134.35, 140.19, 

166.49, 167.45, 167.47, 169.13; HRMS (ESI+) m/z calcd. for C21H29N4O2 [M+H]+ 369.22850, 

found 369.22837; HPLC purity 100.00% at 254 nm (tR = 1.910 min). 
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4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-propylpiperidin-4-yl)benzamide (15) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 1-propylpiperidin-4-amine (0.58 mmol, 0.092 ml), and 

DIPEA (2.32 mmol, 0.404 ml) via general procedure A. The compound was purified by flash 

column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 68%; white solid; 

Rf = 0.37 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 0.91 (t, J = 7.4 Hz, 

3H), 1.47 – 1.62 (m, 4H), 2.05 (dd, J = 12.4, 3.1 Hz, 2H), 2.03 – 2.17 (m, 2H), 2.30 – 2.34 (m, 

2H), 2.41 (s, 3H), 2.58 (s, 3H), 2.86 – 2.94 (m, 2H), 3.96 – 4.06 (m, 1H), 5.44 (s, 2H), 5.96 (d, 

J = 7.8 Hz, 1H), 6.45 (s, 1H), 7.48 – 7.50 (m, 2H), 7.74 – 7.76 (m, 2H); 13C NMR (100 MHz, 

CDCl3): δ (ppm) = 11.99, 20.24, 23.85, 25.89, 32.29, 47.10, 52.43, 60.69, 66.85, 103.82, 

127.05, 128.02, 134.39, 140.17, 166.49, 167.45, 167.47, 169.14. HRMS (ESI+) m/z calcd. for 

C22H31N4O2 [M+H]+ 383.24415, found 383.24321; HPLC purity 100.00% at 254 nm (tR = 2.073 

min). 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-isopropylpiperidin-4-yl)benzamide 

(16) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 1-isopropylpiperidin-4-amine (0.58 mmol, 0.083 g), and 

DIPEA (2.32 mmol, 0.404 ml) via general procedure A. The compound was purified by flash 

column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 39%; white solid; 

Rf = 0.37 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.06 (d, J = 6.6 Hz, 

6H), 1.49 – 1.58 (m, 2H), 2.05 – 2.09 (m, 2H), 2.29 – 2.36 (m, 2H), 2.41 (s, 3H), 2.58 (s, 3H), 

2.72 – 2.79 (m, 1H), 2.84 – 2.90 (m, 2H), 3.94 – 4.04 (m, 1H), 5.44 (s, 2H), 5.93 (d, J = 7.8 

Hz, 1H), 6.45 (s, 1H), 7.48 – 7.50 (m, 2H), 7.74 – 7.76 (m, 2H); 13C NMR (100 MHz, CDCl3): 

δ (ppm) = 18.39, 23.86, 25.89, 32.60, 47.32, 47.56, 54.61, 66.86, 103.83, 127.05, 128.02, 

134.42, 140.16, 166.45, 167.46, 167.48, 169.14. HRMS (ESI+) m/z calcd. for C22H31N4O2 

[M+H]+ 383.24415, found 383.24305; HPLC purity 100.00% at 254 nm (tR = 2.027 min). 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-methylpiperidin-4-yl)benzamide (17) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (0.58 mmol, 

0.150 g), HATU (0.87 mmol, 0.331 g), 1-methylpiperidin-4-amine (0.58 mmol, 0.073 ml), and 

DIPEA (2.32 mmol, 0.404 ml) via general procedure A. The compound was purified by flash 

column chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 33%; white solid; 

Rf = 0.20 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.55– 1.64 (m, 2H), 

2.02 – 2.10 (m, 2H), 2.15 – 2.24 (m, 2H), 2.34 (s, 3H), 2.41 (s, 3H), 2.58 (s, 3H), 2.82 – 2.90 
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(m, 2H), 3.95 – 4.05 (m, 1H), 5.44 (s, 2H), 5.95 (d, J = 7.4 Hz, 1H), 6.45 (s, 1H), 7.49 (d, J = 

7.7 Hz, 2H), 7.76 (d, J = 7.8 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 23.86, 25.89, 

32.25, 46.17, 46.51, 54.55, 66.84, 103.82, 127.06, 128.03, 134.30, 140.23, 166.55, 167.45, 

167.49, 169.14; HRMS (ESI+) m/z calcd. for C20H27N4O2 [M+H]+ 355.21285, found 

355.21193; HPLC purity 99.68% at 254 nm (tR = 1.840 min). 

Tert-butyl 4-(4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzamido)piperidine-1-

carboxylate (18) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzoic acid (8) (4.09 mmol, 

1.060 g), HATU (6.14 mmol, 2.333 g), tert-butyl 4-aminopiperidine-1-carboxylate (4.09 mmol, 

0.820 g), and DIPEA (16.36 mmol, 2.850 ml) via general procedure A. The compound was 

purified by flash column chromatography using DCM/MeOH = 30/1 (v/v) as the eluent. Yield 

95%; colorless oil; Rf = 0.70 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 

1.47 (s, 9H), 2.03 (dd, J = 12.5, 2.6 Hz, 2H), 2.41 (s, 3H), 2.58 (s, 3H), 2.91 (t, J = 11.8 Hz, 

2H), 3.19 (q, J = 7.4 Hz, 1H), 3.67 – 3.76 (m, 1H), 4.12 (s, 3H), 5.45 (s, 2H), 5.93 (d, J = 8.0 

Hz, 1H), 6.45 (s, 1H), 7.50 (d, J = 8.1 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H). 

Deprotection of Boc group 

4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)-N-(piperidin-4-yl)benzamide (19) 

Tert-butyl 4-(4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzamido)piperidine-1-

carboxylate (18) ((4.09 mmol, 1.80 g) and trifluoroacetic acid (40.86 mmol, 3.13 ml) were 

dissolved in DCM (10 ml) and stirred at room temperature for 24 h. Solvents were evaporated 

and the compound was purified by flash column chromatography using DCM/isopropanol = 

7/3 (v/v) + 1% NH3 as the eluent. Yield 30%; colorless oil; Rf = 0.13 (DCM/MeOH, 9:1, v/v); 

1H NMR (400 MHz, CDCl3): δ (ppm) = 1.86 – 2.00 (m, 2H), 2.21 – 2.29 (m, 2H), 2.42 (s, 3H), 

2.59 (s, 3H), 3.02 (t, J = 12.7 Hz, 2H), 3.45 – 3.52 (m, 2H), 4.22 – 4.32 (m, 1H), 5.45 (s, 2H), 

6.33 (d, J = 7.8 Hz, 1H), 6.46 (s, 1H), 7.51 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 8.3 Hz, 2H), 1H 

from NH is exchanged; 13C NMR (100 MHz, CDCl3): δ (ppm) = 23.84, 25.89, 28.85, 43.49, 

44.88, 67.00, 104.05, 127.33, 128.21, 133.50, 140.79, 166.80, 167.54, 169.31. HRMS (ESI+) 

m/z calcd. for C19H25N4O2 [M+H]+ 341.19720, found 341.19699; HPLC purity 99.32% at 254 

nm (tR = 1.830 min). 

General procedure B (alkylation of amine) 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(piperidin-4-yl)benzamide (19)  (1 equiv.) 

was dissolved in anhydrous acetonitrile and the appropriate alkyl halide (2 equiv.), K2CO3 (1.5 
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equiv.) and KI (catalytic amount) were added. The reaction mixture was stirred at reflux for 2 

h. The solvent was removed under reduced pressure, and the residue was dissolved in DCM and 

extracted with water. The organic phase was dried over anhydrous Na2SO4, filtered and the 

solvent was removed under reduced pressure. The residue was purified by flash column 

chromatography. 

N-(1-butylpiperidin-4-yl)-4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzamide (20) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)-N-(piperidin-4-yl)benzamide 

(19) (0.29 mmol, 0.100 g), K2CO3 (0.44 mmol, 0.061 g), 1-chlorobutane (0.59 mmol, 0.062 

ml), and KI (cat.) via general procedure B. The compound was purified by flash column 

chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 44%; white solid; Rf = 0.48 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 0.93 (t, J = 7.3 Hz, 3H), 1.29 

– 1.39 (m, 2H), 1.51 – 1.59 (m, 2H), 1.70 – 1.75 (m, 2H), 2.04 – 2.12 (m, 2H), 2.20 – 2.29 (m, 

2H), 2.41 (s, 3H), 2.42 – 2.46 (m, 2H), 2.58 (s, 3H), 2.98 – 3.05 (m, 2H), 4.01 – 4.11 (m, 1H), 

5.44 (s, 2H), 6.01 (d, J = 8.1 Hz, 1H), 6.45 (s, 1H), 7.49 – 7.52 (m, 2H), 7.73 – 7.76 (m, 2H); 

13C NMR (100 MHz, CDCl3): δ (ppm) = 13.98, 20.74, 23.85, 25.89, 28.78, 31.80, 46.78, 52.42, 

58.35, 66.84, 103.82, 127.08, 128.00, 134.21, 140.23, 166.52, 167.44, 167.47, 169.13; HRMS 

(ESI+) m/z calcd. for C23H33N4O2 [M+H]+ 397.25980, found 397.25954; HPLC purity 98.13% 

at 254 nm (tR = 2.293 min). 

4-(((2,6-Dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-pentylpiperidin-4-yl)benzamide (21) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)-N-(piperidin-4-yl)benzamide 

(19) (0.29 mmol, 0.100 g), K2CO3 (0.44 mmol, 0.061 g), 1-bromopentane (0.59 mmol, 0.073 

ml), and KI (cat.) via general procedure B. The compound was purified by flash column 

chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 19%; white solid; Rf = 0.40 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 0.91 (t, J = 7.0 Hz, 3H), 1.25 

– 1.37 (m, 4H), 1.55 – 1.63 (m, 2H), 1.72 – 1.81 (m, 2H), 2.06 – 2.13 (m, 2H), 2.24 – 2.32 (m, 

2H), 2.41 (s, 3H), 2.45 – 2.49 (m, 2H), 2.58 (s, 3H), 3.02 – 3.09 (m, 2H), 4.03 – 4.12 (m, 1H), 

5.44 (s, 2H), 6.04 (d, J = 7.2 Hz, 1H), 6.45 (s, 1H), 7.49 – 7.51 (m, 2H), 7.75 – 7.77 (m, 2H); 

13C NMR (100 MHz, CDCl3): δ (ppm) = 14.01, 22.52, 23.86, 25.89, 26.16, 29.65, 31.60, 46.61, 

52.40, 58.57, 66.83, 103.83, 127.07, 128.03, 134.14, 140.30, 166.53, 167.48, 169.13; HRMS 

(ESI+) m/z calcd. for C24H35N4O2 [M+H]+ 411.27550, found 411.27500; HPLC purity 99.48% 

at 254 nm (tR = 2.570 min). 
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4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)-N-(1-hexylpiperidin-4-yl)benzamide (22) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)-N-(piperidin-4-yl)benzamide 

(19)  (0.29 mmol, 0.100 g), K2CO3 (0.44 mmol, 0.061 g), 1-bromohexane (0.59 mmol, 0.083 

mL) and KI (cat.) via general procedure B. The compound was purified by flash column 

chromatography using DCM/MeOH = 9/1 (v/v) as the eluent. Yield 41%; white solid; Rf = 0.42 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 0.89 (t, J = 6.8 Hz, 3H), 1.26 

– 1.34 (m, 6H), 1.53 – 1.60 (m, 2H), 1.69 – 1.78 (m, 2H), 2.06 – 2.10 (m, 2H), 2.22 – 2.28 (m, 

2H), 2.41 (s, 3H), 2.43 – 2.47 (m, 2H), 2.58 (s, 3H), 2.98 – 3.07 (m, 1H), 4.01 – 4.11 (m, 1H), 

5.44 (s, 2H), 6.05 (d, J = 8.0 Hz, 1H), 6.45 (s, 1H), 7.48 – 7.51 (m, 2H), 7.75 – 7.77 (m, 2H); 

13C NMR (100 MHz, CDCl3): δ (ppm) = 14.03, 22.57, 23.84, 25.88, 26.54, 27.19, 31.67, 46.72, 

52.41, 58.62, 66.84, 103.82, 127.12, 127.97, 134.20, 140.20, 166.55, 167.44, 167.46, 169.13; 

HRMS (ESI+) m/z calcd. for C25H37N4O2 [M+H]+ 425.29110, found 425.29051; HPLC purity 

100.00% at 254 nm (tR = 2.880 min). 

N-(1-allylpiperidin-4-yl)-4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)benzamide (23) 

Synthesized from 4-(((2,6-dimethylpyrimidin-4-yl)oxy)methyl)-N-(piperidin-4-yl)benzamide 

(19) (0.29 mmol, 0.100 g), K2CO3 (0.44 mmol, 0.061 g), 3-bromoprop-1-ene (0.59 mmol, 0.051 

ml), and KI (cat.) via general procedure B. The compound was purified by flash column 

chromatography using DCM/MeOH = 30/1 (v/v) as the eluent. Yield 14%; yellow solid; Rf = 

0.67 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.55 – 1.64 (m, 2H), 2.04 

– 2.07 (m, 2H), 2.13 – 2.19 (m, 2H), 2.40 (s, 3H), 2.58 (s, 3H), 2.91 – 2.94 (m, 2H), 3.02 – 3.04 

(m, 2H), 3.97 – 4.06 (m, 1H), 5.16 – 5.23 (m, 2H), 5.44 (s, 2H), 5.83 – 5.93 (m, 1H), 6.06 (d, J 

= 7.2 Hz, 1H), 6.45 (s, 1H), 7.48 – 7.50 (m, 2H), 7.75 – 7.77 (m, 2H); 13C NMR (100 MHz, 

CDCl3): δ (ppm) = 23.84, 25.88, 31.88, 46.77, 52.17, 61.53, 66.83, 68.15, 103.81, 119.06, 

127.09, 127.99, 128.01, 133.98, 140.23, 166.55, 167.44, 169.12; HRMS (ESI+) m/z calcd. for 

C22H29N4O2 [M+H]+ 381.22850, found 381.22818; HPLC purity 97.78% at 254 nm (tR = 2.043 

min). 

General procedure C 

To a cooled solution of methyl 4-(hydroxymethyl)benzoate (1.1 equiv.) in anhydrous DMF or 

THF (30 mL), NaH (1.2 equiv, 60% dispersion in mineral oil) was added. After 20 minutes, the 

solution was removed from the ice bath, and the appropriate pyrimidine derivative (1 equiv.) 

was added. The reaction mixture was stirred at 60 ºC for 4 h or at room temperature for 24 h. 

Then, a 30% solution of NH4Cl (50 mL) and diethyl ether (100 mL) were added to the reaction 

mixture. The phases were separated, and the organic phase was washed with water (50 mL) and 
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a saturated solution of NaCl (50 mL), dried over anhydrous Na2SO4, and filtered. The solvent 

was removed under reduced pressure, and the residue was purified by flash column 

chromatography. 

Methyl 4-((pyrimidin-4-yloxy)methyl)benzoate (24) 

Synthesized from methyl 4-(hydroxymethyl)benzoate (6) (22 mmol, 3.656 g), NaH (42 mmol, 

1.680 g of 60% dispersion in mineral oil) and 4-chloropyrimidine hydrochloride (20 mmol, 3.02 

g) in DMF (30 mL) at room temperature for 24 h. The compound was purified by flash column 

chromatography using EtOAc/n-hexane = 1/2 (v/v) as the eluent. Yield 23%; yellow - white 

solid; Rf = 0.18 (EtOAc/n-hexane, 1:2, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 3.92 

(s, 3H), 5.49 (s, 2H), 6.82 (d, J = 5.8, 1.2 Hz, 1H), 7.43 – 7.52 (m, 2H), 8.02 – 8.08 (m, 2H), 

8.46 (d, J = 5.8 Hz, 1H), 8.78 (s, 1H). 

Methyl 4-(((2-methylpyrimidin-4-yl)oxy)methyl)benzoate (25) 

Synthesized from methyl 4-(hydroxymethyl)benzoate (6) (11 mmol, 1.83 g), NaH (12 mmol, 

0.48 g of 60% dispersion in mineral oil) and 4-chloro-2-methylpyrimidine (10 mmol, 1.286 g) 

in THF (40 mL) at 60 ºC for 4 h. The compound was purified by flash column chromatography 

using EtOAc/n-hexane = 1/2 (v/v) as an eluent. Yield 24%; yellow-white solid; Rf = 0.18 

(EtOAc/n-hexane, 1:2, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 2.62 (s, 3H), 3.92 (s, 

3H), 5.47 (s, 2H), 6.61 (d, J = 5.5 Hz, 1H), 7.47 – 7.54 (m, 2H), 8.02 – 8.09 (m, 2H), 8.35 (d, 

J = 4.8 Hz, 1H). 

Methyl 4-(((6-methylpyrimidin-4-yl)oxy)methyl)benzoate (26) 

Synthesized from methyl 4-(hydroxymethyl)benzoate (6) (22 mmol, 3.656 g), NaH (24 mmol, 

0.960 g of 60% dispersion in mineral oil) and 4-chloro-6-methylpyrimidine (20 mmol, 2.571 g) 

in THF (40 mL) at 60 ºC for 4 h. The compound was purified by flash column chromatography 

using EtOAc/n-hexane = 1/2 (v/v) as the eluent. Yield 17%; white solid; Rf = 0.18 (EtOAc/n-

hexane, 1:2, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 2.46 (s, 3H), 3.92 (s, 3H), 5.48 

(s, 2H), 6.67 (s, 1H), 7.47 – 7.52 (m, 2H), 8.03 – 8.07 (m, 2H), 8.67 (d, J = 0.6 Hz, 1H). 

Methyl 4-(((2-methylquinazolin-4-yl)oxy)methyl)benzoate (33) 

Synthesized from methyl 4-(hydroxymethyl)benzoate (6) (22 mmol, 3.656 g), NaH (24 mmol, 

0.960 g of 60% dispersion in mineral oil) and 4-chloro-2-methylquinazoline (20 mmol, 3.572 

g) in THF (40 mL) at 60 ºC for 4 h. The compound was purified by flash column 

chromatography using EtOAc/n-hexane = 1/2 (v/v) as the eluent. Yield 17%; white solid; Rf = 

0.18 (EtOAc/n-hexane, 1:2, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 2.74 (s, 3H), 3.93 
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(s, 3H), 5.68 (s, 2H), 7.50 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H), 7.58 – 7.61 (m, 2H), 7.80 (ddd, J = 

8.4, 6.8, 1.5 Hz, 1H), 7.85 – 7.87 (m, 1H), 8.07 – 8.10 (m, 2H), 8.17 (ddd, J = 8.2, 1.4, 0.6 Hz, 

1H). 

Methyl 4-(((2-methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-yl)oxy)methyl)benzoate 

(36) 

Synthesized from methyl 4-(hydroxymethyl)benzoate (6) (6.19 mmol, 1.029 g), NaH (6.76 

mmol, 0.270 g of 60% dispersion in mineral oil) and 4-chloro-2-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidine (5.63 mmol, 0.949 g) in THF (40 mL) at 60 ºC for 4 h. The compound 

was purified by flash column chromatography using EtOAc/n-hexane = 1/2 (v/v) as the eluent. 

Yield 48%; white solid; Rf = 0.52 (EtOAc/n-hexane, 1:1, v/v); 1H NMR (400 MHz, DMSO-

d6): δ (ppm) = 2.03 – 2.12 (m, 2H), 2.59 (s, 3H), 2.83 (t, J = 7.4 Hz, 2H), 2.90 (t, J = 7.8 Hz, 

2H), 3.89 (s, 3H), 5.47 (s, 2H), 7.47 – 7.49 (m, 2H), 8.01 – 8.03 (m, 2H). 

General procedure D 

The appropriate methyl ester (1 equiv.) was dissolved in 1 M NaOH (15 mL) and dioxane (15 

mL) and stirred overnight at room temperature. Dioxane was evaporated, and diethyl ether (30 

mL) was added. The phases were separated. 1M HCl was added to the aqueous phase, and the 

solid that precipitated was filtered off. 

4-((Pyrimidin-4-yloxy)methyl)benzoic acid (27) 

Synthesized from methyl 4-((pyrimidin-4-yloxy)methyl)benzoate (24) (4.6 mmol, 1.13 g). 

Yield 90%; white solid; Rf = 0.49 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, DMSO-d6): δ 

(ppm) = 5.52 (s, 2H), 7.11 (d, J = 5.8 Hz, 1H), 7.56 (d, J = 8.1 Hz, 2H), 7.95 (d, J = 8.1 Hz, 

2H), 8.59 (d, J = 5.9 Hz, 1H), 8.86 (s, 1H), 12.81 (bs, 1H). 

4-(((2-Methylpyrimidin-4-yl)oxy)methyl)benzoic acid (28) 

Synthesized from methyl 4-(((2-methylpyrimidin-4-yl)oxy)methyl)benzoate (25) (5.0 mmol, 

1.29 g). Yield 64%; white solid; Rf = 0.25 (EtOAc); 1H NMR (400 MHz, DMSO-d6): δ (ppm) 

= 2.53 (s, 3H), 5.39 (s, 2H), 6.79 (d, J = 5.8 Hz, 1H), 7.35 (d, J = 8.0 Hz, 2H), 7.88 (d, J = 8.0 

Hz, 2H), 8.41 (d, J = 5.8 Hz, 1H), 1H from COOH is exchanged. 

4-(((6-Methylpyrimidin-4-yl)oxy)methyl)benzoic acid (29) 

Synthesized from methyl 4-(((6-methylpyrimidin-4-yl)oxy)methyl)benzoate (26) (3.19 mmol, 

0.823 g). Yield 73%; white solid; Rf = 0.26 (EtOAc); 1H NMR (400 MHz, DMSO-d6): δ (ppm) 

= 2.38 (s, 3H), 5.48 (s, 2H), 6.90 (s, 1H), 7.53 (d, J = 7.6 Hz, 2H), 7.95 (d, J = 7.6 Hz, 2H), 

8.65 (s, 1H), 12.99 (bs, 1H). 
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4-(((2-Methylquinazolin-4-yl)oxy)methyl)benzoic acid (34) 

Synthesized from methyl 4-(((2-methylquinazolin-4-yl)oxy)methyl)benzoate (33) (5.1 mmol, 

1.57 g). Yield 43%; white solid; Rf = 0.57 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, 

DMSO-d6): δ (ppm) = 2.66 (s, 3H), 5.72 (s, 2H), 7.61 – 7.65 (m, 1H), 7.67 – 7.69 (m, 2H), 

7.85– 7.96 (m, 2H), 7.98 – 8.00 (m, 2H), 8.18 (dd, J = 8.2, 0.7 Hz, 1H), 12.98 (bs, 1H). 

4-(((2-Methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-yl)oxy)methyl)benzoic acid (37) 

Synthesized from methyl 4-(((2-methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-

yl)oxy)methyl)benzoate (36) (2.7 mmol, 0.805 g). Yield 69%; white solid; Rf = 0.58 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 1.98 – 2.05 (m, 2H), 2.47 

(s, 3H), 2.76 (t, J = 7.4 Hz, 2H), 2.82 (t, J = 7.7 Hz, 2H), 5.49 (s, 2H), 7.54 (d, J = 8.1 Hz, 2H), 

7.94 (d, J = 8.1 Hz, 2H), 12.99 (bs, 1H). 

General procedure E (synthesis of amide) 

To the corresponding acid (1 equiv.) dissolved in anhydrous THF (10 mL) and DMF (2 mL), 

DIPEA (2 equiv.) and HATU (1.5 equiv.) were added under an argon atmosphere. After 15 

minutes, the corresponding amine (1 equiv.) was added to the stirred solution. The reaction 

mixture was stirred overnight at room temperature. THF was then evaporated under reduced 

pressure. The residue was dissolved in EtOAc (50 mL) and washed with saturated solution of 

NaHCO3 (50 mL), water (50 mL), and brine (50 mL). The organic phase was dried over 

anhydrous Na2SO4, filtered, and evaporated under reduced pressure. The residue was purified 

by flash column chromatography. 

4-((Pyrimidin-4-yloxy)methyl)-N-(1-isopropylpiperidin-4-yl)benzamide (30) 

Synthesized from 4-((pyrimidin-4-yloxy)methyl)benzoic acid (27) (1.5 mmol, 0.345 g), DIPEA 

(3.0 mmol, 0.523 mL), HATU (1.8 mmol, 0.684 g), and 1-isopropylpiperidin-4-amine (1.5 

mmol, 0.236 mL) via general procedure E. The compound was purified by flash column 

chromatography on Biotage Isolera One. Yield 39%; white solid; Rf = 0.25 (DCM/MeOH, 9:1, 

v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.06 (d, J = 6.4 Hz, 6H), 1.56 – 1.64 (m, 2H), 

2.03 – 2.06 (m, 2H), 2.29 – 2.35 (m, 2H), 2.75 – 2.81 (m, 1H), 2.87 – 2.90 (m, 2H), 3.90 – 4.07 

(m, 1H), 5.46 (s, 2H), 6.44 (d, J = 7.6 Hz, 1H), 6.80 (d, J = 5.6 Hz, 1H), 7.47 (d, J = 7.9 Hz, 

2H), 7.79 (d, J = 7.9 Hz, 2H), 8.44 (d, J = 5.7 Hz, 1H), 8.77 (s, 1H); 13C NMR (100 MHz, 

CDCl3): δ (ppm) = 18.28, 32.22, 47.32, 47.53, 54.61, 67.24, 108.82, 127.24, 127.88, 134.57, 

139.42, 157.27, 158.33, 166.44, 168.48. HRMS (ESI+) m/z calcd. for C20H27N4O2 [M+H]+ 

355.21285, found 355.21236; HPLC purity 100.00% at 254 nm (tR = 2.013 min). 



Chapter 5 

 
68 

4-(((2-Methylpyrimidin-4-yl)oxy)methyl)-N-(1-isopropylpiperidin-4-yl)benzamide (31) 

Synthesized from 4-(((2-methylpyrimidin-4-yl)oxy)methyl)benzoic acid (28) (1.2 mmol, 0.293 

g), DIPEA (2.4 mmol, 0.418 mL), HATU (1.44 mmol, 0.548 g), and 1-isopropylpiperidin-4-

amine (1.5 mmol, 0.189 mL) via general procedure E. The compound was purified by flash 

column chromatography on Biotage Isolera One. Yield 16%; white solid; Rf = 0.25 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.06 (d, J = 6.6 Hz, 6H), 1.51 

– 1.60 (m, 2H), 2.05 – 2.07 (m, 2H), 2.29 – 2.35 (m, 2H), 2.61 (s, 3H), 2.71 – 2.81 (m, 1H), 

2.86 – 2.89 (m, 2H), 3.94 – 4.03 (m, 1H), 5.45 (s, 2H), 6.11 (d, J = 7.5 Hz, 1H), 6.59 (d, J = 

5.8 Hz, 1H), 7.49 (d, J = 8.1 Hz, 2H), 7.77 (d, J = 8.2 Hz, 1H), 8.34 (d, J = 5.8 Hz, 1H); 13C 

NMR (100 MHz, CDCl3): δ (ppm) = 18.47, 26.01, 32.69, 47.48, 47.63, 54.62, 67.04, 105.53, 

127.20, 128.12, 134.61, 139.90, 157.42, 166.51, 168.16, 168.60. HRMS (ESI+) m/z calcd. for 

C21H29N4O2 [M+H]+ 369.22850, found 369.22797; HPLC purity 95.00% at 254 nm (tR = 2.327 

min). 

4-(((6-Methylpyrimidin-4-yl)oxy)methyl)-N-(1-isopropylpiperidin-4-yl)benzamide (32) 

Synthesized from 4-(((6-methylpyrimidin-4-yl)oxy)methyl)benzoic acid (29) (1.2 mmol, 0.293 

g), DIPEA (2.4 mmol, 0.418 mL), HATU (1.44 mmol, 0.548 g), and 1-isopropylpiperidin-4-

amine (1.5 mmol, 0.189 mL) via general procedure E. The compound was purified by flash 

column chromatography on Biotage Isolera One. Yield 33%; white solid; Rf = 0.23 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.05 (d, J = 6.5 Hz, 6H), 1.51 

– 1.61 (m, 2H), 2.03 – 2.06 (m, 2H), 2.28 – 2.33 (m, 2H), 2.44 (s, 3H), 2.71 – 2.81 (m, 1H), 

2.86 – 2.89 (m, 2H), 3.92 – 4.02 (m, 1H), 5.45 (s, 2H), 6.25 (d, J = 7.9 Hz, 1H), 6.65 (s, 1H), 

7.46 (d, J = 8.1 Hz, 2H), 7.77 (d, J = 8.2 Hz, 1H), 8.66 (s, 1H); 13C NMR (100 MHz, CDCl3): 

δ (ppm) = 18.39, 23.83, 32.56, 47.43, 47.56, 54.56, 67.12, 107.17, 127.19, 127.85, 134.54, 

139.77, 157.79, 166.47, 167.60, 169.08. HRMS (ESI+) m/z calcd. for C21H29N4O2 [M+H]+ 

369.22850, found 383.22801; HPLC purity 98.18% at 254 nm (tR = 2.023 min). 

N-(1-Isopropylpiperidin-4-yl)-4-(((2-methylquinazolin-4-yl)oxy)methyl)benzamide (35) 

Synthesized from 4-(((2-methylquinazolin-4-yl)oxy)methyl)benzoic acid (34) (1.2 mmol, 

0.353 g), DIPEA (2.4 mmol, 0.418 ml), HATU (1.44 mmol, 0.548 g), and 1-isopropylpiperidin-

4-amine (1.5 mmol, 0.189 mL) via general procedure E. The compound was purified by flash 

column chromatography on Biotage Isolera One. Yield 22%; white solid; Rf = 0.25 

(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.07 (d, J = 6.5 Hz, 6H), 1.54 

– 1.64 (m, 2H), 2.06 – 2.09 (m, 2H), 2.31 – 2.37 (m, 2H), 2.73 (s, 3H), 2.74 – 2.81 (m, 1H), 

2.88 – 2.91 (m, 2H), 3.96 – 4.05 (m, 1H), 5.66 (s, 2H), 6.12 (d, J = 7.8 Hz, 1H), 7.47 – 7.51 
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(m, 1H), 7.58 (d, J = 8.1 Hz, 2H), 7.77 – 7.86 (m, 4H), 8.15 (d, J = 8.0 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ (ppm) = 18.45, 26.50, 32.60, 47.43, 47.65, 54.73, 67.62, 114.56, 123.39, 

126.29, 127.08, 127.27, 128.17, 133.71, 134.66, 139.92, 151.61, 163.76, 166.08, 166.54. 

HRMS (ESI+) m/z calcd. for C25H31N4O2 [M+H]+ 419.24415, found 419.24364; HPLC purity 

98.24% at 254 nm (tR = 2.313 min). 

N-(1-isopropylpiperidin-4-yl)-4-(((2-methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-

yl)oxy)methyl)benzamide (38) 

Synthesized from 4-(((2-methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-

yl)oxy)methyl)benzoic acid (37) (1.2 mmol, 0.341 g), DIPEA (2.4 mmol, 0.418 mL), HATU 

(1.44 mmol, 0.548 g), and 1-isopropylpiperidin-4-amine (1.5 mmol, 0.189 mL) via general 

procedure E. The compound was purified by flash column chromatography on Biotage Isolera 

One. Yield 62%; white solid; Rf = 0.30 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): 

δ (ppm) = 1.08 (d, J = 6.5 Hz, 6H), 1.56 – 1.64 (m, 2H), 2.01 – 2.14 (m, 4H), 2.32 – 2.37 (m, 

2H), 2.58 (s, 3H), 2.76 – 2.94 (m, 7H), 3.93 – 4.07 (m, 1H), 5.48 (s, 2H), 6.16 (d, J = 7.6 Hz, 

1H), 7.49 (d, J = 7.9 Hz, 2H), 7.76 (d, J = 7.9 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 

= 18.39, 21.93, 25.65, 26.50, 32.47, 34.28, 47.31, 47.64, 54.79, 66.60, 116.69, 127.14, 127.98, 

134.35, 140.50, 165.13, 166.42, 166.59, 175.21. HRMS (ESI+) m/z calcd. for C24H33N4O2 

[M+H]+ 409.25980, found 409.25868; HPLC purity 100% at 254 nm (tR = 2.240 min). 

5.4.3 Cell culture 

Human Embryonic Kidney (HEK)-Blue Null1, HEK-Blue hTLR2-TLR1, HEK-Blue hTLR2-

TLR6, HEK-Blue hTLR4, HEK-Blue hTLR5, HEK-Blue hTLR7, HEK-Blue hTLR8, and 

HEK-Blue hTLR9 cells (InvivoGen, Toulouse, France) were cultured in Dulbecco's modified 

Eagle's medium (PAN-Biotech, Aidenbach, Germany) containing 10% (v/v) heat inactivated 

fetal bovine serum (FBS; S0615), 100 U/mL penicillin, 100 mg/mL streptomycin (P4333), 2 

mM L-glutamine (G7513) (all from Sigma Aldrich, Taufkirchen, Germany), 100 µg/mL 

normocin and selective antibiotics HEK-Blue Selection (hTLR2-TLR1, hTLR2-TLR6, 

hTLR4), 100 µg/mL zeocin (Null1) and 100 µg/mL zeocin with 10 µg/mL (hTLR7, hTLR9) 

resp. 30 µg/mL (hTLR5, hTLR8) blasticidin (all from InvivoGen, Toulouse, France). THP1-

Dual MD2-CD14-TLR4 cells (InvivoGen, Toulouse, France) were cultured in RPMI-1640 

medium supplemented with 10% FBS, penicillin (100U/mL), streptomycin (100 µg/mL), L-

glutamine (2mM), HEPES (25 mM), normocin (100 µg/mL) and selective antibiotics 

(blasticidin: 10 µg/mL, zeocin: 100 µg/mL) following the manufacturer’s instructions. 
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THP-1 cells (ACC 16, DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, 

Braunschweig, Germany) were cultured in RPMI 1640 (11530586, Fisher Scientific, Schwerte, 

Germany) containing 100 U/mL penicillin, 100 μg/mL streptomycin (P4333), 2 mM L-

glutamine (G7513, both from Sigma-Aldrich, Taufkirchen, Germany) and 10% heat-inactivated 

FBS (S0615, Sigma-Aldrich, Taufkirchen, Germany) at a density of 4×105 cells/mL. To 

generate THP-1-derived macrophages, THP-1 monocytes were seeded into 24-well plates at a 

density of 4 × 105 cells/mL in growth medium containing 25 ng/mL PMA (phorbol 12-myristate 

13-acetate; tlrl-pma, InvivoGen, Toulouse, France). After 48 h, adherent cells were carefully 

washed with PBS (phosphate buffered saline; P04-53500, Pan-Biotech, Aidenbach, Germany) 

and rested in PMA-free medium for 24 h. All cell lines were maintained at 37 °C in a humidified 

atmosphere of 5% CO2 and 95% air and were regularly tested negative for mycoplasma 

contamination (VenorGeM Classic Mycoplasma PCR detection kit, Minerva Biolabs, Berlin, 

Germany). 

Peripheral blood mononuclear cells (PBMCs) were obtained from buffy-coat donations 

(Institute of Experimental Haematology and Transfusion Medicine, University Clinic Bonn) 

and isolated by density gradient centrifugation using Biocoll separation media (Bio&Sell, 

Nuremberg, Germany). PBMCs were washed three times with PBS containing EDTA and then 

seeded in 24-well plates (5×106 cells/well). The studies with human blood were approved by 

the ethics committee of the University Clinic Bonn (315/22) and written informed consent was 

obtained from all healthy donors. 

5.4.4 Cell stimulation 

HEK-Blue cells (4-5×104 cells/well) and THP-1 macrophages (4×104 cells/well, 4×105 

cells/well) were seeded in 96-well or 24-well plates (PS, Sarstedt, Germany), respectively. For 

stimulation experiments, cells were washed with phosphate-buffered saline (PBS, Sigma 

Aldrich) and medium was replaced with OptiMEM (Thermo Fisher Scientific, Darmstadt, 

Germany). For inhibition studies, the cells were preincubated with TLR8 antagonists for 1 h 

and then stimulated with TLR agonists for 24 h. The following TLR ligands were used: 

Pam2CSK4, Pam3CSK4, poly(I:C) (HMW), LPS from E. coli O111:B4 (LPS-EB Ultrapure), 

flagellin from Bacillus subtilis (flagellin-BS Ultrapure), CL307, TL8-506, ODN2006 and CU-

CPT9a (all from InvivoGen, Toulouse, France), and enpatoran (BIOZOL Diagnostika, 

Germany). After 24 h, NF-κB activity was measured using QuantiBlue solution (InvivoGen, 

Toulouse, France) following manufactures instructions.  
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THP1-Dual MD2-CD14-TLR4 cells (InvivoGen, Toulouse, France) were seeded in 96-well 

plates at a density of 1x105 cells per well and immediately preincubated with designated 

antagonists for 1 h and then stimulated with TLR agonists. After 24 h, NF-κB activity was 

measured using SEAP reporter assay with QuantiBlue solution (InvivoGen, Toulouse, France) 

and ISRE activity was measured via Lucia luciferase using QuantiLuc solution (InvivoGen, 

Toulouse, France), both following manufacturer’s instructions. 

The synthesized TLR8 antagonists were dissolved in DMSO as 12.5–50 mM stock solutions. 

Final DMSO concentrations in cell culture were below 0.2% (v/v). Cells were first incubated 

with the antagonists for 1 h and then stimulated with the respective TLR agonist. 

5.4.5 Cell viability 

Effects on cell viability were assessed by MTT and LDH assays. For the MTT assay HEK-Blue 

hTLR8 cells or differentiated THP-1 macrophages (40,000 cells/well, 96 well plate) were 

incubated with TLR8 antagonists for 20 h. Subsequently, 25 µl MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide, 5 mg/ml) was added and the plate was incubated for 4 

h at 37 °C. After removing supernatants, DMSO (4720.1, Carl Roth, Karlsruhe, Germany) was 

added and absorption at 540 nm was measured. Viability of the untreated cells was defined as 

100%. DMSO (10% v/v; A994.1, Carl Roth, Karlsruhe, Germany) served as a positive control. 

The LDH assay was performed according to the manufacturer’s instructions (Thermo Fisher 

Scientific, Darmstadt, Germany). The percentage of LDH release was calculated compared to 

100% cell lysis control. 

5.4.6 ELISA 

Following 4 h of stimulation with the respective TLR agonists, cell culture supernatants from 

THP-1 macrophages or PBMCs were collected and TNF concentrations were analyzed using a 

commercially available human TNF ELISA kit (88–7346-88; Thermo Fisher Scientific, 

Darmstadt, Germany). 

5.4.7 Dynamic mass redistribution (DMR) label-free assay 

DMR assays were conducted using the EPIC system (Corning) as previously described.158,160 

Briefly, DMR measurements were performed using the Epic biosensor and following baseline 

readings, 10 μL of the agonist TL8-506 (6 µM) was added to each well (40 μL total volume) 

using a semiautomated liquid handler, Selma (Analytik Jena AG, Jena, Germany). Increasing 

concentrations of compound 16, 35 or CU-CPT9a were preincubated for 1.5 h before the 

addition of TL8-506. DMR signals were recorded for 250 min, and the data were analyzed and 
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exported using the Epic Analyzer Software (Corning, New York, NY, USA). All signals were 

baseline-corrected, and responses were recorded as picometer (picosecond) shifts over time 

(minutes) following baseline normalization. Experiments were performed at 37 °C in triplicate 

or quadruplicate. For data normalization of the concentration-effect curves, indicated as relative 

response (%), the top levels of the concentration-effect curves were set to 100% and bottom 

levels to 0%. 

5.4.8 Statistical analysis  

Data are expressed as means ± SEM. Statistical differences were assessed by one-sample t-test 

against 100% and considered significant at *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 

0.0001. Curve fitting was performed using four-parameter nonlinear regression. 

Statistical comparison of best-fit parameters (logIC50) of nonlinear regressions from 

concentration response curves was conducted with the extra-sum-of-squares F-test. DMR data 

were normalized and expressed as relative response (%), with the top levels of the 

concentration-effect curves at 250 minutes set to 100% and the bottom levels to 0%. Statistical 

analysis was performed using GraphPad Prism (version 8.0, GraphPad software, San Diego, 

USA). 

5.4.9 Protein structure preparation 

The protein structure of human TLR8 with a co-crystallized ligand containing a positive 

ionizable interaction with Glu427 with the highest resolution (PDB ID: 6V9U)166 was selected 

for in silico studies. The protein structure was prepared using MOE 2022 (Chemical Computing 

Group, Montreal, Canada). Crystallographic waters and buffer additives were removed, with 

the ligand being retained. The missing side chain modeling and capping were performed using 

the Structure Preparation utility implemented in MOE. The protein was protonated using the 

Protonate 3D function167 at pH 7 and temperature 300 K. 

5.4.10 Molecular docking studies 

The obtained hits were docked into the prepared crystal structure of 6V9U using GOLD 5.8.2168 

with the binding site being defined as a radius of 6 Å around the co-crystallized ligand. For 

each molecule, 50 genetic algorithm runs were conducted using the ChemPLP scoring 

function.169 Docking poses were minimized with the Merck molecular force field 94 

(MMFF94).170 Binding poses for the compounds were selected according to the fulfillment of 

the requirement of containing at least one hydrogen bond acceptor and one positive ionizable 

interaction. For the final step, the binding modes of the molecules were visually inspected 
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focusing on the interactions in addition to the conformational and structural sanity of the 

binding modes. 

5.4.11 Molecular dynamics simulations 

Molecular dynamics (MD) simulations were performed on RTX2080Ti and RTX3090 graphics 

processing units (NVIDIA Corporation, Santa Clara). Simulations of the TLR8 complex for 

compounds 15, 16 and 23 were prepared using Maestro 11.7 (Schrödinger, LLC, New York, 

USA). The hydrogen bond network in the TLR8 complex systems was optimized at pH 7.0 and 

temperature 310 K. The complex was placed into a TIP3P water box with a padding distance of 

10 Å from the protein surface. The system was isotonized with 0.15 M NaCl. The system was 

parameterized using the OPLS 2005 force field and relaxed using the default Desmond protocol. 

MD simulations were performed with a constant number of particles, pressure, and temperature 

(NPT ensemble). During the MD simulation, a constant temperature of 310 K was maintained 

using the Nose–Hoover thermostat. Constant pressure of 1.01325 bar was preserved during the 

simulation using the Martyna-Tobias-Klein method. Five replicas, each with a duration of 50 

ns, were simulated, with each replica generating 1000 frames. The replicas were concatenated 

using VMD. The combined trajectories were analyzed using the OpenMMDL Analysis part of 

the OpenMMDL workflow, with default settings being used during the analysis. For the RMSD 

calculations, the MDAnalysis package was used.171 

5.4.12 Determination of log D 

The log D determination was performed by WuXi AppTec (Shanghai, China). The preparation 

of 100 mM phosphate buffer (PB) with the pH at 7.4: 15 mL of 100 mM Na2HPO4 (prepared 

by dissolving 5.999 g of Na2HPO4 in 500 mL of water) was added to a 50 mL tube, and the pH 

was then adjusted to 7.4 ± 0.05 with 100 mM NaH2PO4 (prepared by dissolving 7.098 g of 

NaH2PO4 in 500 mL of water). PB (pH 7.4) saturated with 1-octanol was prepared by the 

addition of 10 mL of 1-octanol into 100 mL of 100 mM PB (pH 7.4) and the mixture was shaken 

vigorously and left standing overnight at room temperature before use. 1-Octanol saturated with 

PB (pH 7.4) was prepared by adding 10 mL of 100 mM PB (pH 7.4) into 100 mL of 1-octanol 

and the mixture was shaken vigorously and left standing overnight at room temperature before 

use. 2 μL of stock solution of test compounds and control compounds were aliquoted into tubes 

in duplicate. Then 149 μL of 1-octanol saturated with PB (pH 7.4) was added into the tubes, 

and 149 μL of PB (pH 7.4) saturated with 1-Octanol was added to the corresponding tubes. 

Each tube was mixed vigorously for 2 minutes and then shaken for 1 hour at 800 rpm at room 

temperature, followed by centrifugation at 4000 rpm for 5 minutes at room temperature. Then 
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appropriate volumes of buffer layer samples and 1-octanol layer samples were aliquoted. These 

samples were diluted and analyzed by using the LC-MS/MS method without running a 

calibration curve. The log D value for each compound was calculated using the following 

equation: 

𝐿𝑜𝑔 𝐷𝑜𝑐𝑡𝑎𝑛𝑜𝑙/𝑏𝑢𝑓𝑓𝑒𝑟 = log10(
𝑀𝑒𝑎𝑛 𝑂𝑐𝑡𝑎𝑛𝑜𝑙 𝐿𝑎𝑦𝑒𝑟 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑅𝑎𝑡𝑖𝑜 ∗  𝑂𝑐𝑡𝑎𝑛𝑜𝑙 𝐿𝑎𝑦𝑒𝑟 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟

𝑀𝑒𝑎𝑛 𝐵𝑢𝑓𝑓𝑒𝑟 𝐿𝑎𝑦𝑒𝑟 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑅𝑎𝑡𝑖𝑜 ∗  𝐵𝑢𝑓𝑓𝑒𝑟 𝐿𝑎𝑦𝑒𝑟 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟
) 

5.4.13 Determination of kinetic solubility 

The kinetic solubility assay was performed by WuXi AppTec (Shanghai, China). The 

preparation of 50 mM phosphate buffer (PB) with the pH at 7.4: 15 mL of 100 mM Na2HPO4 

(prepared by dissolving 3.000 g of Na2HPO4 in 500 mL of water) was added into a 50 mL tube, 

and the pH was then adjusted to 7.4 ± 0.05 with 100 mM NaH2PO4 (prepared by dissolving 

3.549 g of NaH2PO4 in 500 mL of water). The 10 mM stock solutions of the test compounds 

were prepared in DMSO. 10 μL of stock solution of test and control compounds was added into 

each well of a 96-well plate. Then, 490 μL of medium was added to each well of the 96-well 

plate. The solubility samples were vortexed for at least 2 minutes. The 96-well plate was shaken 

at room temperature at 800 rpm for 24 hours and then centrifuged at 25 ℃ for 10 minutes (e.g. 

4000 rpm). The supernatant was transferred into a filter plate, and then the filtrates were 

collected into a new 96-well plate by centrifuging for at least 5 minutes. The concentrations of 

the filtrates were quantified by the LC-UV system. Materials: MultiScreen Solvinert (PTFE 

Filter Media with polyolefin copolymer device) from Millipore Merck. 

5.4.14 Determination of metabolic stability in human and mouse liver microsomes 

Microsome stability tests were conducted by WuXi AppTec (Shanghai, China). The 10 mM 

stock solutions of the test and control compounds (testosterone, diclofenac and propafenone) 

were prepared in DMSO and diluted to 100 μM with acetonitrile. Empty 'Incubation' plates T60 

and NCF60 were pre-warmed at 37 °C for 10 min. Microsome working solution (445 μL) was 

transferred into pre-warmed 'Incubation' plates T60 and NCF60, followed by a 10-minute 

incubation at 37 °C. Microsome working solution (54 µL) was transferred to a Blank60 plate, 

followed by the addition of 6 µL NADPH cofactor and 180 µL of stop solution into each well. 

Compound working solution (5 μL) was added to the 'Incubation' plates (T60 and NCF60) 

containing microsomes. For the 'Incubation' plate NCF60, 50 µL of PB buffer was added, and 

the plate was incubated at 37 °C for 60 min. Stop solution (180 µL) and NADPH working 

solution (6 µL) were added to the T0 plate. Then, a mixture (54 µL) was removed from the 

'Incubation' plate T60 and transferred to the T0 plate. For the 'Incubation' plate T60, NADPH 
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working solution (44 µL) was added, followed by a 60-minute incubation at 37 °C. At 5, 15, 

30, 45, and 60 min, 60 μL of each sample at each time point was transferred to a well containing 

180 μL of stop solution, followed by mixing. All sampling plates were shaken for 10 min, then 

centrifuged at 3220 ×g for 20 min at 4 °C. The supernatant (80 µL) was transferred into 240 µL 

of pure water and mixed using a plate shaker for 10 min. Each bioanalysis plate was sealed and 

shaken for 10 min prior to LC-MS/MS analysis. The stability of the compounds was determined 

as in vitro half-life (t1/2) and intrinsic clearance (CLint). The microsomal intrinsic clearance 

(CLint(mic)) was calculated using the following equation: CLint(mic) = 0.693/t1/2/mg microsomal 

protein per mL. Hepatic intrinsic clearance (CLint(liver)) was estimated from liver microsomal 

data using the following equation and appropriate scaling factors: CLint(liver) = CLint(mic) × mg 

microsomal protein/g liver weight × g liver weight/kg body weight. Scaling factors: 45 mg 

microsomal protein per gram liver tissue, 88 g (mouse) or 20 g (human) liver tissue per kilogram 

body weight.172,173 The equation of first-order kinetics was used to calculate t1/2: 

Equation of first-order kinetics: 

𝐶𝑡 = 𝐶0 × 𝑒−𝑘×𝑡 

 𝑊ℎ𝑒𝑛 𝐶𝑡 =
1

2
𝐶0 

𝑇1/2 =
𝑙𝑛2

𝑘𝑒
=

0.693

𝑘𝑒
 

5.4.15 Determination of plasma protein binding 

Phosphate Buffered Saline (PBS) Solution Preparation (100 mM sodium phosphate and 150 

mM NaCl, pH 7.4 ± 0.1): BupH Phosphate Buffered Saline Pack, supplied by Thermo Fisher 

Scientific under Product #28372, contained 0.1 M sodium phosphate and 0.15 M sodium 

chloride with a pH of 7.2, when the pouch contents were dissolved in a final volume of 500 mL 

ultrapure water. Before use, the pH value was adjusted to 7.4 ± 0.1 using 1% phosphoric acid 

or 1 N sodium hydroxide. 

On the day of the experiment, plasma (Biomex) was thawed under running cold tap water and 

centrifuged at 3220 ×g for 5 min to remove any clots. The pH value was checked and recorded. 

The pH of the resulting plasma was measured and adjusted to 7.4 ± 0.1 using 1% phosphoric 

acid or 1 M sodium hydroxide, as needed. Working solutions (400 μM) of test compounds were 

prepared by diluting 4 μL of the stock solution (10 mM) with 96 μL DMSO. Working solutions 

(400 μM) of control compounds were prepared by diluting 4 μL of the stock solution (10 mM) 

with 96 μL DMSO. Loading matrix solutions (2 μM) of test compounds were prepared by 
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diluting 5 μL of working solutions with 995 μL of blank matrix and mixed thoroughly. Loading 

matrix solutions (2 μM) of control compounds were prepared by diluting 5 μL of working 

solutions with 995 μL of blank matrix and mixed thoroughly. Aliquots of 50 μL loading matrix 

containing test compounds or control compounds were transferred in triplicate to Sample 

Collection Plate, respectively. The samples were matched with opposite blank PBS to obtain a 

final volume of 100 μL with a volume ratio of matrix: PBS at 1: 1 (v: v) in each well 

immediately. The stop solution (500 μL, acetonitrile with 0.1% formic acid containing 

tolbutamide at 250 nM and labetalol at 250 nM) was added to these T0 samples of test and 

control compound. The plate was sealed and shaken at 800 rpm for 10 min. These T0 samples 

were then stored at 2 ~ 8 °C pending further processing along with other post-dialysis samples. 

The rapid equilibrium dialysis base plate(s) with inserts (Thermo Scientific Base Plate - Made 

of PTFE material (catalog number 89811) and Thermo Scientific Rapid Equilbrium Dialysis 

(RED) Device Inserts, 8 kDa MWCO, catalog number 89810 or 89809) were assembled 

following the manufacturer's instructions. The PBS chambers (the white ring) were loaded with 

the appropriate volume of PBS, and then the corresponding volume of spiked sample matrix 

was loaded into the sample chambers of the RED insert, identified by the red ring, in triplicate 

(200 μL matrix - 350 μL PBS). At the end of dialysis, aliquots of 50 μL of samples were taken 

from both the PBS (receiver) side and the matrix (donor) side of the dialysis device. These 

samples were transferred into new 96-well plates (the sample collection plates). Each sample 

was mixed with an equal volume of opposite blank PBS or matrix to reach a final volume of 

100 μL with a volume ratio of matrix: PBS (1: 1, v: v) in each well. All samples were further 

processed by adding 500 µL of stop solution containing internal standards. The mixture was 

vortexed and centrifuged at 4000 rpm for about 20 min. An aliquot of 100 µL of supernatant of 

all samples was then removed for LC-MS/MS analysis. Single blank samples were prepared by 

transferring 50 μL of blank matrix to a 96 well plate and adding 50 μL of blank PBS to each 

well. The matrix-matched samples were then further processed by adding 500 µL of stop 

solution containing internal standards, following the same sample processing method as the 

dialysis samples. 

The %Unbound, %Bound and %Recovery were calculated using the following equations: 

%𝑈𝑛𝑏𝑜𝑢𝑛𝑑 = 100 ×
𝐹

𝑇
 

%𝐵𝑜𝑢𝑛𝑑 = 100 − %𝑈𝑛𝑏𝑜𝑢𝑛𝑑 

%𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 100 ×
(𝐹 × 350 + 𝑇 × 200)

(𝑇0 × 200)
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F = the peak area ratio of compound and internal standard on the receiver side of the membrane 

after 4 hours of incubation; T = the peak area ratio of compound and internal standard on the 

donor side of the membrane after 4 hours of incubation; T0 = the peak area ratio of compound 

and internal standard at time zero 
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In recent years, TLRs have emerged as therapeutic targets. Agonists potentiate vaccine-induced 

immunity and anti-tumor responses, whereas antagonists reduce pathological inflammation in 

autoimmune diseases such as psoriasis, RA and SLE.174–176 This thesis investigated the 

discovery and development of selective TLR8 antagonists, their effect on TLR8 signaling 

pathways, and their functional validation reducing pathological cytokine release. The resulting 

compounds exhibit potency and selectivity profiles suitable for further development as 

therapeutic agents targeting autoimmune disorders driven by aberrant TLR8 activation. 

Chapter 2 reviewed how recent studies have revitalized work on endosomal receptors TLR7, 

TLR8, and TLR9. Over the past decade, high-resolution cryo-EM structures of all three 

receptors have guided ligand design, discovering dozens of chemotypes. These advances have 

translated into promising clinical programs. The oral dual TLR7/8 inhibitor enpatoran recently 

reduced lupus disease activity in the Phase II WILLOW study (NCT05162586), with safety and 

efficacy being investigated in current trials (NCT05540327). Furthermore, TLR8 agonist 

selgantolimod (GS-9688) reached Phase II for chronic hepatitis B (NCT05551273). 

Intratumoral TLR9 agonists like tilsotolimod (IMO-2125) combined with checkpoint 

inhibitors, have extended progression-free survival in melanoma and head-and-neck cancer.109 

Ongoing efforts to achieve selective TLR8 ligands have produced potent compounds such as 

ZG0895, a nanomolar TLR8-specific agonist now in Phase I oncology testing,177 and the CU-

CPT9 series antagonists that demonstrated a breakthrough in antagonism by locking the 

receptor in its open conformation.95 

Beyond pharmacological selectivity, formulation strategies and delivery platforms offer crucial 

spatial control over TLR modulation. Chemical modification of oligoribonucleotides at the 2′-

sugar position confers TLR7 selectivity by preventing RNase-mediated cleavage that would 

otherwise generate TLR8-activating uridine monomers.178 Core-cross-linked diselenide 

nanoparticles enable radio responsive release of TLR7/8 agonists within irradiated tumor fields, 

synchronizing immune activation with radiotherapy effectively minimizing systemic cytokine 

release.179 In parallel, recent advances in smart nanoparticle technologies allow targeting of 

specific immune cell subsets, further highlighting the adaptability of modern delivery systems 

for precise and context-dependent modulation of TLR signaling.180 

Despite significant progress in TLR-targeted therapeutics, a critical gap persists. No selective 

TLR8 modulator has obtained regulatory approval. Most clinically advanced candidates exhibit 

dual TLR7/8 activity, reflecting fundamental challenges in achieving receptor selectivity. TLR7 
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and TLR8 share extensive structural homology, particularly within the ligand-binding pocket, 

with human sequences differing by only a few key residues.181 This similarity extends to 

overlapping signaling outputs, complicating efforts to evaluate receptor-specific contributions 

to therapeutic efficacy. Moreover, functional crosstalk among TLRs and other pattern 

recognition receptors such as RIG-I-like helicases adds mechanistic complexity, as selective 

modulation of one pathway may inadvertently influence others.182,183 Nevertheless, recent 

advances offer promising solutions. Computational approaches including molecular dynamics 

simulations and machine learning-guided design are elucidating receptor activation 

mechanisms and identifying structural features that guide TLR8 selectivity.96,184 Additionally, 

the discovery of endogenous antagonistic mechanisms mediated by 2′-O-methylated RNA 

fragments provides insights into natural regulatory checkpoints with therapeutic potential.185 

These findings collectively highlight both the challenges and opportunities facing next-

generation TLR8-selective drug development. 

Chapters 3, 4, and 5 focus on the development and characterization of selective TLR8 

antagonists to address the significant unmet need for targeted inhibition of TLR8 signaling. 

Chapter 3 describes the optimization of a previously discovered molecule, transforming it into 

a focused series of 6-(trifluoromethyl)pyrimidine antagonists. Guided by SAR, the original 

substituents at positions 2 and 4 of the pyrimidine core were replaced with systematically varied 

aromatic rings. Compounds 14 and 26 reached low-micromolar potency without measurable 

cytotoxicity at working concentrations. Molecular dynamics simulations confirmed stable 

hydrogen bonding between pyrimidine N-3 and Gly351, while the CF₃ group anchored 

hydrophobically against Tyr348, Val378, and Phe495*, rationalizing the observed SAR. 

Although this series remained less potent than the original scaffold, it introduces a chemically 

accessible template whose activity can be enhanced by utilizing the newly mapped pyrrole 

vector or modulating the CF₃ pocket. However, valuable SAR data for the pyrimidine scaffold 

were obtained, demonstrating that rational design grounded in structural insight can rapidly 

evolve TLR8 ligands, paving the way for selective antagonists capable of suppressing 

pathological TLR8 signaling in autoimmune disease. 

Building on the structural insights from Chapter 3, Chapter 4 employed an iterative structure-

guided approach to develop TLR8 antagonists with enhanced potency. Virtual screening against 

the ectodomain uridine pocket of human TLR8 identified a novel isoxazole scaffold as a 

chemically distinct starting point. Molecular modeling predicted a binding mode in which the 
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isoxazole nitrogen forms a critical hydrogen bond with Gly351, while a piperidine substituent 

extends toward Glu427 and a phenyl ring occupies a hydrophobic cavity defined by Tyr348, 

Val378*, and Phe495*. Systematic SAR exploration revealed that lengthening the piperidine 

N-alkyl group and trimming a meta-methoxy substituent on the aryl ring tighten these contacts, 

improving potency from micromolar to nanomolar range. 

The ligand-binding site in TLR8 was explored using both in silico predictions and experimental 

mutagenesis of key amino acid residues. Mutations in the TLR8 binding pocket at Gly351 and 

Val378, which define the uridine pocket, disrupted both agonist and antagonist activity 

underscoring their essential role for ligand engagement. The F495L mutation maintained the 

key Gly351 hydrogen bond while removing edge-to-face π-stacking yet caused only partial loss 

of antagonist activity. This suggests that Phe495 plays a supportive, but not essential, role in 

ligand binding. To confirm competitive antagonism, Schild plots were performed for the lead 

compound 10. Schild regression analysis yielded parallel right-shifts with unit slope, suggesting 

that compound 10 competes directly for the ligand site previously defined for CU-CPT9 

series.95 These findings connect directly to the current structural models of TLR8 activation and 

Myddosome formation.75 Active TLR8 signaling requires ectodomain closure to juxtapose the 

two intracellular TIR domains, creating a platform for six MyD88 death domains to nucleate 

the helical tower that subsequently recruits IRAK4 and IRAK2.77 By stabilizing the open 

ectodomain, compound 10 prevents TIR domain approximation, thereby blocking the geometric 

trigger for Myddosome assembly and leaving MyD88 dispersed in the cytosol. Co-IP 

experiments in THP-1 macrophages confirmed that the agonist induced TLR8-MyD88 complex 

is reduced in the presence of compound 10. Western blots demonstrated the functional 

consequence. IκBα remained undegraded and phospho-p65 levels were reduced, suggesting that 

the signaling cascade is inhibited at the adaptor-recruitment step rather than downstream in the 

kinase chain. Preventing the MyD88 recruitment and preserving IκBα further suppressed both 

NF-κB and IRF arms of the pathway and decreased IL-1β secretion from inflammasome-primed 

macrophages. 

Beyond classical pharmacology, DMR, a label-free optical biosensor assay introduced for TLR 

research recently by our working group, was adopted.160 Our previous studies captured real-

time signaling fingerprints for plasma-membrane and endosomal TLRs, yet no antagonist data 

for TLR8 were available. Application of DMR using THP-1 cells treated with compound 10 

revealed reduction of the TLR8 agonist-induced signal. Since DMR detects cytoskeletal 

rearrangements driven by early adaptor engagement,186 the reduced signal corroborates the co-
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IP and Western blot findings showing impaired MyD88 recruitment. Together, these approaches 

provide real-time, whole-cell confirmation that compound 10 intercepts Myddosome formation 

at its earliest step. These insights represent the first direct protein–protein interaction proof that 

a small-molecule TLR8 antagonist can block this supramolecular assembly, thereby completing 

the mechanistic understanding initiated with CU-CPT9a but never biochemically validated. 

Finally, this work establishes a comprehensive structure–activity framework for targeting the 

TLR8 uridine-binding pocket. The identification of a selective, nanomolar lead compound 

provides a strong foundation for pharmacokinetic characterization and advances the 

development of this novel antagonist class. 

Chapter 5 explored scaffold optimization by replacing the isoxazole core from Chapter 4 with 

the 2,6-dimethylpyrimidine scaffold from Chapter 3. This approach aimed to enhance 

antagonist potency while preserving key binding interactions. SAR studies demonstrate that 

maintaining critical interactions such as the Gly351 hydrogen bond and Glu427 salt bridge 

while creating additional room for hydrophobic optimization is essential for activity. 

Incorporation of an isopropyl group on the piperidine nitrogen increases potency 10-fold over 

the isoxazole by engaging Leu490. Furthermore, fusing the ring system to form a quinazoline 

adds a π-stacking interaction with Phe494*, resulting in low-nanomolar antagonist activity. The 

lead compound 35 matched the benchmark antagonist CU-CPT9a in potency and exhibited 280-

fold selectivity over TLR7. DMR assays in THP-1 macrophages confirmed that both pyrimidine 

lead 16 and quinazoline lead 35 completely block agonist-induced receptor signaling. Docking 

studies place 35 deep in the uridine pocket, where its pyrimidine N1 hydrogen-bonds to Gly351, 

the isopropyl tail interacts with Leu490 and Phe470, and the fused ring π-stacks with Phe494*. 

Mutation of Gly351 or Val378 reduced antagonist activity, while substituting Phe495 with 

leucine only weakened it, confirming that compound 35 occupies the same ligand site as CU-

CPT9 derivatives and the previously discovered isoxazole compound 10. 

Compound 16 and compound 35 both met critical drug-like benchmarks, showing good water 

solubility, moderate polarity, and robust metabolic stability in human and mouse liver 

microsomes. However, their pharmacokinetic profiles showed clear distinctions: compound 16 

stands out for its higher proportion of unbound drug in plasma, while compound 35 is 

characterized by much stronger plasma protein binding, which could extend its half-life while 

lowering free circulating levels. Importantly, compound 35 displayed higher selectivity, low-

nanomolar potency comparable to the activity observed for CU-CPT9a and evident engagement 

of the TLR8 uridine pocket. Despite its higher protein binding, compound 35 suppresses TNF 
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release in primary immune cells at very low concentrations, confirming its effectiveness. The 

favorable pharmacokinetic and physicochemical properties of quinazoline 35, combined with 

its high selectivity and metabolic stability, position it as a promising lead compound for further 

development. These attributes make compound 35 a valuable tool for investigating TLR8-

targeted therapies in inflammatory diseases. 

This thesis presents a comprehensive approach to TLR8 antagonist development, integrating 

immunological insights, structure-based drug design, and mechanistic characterization to 

establish potent and selective lead compounds. These studies demonstrate that selective, potent 

modulation of TLR8 is feasible and therapeutically promising, thus further addressing the 

considerable burden of autoimmune and inflammatory diseases. Benchmarking against CU-

CPT9a strengthens translational relevance, as these compounds achieve clinical-level potency 

with enhanced selectivity, which is essential for avoiding immune-mediated adverse effects. 

The initial challenges of attaining nanomolar potency, receptor-subtype selectivity, and 

desirable pharmacokinetic properties have been progressively overcome, evidenced by the 

transition from pyrimidine cores to novel isoxazole and optimized quinazoline derivatives. 

In the future, in silico approaches integrating TLR8 polymorphisms with clinical factors could 

improve predictive accuracy for treatment response. This precision-medicine paradigm, 

combining genetic and clinical biomarkers, may guide patient stratification for TLR8 antagonist 

therapy.187 Furthermore, cutting-edge cell-type-resolved transcriptomic studies have 

highlighted the importance of recognizing the heterogeneous roles of innate immune pathways 

across different immune and tissue cell types.188,189 Such studies reinforce that TLR signaling 

and its downstream effects are highly cell-type- and context-dependent, advocating for 

therapeutic strategies that are targeted and adaptable to cellular context. These advances 

collectively emphasize the potential for next-generation, precision-guided immunotherapies 

that minimize off-target effects while maximizing efficacy for specific patient subgroups.126,190 

However, ongoing progress in understanding the pharmacology of TLR8 reveals that both 

structural and species differences are critical for successful antagonist design. As human TLR8 

contains two separate ligand-binding pockets with synergistic activation requiring occupancy 

of both sites, it remains unclear whether therapeutic targeting should engage both pockets 

simultaneously, or whether such engagement produces signal loss or unintended off-target 

effects. An alternative strategy to achieve synergistic effects involves combining TLR8 

antagonists with complementary immunomodulators, a concept previously demonstrated for 
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agonists.109,191 Addressing these questions will require detailed computational modeling such 

as molecular dynamics simulations of ligand-pocket interactions and systematic binding-site 

mutagenesis, building on the paradigm of structure-guided design that has driven recent 

progress in the field. 

Another critical consideration in TLR8 antagonist discovery is the presence of species 

differences. Human and murine TLR8 exhibit different ligand preferences and activation 

mechanisms, which presents a significant challenge for the translatability of preclinical 

studies.50,192,193 However, recent preclinical data indicate that although mTLR8 was historically 

regarded as non-functional due to its lack of response to established TLR8 ligands, it can be 

robustly activated by certain nucleoside–polynucleotide combinations, such as uridine or 

guanosine together with poly-dT.194 These findings provide a novel pharmacological basis for 

targeting TLR8 in murine models, potentially unlocking important knowledge about TLR8 

function and providing a new tool to explore therapeutic approaches. Despite the promise of 

new murine models, the translational development path remains challenging. While humanized 

mouse models can offer complex immunological readouts, their complexity and resource 

requirements are considerable, and validation in non-human primates is often still necessary to 

obtain the most clinically relevant immunological data.195 
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This appendix comprises the full-length publications corresponding to Chapters 2, 3, and 4, 

including all supporting information associated with these works. Furthermore, it presents 

supplementary data related to the unpublished research described in Chapter 5. The appendix 

also includes NMR spectra for all newly synthesized compounds and HPLC chromatograms 

for final compounds documented in Chapters 3, 4, and 5. Copyright information for the 

published articles, available under Creative Commons Attribution 4.0 International (CC BY 

4.0) license or under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 (CC 
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Appendix I. Publication I: Structure-guided approaches to modulate endosomal toll-like 

receptors TLR7, TLR8 and TLR9: advances, challenges and therapeutic promise 

The following pages include the article “Structure-guided approaches to modulate endosomal 

toll-like receptors TLR7, TLR8 and TLR9: advances, challenges and therapeutic promise” as it 

was published in Drug Discovery Today by ScienceDirect, part of Elsevier. 

Reprinted with permission from: 

Troy Matziol, Valerij Talagayev, Günther Weindl, Gerhard Wolber. Structure-guided 

approaches to modulate endosomal toll-like receptors TLR7, TLR8 and TLR9: advances, 

challenges and therapeutic promise. Drug Discov. Today. 2025;30(11):104495. 

Doi: 10.1016/j.drudis.2025.104495 

Copyright 2025. The Authors. Published under the CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/). 
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Toll-like receptors (TLRs) are a family of innate immune receptors
that detect pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs), playing a crucial
part in the immune response.(p1) In humans, ten TLRs have been
identified, distributed either on the cell surface (e.g., TLRs
1/2/4/5/6 and 10) or within endosomal compartments (e.g., TLRs
3/7/8/9).(p1),(p2) Whereas surface TLRs primarily recognize micro-
bial components such as lipopolysaccharides and flagellin, endo-
somal TLRs detect nucleic acids from pathogens or damaged
cells.(p3) Ligand binding initiates downstream signaling path-
ways, typically mediated by signaling adaptors such as MyD88
for TLR7/8/9, resulting in the activation of nuclear factor (NF)-
jB and interferon (IFN) regulatory factors (IRFs). This, in turn,
drives the production of proinflammatory cytokines and
chemokines essential for immune defense, including tumor
necrosis factor (TNF), interleukin (IL)-6 and IL-1b.(p2) Besides

their role in pathogen sensing, TLR7, TLR8 and TLR9 contribute
to autoimmune diseases such as systemic lupus erythematosus
(SLE), systemic sclerosis and Sjögren’s syndrome.(p4) Advances
in structural biology and receptor pharmacology have led to
the development of agonists and antagonists targeting these
TLRs, with several candidates advancing into clinical trials. How-
ever, challenges remain, including species-specific receptor dif-
ferences (notably in TLR8), the lack of crystal structures for the
(ligand-bound) human TLR9 receptor, context-dependent signal-
ing and adverse immune activation by TLR9 agonists.(p3),(p4) In
this review we provide an overview of the biology, disease rele-
vance and therapeutic TLR7/8/9 targeting strategies. The reper-
toire of ligands for the remaining endosomal TLR3 is sparse
and has been recently summarized elsewhere.(p5) We highlight
current drug discovery efforts, discuss the translational hurdles,
and outline future perspectives for exploiting these receptors in
immunotherapy and other therapeutic applications.

⇑ Corresponding authors. Weindl, G. (guenther.weindl@uni-bonn.de), Wolber, G. (gerhard.wolber@fu-berlin.de).

1359-6446/� 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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TLR7, TLR8 and TLR9 are endosomal immune receptors central to antiviral defense, autoimmunity and
cancer immunotherapy. Recent structural insights have revealed distinct ligand-binding mechanisms
and conformational dynamics, enabling the design of selective small-molecule agonists and antago-
nists. This review summarizes key advances in TLR7/8/9 biology, pharmacology and structure-guided
drug discovery. We highlight clinical progress, delivery strategies and translational challenges
including species-specific differences and immune-related toxicities. Novel approaches such as
nanoparticle systems and endogenous RNA mimetics promise targeted modulation of TLR activity.
Together, these developments emphasize the therapeutic potential of precision TLR modulation in
immunologically complex diseases.

Keywords: Toll-like receptors; endosomal immunity; small-molecule modulators; structure-guided drug design
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Dimerization and ligand recognition in TLR7/8/9
TLR7/8/9 are endosomal sensors that share a conserved leucin-
rich repeat (LRR) ectodomain architecture and function as
ligand-activated homodimer (Figure 1a–d).(p6) High-resolution
structures have illuminated similar conformational behaviors
among these receptors.(p7),(p8),(p9) TLR8 exists as a pre-formed
ectodomain dimer even in the absence of a ligand and contains
two spatially separate ligand-binding sites. One site, located at
the dimerization interface, accommodates small agonists whereas
a second ‘concave’ pocket on the protein surface binds short oli-
goribonucleotide fragments (Figure 1a,b).(p8) Synthetic agonists
or natural ligands induce TLR7 dimerization by binding two sites
analogous to TLR8: a primary site at the dimer interface for small
ligands and a secondary site spanning the concave surface for uri-
dine-rich RNA.(p10) In TLR7 and TLR8, agonist binding produces a
closed M-shaped dimer that juxtaposes the C-terminal signaling
domains, priming the receptor to recruit adaptor proteins.(p8),(p10)

Antagonists bind within the TLR7 ectodomain interface and lock
the receptor in an open dimer conformation ( 69 Å C-terminal
separation), preventing Toll/interleukin-1 receptor (TIR) domain
juxtaposition and signaling, a stark structural contrast to ago-
nist-induced 36 Å ‘closed’ dimers.(p11) TLR8-selective antago-
nists like CU-CPT9a similarly occupy the hydrophobic interface
pocket, stabilizing the receptor in an inactive dimeric state while
the binding of agonists leads to structural reorganization leading
to the homodimers moving closer (Figure 1d).(p12) Moreover,
molecular dynamics simulations show that agonists and antago-
nists dissociate from TLR8 through distinct pathways, reflecting
differences in interactions and allosteric effects.(p13)
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TLR9 similarly undergoes dramatic conformational changes
upon ligand binding. Stimulatory CpG DNA acts as a bivalent
ligand or ‘molecular glue’ that wraps across two TLR9 protomers,
forming a 2:2 receptor–DNA complex. The CpG-containing
oligonucleotide threads through the lateral groove of one TLR9
ectodomain and into the concave face of the other, effectively
bridging the two receptors and inducing the active dimer confor-
mation.(p16) A second DNA-binding pocket, corresponding to the
small nucleoside-binding site of TLR7/8, has also been identified
in TLR9 and appears to cooperatively regulate its activation (Fig-
ure 1c).(p15) These structural insights point to a shared mecha-
nism: ligand-induced dimerization is required for signaling, yet
the receptors have evolved multiple ligand-binding pockets and
dimerization modes to sense complex nucleic-acid-based
stimuli.(p8),(p12)

TLR7/8/9 signaling pathways in immunity and
autoimmunity
MyD88-dependent endosomal TLRs are predominantly
expressed in specialized immune cells [e.g., plasmacytoid den-
dritic cells (pDCs) for TLR7/9], where they function as sentinels
for viral RNA or bacterial DNA. Activation of TLR7/8/9 triggers
a MyD88-dependent signaling cascade that leads to the activa-
tion of NF-jB and IRF7 or IRF5, resulting in the production of
proinflammatory cytokines and type I IFNs (Figure 2). Recent
findings reveal that MyD88 assembles into barrel-shaped
supramolecular complexes called Myddosomes.(p17) TASL has
been identified as a crucial adaptor for IRF5 activation down-

stream of TLR7 and TLR9 in pDCs and B cells, although being
dispensable for TLR4 or IRF3/7 signaling.(p18) The SLC15A4–
TASL/TASL2 complex is essential for full IRF5 activation and
the induction of IFN/IL-6 responses in these cells.(p19),(p20) There-
fore, selectively targeting SLC15A4–TASL interactions could offer
new strategies to modulate TLR-driven IFN responses in autoim-
munity, as exemplified by the recent identification of feeblin – a
small-molecule inhibitor that binds SLC15A4 to destabilize TASL
and disrupt TLR7/8–IRF5 signaling.(p21)

2 www.drugdiscoverytoday.com

Agonist engagement of TLR7/8 leads to robust induction of
IFN-a/b and inflammatory mediators, demonstrating their cru-
cial role in antiviral immunity and as immune adjuvants.(p22)

TLR9 activation by CpG-rich DNA likewise triggers strong Th1-
polarizing cytokine responses; indeed, synthetic CpG
oligodeoxynucleotides (ODNs) have advanced as vaccine adju-
vants in infectious disease and cancer.(p23) Topical TLR7/8 ago-
nists are therapeutically used to enhance local immune
responses against skin tumors and viral lesions, whereas system-
ically administered TLR agonists are being explored as
immunotherapy adjuvants owing to their ability to potentiate
DC and T cell activity.(p24),(p25)

Dysregulated TLR7/8/9 signaling, however, is implicated in
autoimmunity and chronic inflammation. Aberrant sensing of
self RNA or DNA can pathologically activate these receptors, as
seen in SLE where endogenous nucleic acids drive unwanted type
I IFN production.(p26) As a result, TLR antagonists have gained
attention as potential immunomodulators for restoring immune
homeostasis. Blocking TLR7/8 ameliorates lupus-like disease in
preclinical models.(p27),(p28) Likewise, TLR9 inhibition is being
studied to prevent overproduction of IFN and autoantibody stim-
ulation in conditions ranging from lupus to certain autoinflam-
matory syndromes.(p29) Importantly, the nuanced
understanding of TLR structures and ligand interactions now
allows the design of antagonists that specifically target disease-
relevant TLR pathways while sparing protective immune func-
tions. For example, selectively antagonizing TLR7/8 in pDCs
can dampen pathogenic IFN-a in lupus without globally sup-
pressing other TLRs needed for host defense.(p27) In summary,
the pharmacological modulation of TLR7/8/9 holds considerable
promise in drug discovery for cancer immunotherapy, infectious
diseases and autoimmune disorders.

Optimizing TLR7/8/9 activation for immunotherapy
and vaccine use
A wide range of small-molecule agonists has been developed to
mimic the natural ligands of MyD88-dependent endosomal TLRs
and exploit their immune-activating properties. Many TLR7/8
agonists are heterocyclic base analogs that bind in the nucleoside
pocket of the receptor dimer interface, thereby inducing the
active closed conformation. The imidazoquinolines imiquimod
and resiquimod were among the first antiviral TLR7 agonists
identified. These molecules, resembling guanine analogs, directly
occupy the same site that endogenous purines bind, triggering
TLR dimerization and downstream IFN production. Imidazo-
quinolines remain an important scaffold for TLR7 agonists, with
ongoing research focused on optimizing potency and selectivity.
Moreover they have inspired the identification of novel TLR7
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FIGURE 1
Binding sites of TLR7/8/9 and TLR8 conformational change. (a) TLR7 contains two binding sites, with the guanosine binding site for small ligands and an
single-stranded RNA (ssRNA) binding site (PDB: 5GMF).(p10) (b) TLR8 contains two binding sites with the uridine binding site for small-molecule binding and
an ssRNA binding site (PDB: 4R08).(p14) (c) TLR9 contains two DNA binding sites, with both cooperatively regulating the receptor activation (PDB: 5Y3M).(p15)

(d) TLR8 conformational change. In the unliganded structure both homodimers are distanced away from each other (PDB: 3W3G).(p8) Antagonist binding
leads to an inactive dimer stabilization with the homodimers remaining distanced from each other (PDB: 5WYX).(p12) Agonist binding leads to a structural
reorganization, with the homodimers reducing their distance (PDB: 3W3L).(p8)

www.drugdiscoverytoday.com 3
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ical evaluation for refractory melanoma and solid tumors in com-
bination with checkpoint inhibitors (Table 2).
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FIGURE 2
Endosomal TLR7/8/9 signaling pathways. TLR7 and TLR8 detect ssRNA, whereas TLR9 recognizes unmethylated CpG DNA within endosomes. Ligand
engagement induces receptor dimerization and recruitment of the adaptor protein, which oligomerizes into a higher order signaling platform known as the
Myddosome. This complex includes multiple MyD88 and interleukin-1 receptor–associated kinase (IRAK) molecules and serves as the core signaling hub.
Activation of the Myddosome leads to phosphorylation and nuclear translocation of transcription factors NF-jB, AP-1 and further of IRF7. SLC15A4, a
lysosomal transporter, recruits the adaptor protein TASL, which scaffolds IRF5 to the endolysosomal membrane. This spatial organization facilitates IRF5
phosphorylation by IKKb, promoting its dimerization and nuclear translocation.

agonist scaffolds, such as imidazo-thienopyridine-based TLR7
agonists (Table 1).(p30),(p31),(p32),(p33) Structural studies confirm
that such agonists can effectively substitute for one of the two
RNA degradation products normally required for full activation.
In TLR8, a small agonist in the interface pocket can replace uri-
dine, whereas in TLR7 a single synthetic ligand can simultane-
ously engage both protomers to promote dimerization.(p34) In
the case of TLR9, agonists are typically synthetic CpG DNA
oligonucleotides rather than small molecules. These CpG ODNs
bind bivalently and induce a potent immunostimulatory signal,
and several compounds are in clinical use or in trials as vaccine
adjuvants.(p25) Among TLR7 agonists, clinical trials investigating
intratumoral and systemic administration for oncology indica-
tions have progressed significantly (Table 2). For TLR9, clinical
development has primarily focused on oligonucleotide-based
agonists such as IMO-2125, currently undergoing late-stage clin-
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Cooperative binding mechanisms are a hallmark of TLR7/8
agonism. TLR7 can be activated by the combined presence of
two ligand components: uridine-rich short RNA and a small
guanosine-like compound, which occupy its two distinct pockets
and act in concert (Figure 1a).(p10),(p45) TLR8 requires simultane-
ous binding of two ligands: uridine at the interface site and an
oligoribonucleotide fragment at the concave site. This dual occu-
pancy is essential to induce the conformational change necessary
for activation.(p8),(p14) Synthetic single molecules have been
designed to fulfill both binding requirements. For example, cer-
tain agonists are molecular ‘twin’ designs that can simultane-
ously engage both sites or two protomers, thereby bypassing
the need for separate RNA fragments. This approach is exempli-
fied by isoxazole-pyrimidine-based agonists reported as selective
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TABLE 1

Selected TLR7/8/9-targeting scaffolds and compounds in clinical
development TLR7/8/9-targeting scaffolds that have been iden-
tified as modulators of TLR7, TLR8 and TLR9. Each scaffold class
is listed alongside its primary TLR target(s) and a representative
compound.

TABLE 1 (CONTINUED)
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Scaffold class Target Structure

Benzanilides(p35) TLR7/8

Benzimidazoles(p36) TLR8

Benzoxazoles(p35) TLR7/9

Chromene(p36) TLR8/9

Dihydropyrrolo[2,3-d]
pyrimidines(p37)

TLR9

Furopyridines(p36) TLR8

Imidazoles(p36) TLR8

Imidazopyridine(p35) TLR7/9

Imidazoquinoxalines(p35) TLR7

Imidazoquinolines(p30),(p31),(p32),(p38) TLR7/8

Imidazo-thienopyridines(p33) TLR7

Indazoles(p35) TLR7/8

Indoles(p35) TLR7/8

Isoxazole(p39) TLR8

Isoxazolopyrimidines(p40) TLR7

8-Oxoadenines(p41) TLR7

Pteridinones(p41) TLR7

www.drugdiscoverytoday.com 5

Scaffold class Target Structure

Purines(p35) TLR7/9

Pyrazolopyridines(p35) TLR7/8

Pyrazolopyrimidines(p35) TLR7/8

Pyridones(p35) TLR7/8

Pyridopyrimidines(p36) TLR7/8

Pyrimidines(p42) TLR8

Pyrollopyridines(p43) TLR7/9

Pyrrolopyrimidine(p36) TLR7

Triazoles(p36) TLR8

TLR7/8/
9

Quinazolines(p35)

Quinolines(p35),(p44) TLR7/8

TLR7 stimulators (Table 1).(p40) Such novel agonists illustrate the
ongoing innovation in TLR ligand design, with diverse scaffolds
being explored to maximize efficacy and selectivity for therapeu-
tic use (Table 1).(p35),(p36) The understanding of how agonists
bind and dimerize TLRs has led to the design of more-effective
analogs, and even antibody–drug conjugates carrying TLR7 ago-
nist payloads for targeted immunotherapy. This emerging strat-
egy involves localization of the ‘danger signal’ to tumors, and
has been successfully applied, resulting in the discovery of novel
TLR7/8 agonists.(p46),(p47),(p48) Moreover, recent progress in nano-
medicine has facilitated targeted delivery of TLR agonists within
the tumor microenvironment. Core-crosslinked diselenide
nanoparticles can deliver TLR7/8 agonists in a radio-responsive
manner, enhancing the efficacy of tumor radioimmunotherapy
through spatiotemporal immune activation while limiting sys-
temic inflammation.(p35) In another approach, polyphenylene
sulfide (PPS)-based nanoparticles encapsulating TLR7/8 agonists
induce selectively prolonged activation of DCs, thereby amplify-
ing antigen presentation and promoting durable anticancer
immunity in preclinical models. This underscores the therapeu-
tic potential of engineering delivery systems to refine innate
immune activation.(p49) Additionally, chemical modification of
oligoribonucleotides at specific sugar positions enables the



design of TLR7-selective ligands by preventing RNase-mediated
cleavage that would otherwise generate TLR8-activating uridine
monomers.(p50) An approach that also leverages the structural
information of the TLR9 receptor for the development of TLR9
agonists consists in the design of DNA nanostructures, which
are able to target the CpG motif binding site and the 5 -xCx
DNA binding site.(p51)

POST-SCREEN (GREY) Drug Discovery Today d Volume 30, Number 11 d November 2025

TABLE 2

Selected TLR7/8/9-targeting compounds in clinical development Agonistic or antagonistic activity and the primary disease area under
investigation of key clinical-stage TLR7, TLR8 and TLR9 modulators. Trial identifiers (e.g., NCT numbers) link to ongoing studies.
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TLR7/8/9-targeting compounds in clinical development

Target disease or
treatment

TLRs Agonists Antagonists Structure Clinical trial
if available

TLR7 CAN1012 / Solid tumors NCT05580991
Imiquimod Human papillomavirus

(HPV)-associated carcinoma
Basal cell carcinoma
Mycosis fungoides

NCT06686043
NCT06252857
NCT05838599

TLR8 TQA3810 / Chronic hepatitis B NCT06566248
Selgantolimod Chronic hepatitis B NCT05551273

TLR7/8 M5049 (enpatoran) SLE
Idiopathic inflammatory
myopathies (IIM)

NCT05540327
NCT05650567

BMS-986256 (afimetoran) SLE NCT04895696

E6742 SLE NCT05278663

3M-052-AF / Vaccine adjuvant NCT06613789
EIK1001 / Solid tumors

Advanced melanoma
NCT06246110
NCT06697301

STM-416p (resiquimod) Prostatectomy NCT06450106

TLR9 SD-101 (nelitolimod) / Hepatocellular carcinoma NCT06710223
IMO-2125 (tilsotolimod) / Malignant melanoma NCT04126876

6 www.drugdiscoverytoday.com

Rational design of MydD88-dependent endosomal
TLR antagonists for autoimmune disease
Significant advances have been made in small-molecule antago-
nists that inhibit MyD88-dependent endosomal TLRs. One strat-
egy targets a hydrophobic pocket at the TLR dimer interface – a
site that is accessible in the resting state and adjacent to the



agonist-binding cleft. For instance, the TLR8-selective antagonist
CU-CPT8m was discovered to bind a hydrophobic pocket on the
TLR8 dimer interface, locking the receptor in its preactivated
state. Co-crystal structures showed CU-CPT8m occupies a cavity
present only in the resting dimer, thereby preventing the confor-
mational rearrangements needed for signaling.(p12) Similarly, a
new class of isoxazole-based TLR8 antagonists was recently dis-
covered (Table 1).(p39) In silico analysis revealed interactions of
compound 10[(p39)] with the TLR8 dimer interface, stabilizing
an inactive conformation and blocking receptor activation. The
dual TLR7/8 antagonist E6742 binds non-covalently in a pocket
at the interface of the TLR7 and TLR8 ectodomains, effectively
‘freezing’ the receptors in an inactive dimer orientation.(p52)

E6742 potently suppresses TLR7/8-mediated cytokine release in
human immune cells and markedly ameliorated lupus-like dis-
ease in mice, underscoring the therapeutic potential of
interface-binding antagonists. Furthermore, a new imidazolo-
quinoline has been reported as a potent TLR7/8 antagonist, suc-
cessfully reducing psoriasis-like skin inflammation in mice.(p38)
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An alternative antagonist design is to modify known agonist
scaffolds into competitive antagonists. Such findings outline
the importance of TLR conformational dynamics, because an
antagonist can bind without immediately altering the ectodo-
main arrangement, yet still shifts the equilibrium toward an
inhibited state. Exploiting this, drug designers created numerous
heterocyclic TLR7 antagonists (Table 1) that compete at the
ligand-binding site but prevent the conformational changes
needed for signaling.(p35) Another important aspect of the drug
therapy is the lack or presence of a charge in the TLR modulators,
which has effects on their unbinding and permeability. One
emerging compound, D2469079A, exemplifies the importance
of membrane permeability in TLR-targeted drug design, display-
ing selective TLR7/8 antagonism alongside strong brain
penetration.(p53)

The antagonist landscape for TLR9 has also expanded,
although direct structural evidence of small molecules binding
TLR9 is still emerging. Antimalarials like chloroquine have long
been known to suppress endosomal TLR activation, and struc-
ture–function studies indicate chloroquine selectively antago-
nizes TLR9 by physically blocking the TLR9–DNA interaction,
potentially through intercalation or obscurity of the CpG DNA
ligand.(p54) This inspired the synthesis of TLR9 antagonists like
CPG-52364, a quinazoline, and related derivates, improving
potency and selectivity over chloroquine.(p35) Further optimiza-
tion led to dihydropyrrolo[2,3-d]pyrimidine compounds that
are nanomolar TLR9 antagonists (Table 1).(p37) Recently, a new
benzimidazole structure was filed for patent,(p55) and another
potent and selective quinoline-based TLR9 antagonist was dis-
covered through a constructed homology model.(p44) Notably,
several antagonists targeting TLR9 (and dual targeting TLR7/9)
do not measurably bind DNA, implying they probably engage
the receptor directly.(p56) This suggests that, analogous to
TLR7/8, small-molecule TLR9 antagonists can occupy the inter-
nal ligand-binding pocket or an allosteric site to prevent
activation.

Advances in scaffold design have led to new dual TLR7/8
antagonists, such as a benzimidazole-aryl ether hybrid with
improved selectivity and pharmacokinetics.(p36) Indole-based

dual antagonists like BMS-986256 (afimetoran), which features
an indole scaffold with multiple heterocyclic substituents to
simultaneously block TLR7/8, was shown to reverse autoimmune
pathology in lupus-prone mice by shutting down TLR7/8-driven
inflammation and has entered clinical trial for lupus.(p35) Simi-
larly, a 2-phenylindole-piperidine (Table 1) series yielded com-
pound 7f, a potent TLR7/8 antagonist with favorable
pharmacokinetics[(p57)]. A co-crystal structure of 7f bound to
TLR8 confirmed it stabilizes an ‘apo-like’ inactive conformation,
consistent with the mechanism of interface-binding antagonists,
therefore showing efficacy in rodent models of psoriasis and
lupus.(p58) A recent study reported the structure-based design of
novel reversible covalent dual TLR2/9 antagonists derived from
salicylaldehyde fragments. These compounds target conserved
lysine residues within the TIR domain via imine-bond formation,
representing a non-DNA-binding mechanism of inhibition.(p59)

Novel small-molecule TLR7/9 inhibitors were recently developed
and demonstrated in vivo efficacy in preclinical mouse models of
psoriasis and lupus.(p43)
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Endogenous regulation of TLR7/8 activation has gained atten-
tion as a mechanism to prevent autoimmunity. A recent study
identified 2 -O-methyl-guanosine-containing 3-mer RNA frag-
ments as natural TLR7/8 antagonists. These short, modified
RNAs bind a distinct inhibitory site on the receptors and effec-
tively block ligand-induced signaling without triggering cytokine
release. Importantly, patient-derived mutations in TLR7 or TLR8
can disrupt this antagonistic mechanism, linking defective
endogenous inhibition to hyperinflammatory and autoimmune
phenotypes.(p60)

Lately, more-advanced clinical candidates have emerged, such
as enpatoran (M5049), an oral dual TLR7/8 antagonist, which
demonstrated significant efficacy in reducing cutaneous lupus
erythematosus symptoms and IFN signatures in a Phase II trial,
prompting further exploration in systemic autoimmune condi-
tions (Table 2). By contrast, another selective TLR7/8 antagonist,
MHV-370, was terminated in Phase II (NCT04988087) owing to
administrative reasons rather than safety or efficacy concerns.

Overcoming translational barriers in TLR7/8/9
therapeutics
Despite substantial advancements in the structure-guided drug
discovery and clinical development of MyD88-dependent endo-
somal TLRs modulators, several crucial challenges continue to
impede therapeutic progress. Achieving high target specificity
without triggering excessive systemic immune activation or sup-
pression remains a significant obstacle, exacerbated by the struc-
tural similarities between agonists and antagonists. This
similarity complicates rational drug design, necessitating highly
detailed structural insights and meticulous chemical
optimization.

A persistent hurdle is the absence of a functional murine
model for TLR8, largely attributed to pronounced species-
specific differences.(p1),(p3) Human TLR8 robustly responds to
ssRNA and synthetic ligands, whereas mouse TLR8 is essentially
inactive owing to structural divergence. This species-specific dif-
ference significantly complicates preclinical studies, often requir-
ing alternative models to reliably predict human responses.
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Clinically, TLR7/8/9 modulators frequently face challenges
related to insufficient selectivity, unfavorable pharmacokinetics
and pronounced immune-related toxicities, including cytokine
release syndromes and systemic inflammation. This complexity
is further heightened by the inherent context-dependence of
TLR signaling, which varies substantially by cell type, anatomical
site and disease stage, complicating clinical trial design and
patient stratification. Consequently, a high attrition rate in clin-
ical trials persists, despite initial encouraging preclinical results.
For example, the broad-spectrum antagonist CPG-52364 demon-
strated promising early-stage target engagement but was discon-
tinued after a Phase I lupus trial.(p35) Similarly, TLR9 agonist
IMO-2055 was halted owing to unacceptable adverse effects.(p24)

Even innovative delivery systems, such as HER2-targeted TLR7
agonist conjugates, have encountered setbacks owing to dose-
limiting toxicities including cytokine storms and neuroinflam-
mation.(p61) Furthermore, structure-based drug discovery for
TLR9 remains limited by the absence of resolved human receptor
structures. Current efforts predominantly rely on homology
modeling derived from available bovine, equine or primate
receptor structures, which points to an urgent need for improved
structural data to facilitate rational ligand design.
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Concluding remarks and future perspectives
The therapeutic potential of endosomal TLR modulation remains
significant, with potential applications in oncology, autoim-
mune diseases and infectious disease management. To achieve
this potential, future research must present advancing delivery
strategies such as antibody–drug conjugates and nanoparticle-
based formulations, enhancing tissue-specific targeting and min-
imizing off-target effects. Combining TLR modulators with
immune checkpoint inhibitors or traditional immunotherapies
holds promise to amplify therapeutic efficacy further. Detailed
mechanistic studies on endosomal trafficking, receptor regula-
tion and context-specific signaling will be essential to inform
rational therapeutic design and precise patient stratification.
Notably, recent findings highlight that double knockout of TASL
and TASL2 impairs antiviral immunity while offering protection
from lupus-like disease in mouse models, underscoring their
therapeutic relevance.(p20)

Furthermore, novel endogenous TLR ligands and their cellular
regulators have been identified. For example, natural 2 -O-
methylated RNA fragments act as TLR7/8 antagonists,(p60)

whereas pseudouridine-modified RNA, widely used in mRNA
therapeutics, avoids immune detection by TLR7/8,(p62) offering
potential templates for next-generation drug design. Trafficking
regulators such as UNC93B1, through its YxxUmotif, and signal-
ing adaptors like TASL and SLC15A4 have been proposed as new
targets to modulate receptor localization and downstream signal-
ing selectively.(p63),(p64)

Emerging insights into TLR8 biology suggest it plays a unique
part in sensing endogenously derived ssRNA during tissue dam-
age and viral infection. These studies point to cell-type-specific

8 www.drugdiscoverytoday.com

expression patterns and a potential role in chronic inflammation
and autoimmunity, emphasizing the need for selective modula-
tion strategies.(p65),(p66) Structural advancements have illumi-
nated crucial insights into TLR7/8/9 pathways, particularly
revealing novel allosteric and hydrophobic pockets at receptor
dimer interfaces. Concurrently, significant progress in ligand
optimization and delivery technologies is overcoming previous
barriers: chemically optimized TLR7/8 antagonists are now enter-
ing advanced clinical trials with improved selectivity and safety
profiles (Table 2), whereas engineered oligonucleotide agonists
delivered via nanoparticles demonstrate enhanced local immune
responses without systemic toxicity.(p49)

Clinically, biomarker-driven patient selection and targeted
delivery systems are becoming integral to maximizing therapeu-
tic outcomes. TLR agonists combined with checkpoint inhibitors
have begun converting immunologically ‘cold’ tumors into ‘hot’
ones, showing objective responses even in PD-1-resistant cancers
during early-phase trials.(p24) Similarly, TLR7/8/9 agonists con-
tinue to serve effectively as adjuvants in vaccines and antiviral
strategies (Table 2).(p67) In the future, the precise and targeted
application of TLR modulators will be essential. Armed with dee-
per mechanistic understanding, structural insights and clinical
learnings, researchers are well-positioned to overcome existing
hurdles and unlock the full therapeutic potential of TLR7/8/9-
targeted therapies, significantly advancing their utility across
oncology, autoimmune and infectious diseases.
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Nika Strašek Benedik, Valerij Talagayev, Troy Matziol, Ana Dolšak, Izidor Sosič, Günther 
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Optimization of 6-(trifluoromethyl)pyrimidine derivatives 
as TLR8 antagonists

ABSTRACT
Toll-like receptors (TLRs) are essential for the innate 
immune system as they recognize pathogen-associated 
molecular patterns and trigger immune responses. 
Overactivation of TLR8 by endogenous nucleic acids is 
associated with the development of autoimmune diseases 
and promotes inflammatory responses. This study pres-
ents the design, synthesis, and evaluation of a series of 
TLR8 antagonists based on the optimization of previously 
reported 6-(trifluoromethyl)pyrimidin-2-amines, with tar-
geted modifications to further explore structure-activity 
relationships (SAR) and increase potency. A two-step syn-
thesis involving nucleophilic aromatic substitution and 
Suzuki coupling was used to prepare two series of new 
compounds. The biological evaluation revealed that com-
pounds 14 and 26 exhibited promising TLR8 antagonistic 
activity with IC50 values of 6.5 and 8.7 μmol L–1, respec-
tively. Compound 14 showed reduced cell viability at 
higher concentrations, while compound 26 showed no 
cytotoxic effects, making it a promising candidate for fur-
ther investigation.

Keywords: Toll-like receptors, TLR8 antagonists, autoim-
mune disorders, immunomodulation, pyrimidines

INTRODUCTION

Toll-like receptors (TLRs) are an important component of the innate immune system, 
responsible for the recognition of pathogen-associated molecular patterns (PAMPs) derived 
from bacteria, viruses, fungi, and parasites (1). This recognition process is crucial for initiat-
ing the body's immune defense mechanisms against infections and contributes to the regu-
lation of inflammatory responses. In humans, ten different TLRs (TLR1-TLR10) have been 
identified, which are either expressed on the cell surface, where they recognize microbial 
membrane components such as lipoproteins and lipopolysaccharides, or within intracellular 
endosomes, where they primarily recognize nucleic acids derived from viruses and other 
intracellular pathogens (1–3). Among these, TLR7 and TLR8 have received considerable 
attention due to their involvement in several disease pathologies (4–8). Overactivation of 
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these receptors by endogenous nucleic acids has been associated with autoimmune disor-
ders such as systemic lupus erythematosus, psoriasis, and rheumatoid arthritis (5, 9, 11). In 
particular, activation of TLR8 has been associated with the promotion of pro-inflammatory 
responses that not only exacerbate autoimmune conditions but also facilitate the replication 
and persistence of viruses such as human immunodeficiency virus type 1 (HIV-1), making 
it an important target for therapeutic intervention (12, 13).

Given the significant role of TLR8 in both immune regulation and disease progres-
sion, the development of selective small-molecule inhibitors has become an area of grow-
ing interest. Over the past decade, we and others have reported several chemotypes of 
TLR8 antagonists, including 5-indazol-5-yl pyridines (14), 3-arylpyrazolopyrimidin- 
-6-amines (15), 2-phenyl-indole-5-piperidines (16), and benzylbenzothiazoles (17). Despite 
these advancements, only a limited number of TLR8-selective small-molecule antagonists 
have been developed to date. Furthermore, achieving favorable pharmacokinetic proper-
ties and minimizing potential off-target effects are critical hurdles that need to be 
addressed in the design of next-generation TLR8 modulators.

In this study, we present the design, synthesis, and biological evaluation of a novel 
series of TLR8 antagonists that show low micromolar potency. Building on our previous 
research (18, 19), we investigated SAR of 6-(trifluoromethyl)pyrimidin-2-amine-based 
TLR8 antagonists by introducing modifications at two key positions of the core structure, 
which were selected from MD simulations.

EXPERIMENTAL

Chemistry

Reagents and solvents for the synthesis were purchased from commercial sources (BLD 
Pharmatech, Enamine, Apollo Scientific, TCI, Sigma-Aldrich, Merck) and used for the reac-
tions without further purification. Compounds 1 and 6 were purchased from BLD 
Pharmatech and used without further purification. Reaction progress was monitored via 
thin-layer chromatography (TLC) using silica-gel plates (Merck DC Fertigplatten Kieselgel 
60 GF254), visualized under UV light, or stained with appropriate reagents. Flash column 
chromatography was carried out on silica gel 60 (70–230 mesh, Merck). 1H and 13C{1H} NMR 
spectra were recorded at 295 K in DMSO-d6 using an Advance III NMR spectrometer (Bruker, 
USA) with a decoupling inverse 1H probe (Broadband). The coupling constants (J) are given 
in Hz, with splitting patterns indicated as: s (singlet), d (doublet), dd (double doublet), t 
(triplet), and m (multiplet). LC-MS was performed on Agilent 1260 Infinity II (Agilent 
Technologies, USA), coupled with Advion Expression CMSL Mass Spectrometer (Advion 
Inc, USA). High-resolution mass measurements were performed on an Exactive Plus orbitrap 
mass spectrometer at the Faculty of Pharmacy, University of Ljubljana.

General procedures

General procedure I: Reduction. – The starting reagent (1 eq) was dissolved in anhydrous 
THF and cooled to 0 °C. AlCl3 (3 eq) and LiAlH4 (2.5–3.5 eq) were added portionwise. The 
reaction mixture was stirred overnight at room temperature. The next day, the reaction was 
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quenched by the addition of 10 % citric acid solution and extracted with EtOAc. NaOH  
(2 mol L–1) was added to the water phase, and the product was extracted with CH2Cl2. The 
organic phase was dried over anhydrous Na2SO4, and concentrated under reduced pressure. 
The product obtained was used for the subsequent reactions without further purification.

General procedure II: Suzuki coupling. – A mixture of boronic acid (1 eq), 4-aryl-2-chloro-
pyrimidine (1.15 eq), K2CO3 (2–3 eq), and the catalyst tetrakis(triphenylphosphine)palladium 
(0.05 eq) was dissolved in a solution of H2O and dioxane. The reaction mixture was heated 
to reflux and stirred for 18 hours under an inert atmosphere. After completion of the reac-
tion, the mixture was extracted from H2O with ethyl acetate. The combined organic layers 
were washed with brine, dried over anhydrous Na2SO4, and concentrated under reduced 
pressure. The crude product was then purified by flash column chromatography.

General procedure III: Nucleophilic substitution A. – To a solution containing 2,4-dichloro-
6-(trifluoromethyl)pyrimidine (6) or another suitably substituted 2-chloro-6-(trifluoro-
methyl) pyrimidine (1 eq) in MeCN, amine (1.5 eq) and K2CO3 (2–3 eq) were added. The 
reaction mixture was stirred for 18 hours at room temperature under an inert atmosphere. 
After completion of the reaction, the solvent was evaporated under reduced pressure. The 
product was purified by column chromatography.

General procedure IV: Nucleophilic substitution B. – Amine (2 eq) and 2,4-dichloro-
6-(trifluoromethyl)pyrimidine (6) or another suitably substituted 2-chloro-6-(trifluoromethyl)
pyrimidine (1 eq) were dissolved in MeCN (15 mL) and DMF (7 mL) and Et3N (2 eq) was 
added. The reaction mixture was stirred overnight at 82 °C. The next day, EtOAc and H2O 
were added, and the phases were separated. The organic phase was washed with brine and 
dried over Na2SO4. The product was purified by column chromatography.

General procedure V: Removal of the Boc protecting group. – A solution of the Boc-protected 
compound in CH2Cl2 (5 mL) was treated with HCl in dioxane (> 30 eq) and the mixture was 
stirred for 2 h at room temperature. After removal of the volatiles under reduced pressure, 
the product was extracted from an aqueous solution of NaHCO3 with CH2Cl2, dried over 
anhydrous Na2SO4, and concentrated under reduced pressure.

General procedure VI: 2-step synthesis of the final compounds 24–28. – Amine (2 eq) and suit-
ably substituted 2-chloro-6-(trifluoromethyl)pyrimidine (1 eq) were dissolved in MeCN  
(15 mL). K2CO3 (2 eq) was added and the reaction mixture was stirred overnight at 82 °C. The 
next day, EtOAc and H2O were added, and the phases were separated. The organic phase 
was washed with brine and dried over Na2SO4. The crude product obtained was dissolved 
in 4 mol L–1 HCl in dioxane and the mixture was stirred for 2 h at room temperature. After 
removal of the volatiles under reduced pressure, the product was extracted from the aque-
ous solution of NaHCO3 with CH2Cl2, dried over anhydrous Na2SO4, and concentrated un-
der reduced pressure. The product was purified by column chromatography.

Synthetic procedures for the preparation of intermediates
Synthesis of (4-(2-aminoethyl)phenyl)methanol (2). – Synthesized according to general 

procedure I with the addition of AlCl3 to the reaction mixture. Prepared from methyl 
4-(cyanomethyl)benzoate (1) (0.900 g, 5.14 mmol), AlCl3 (2.050 g, 15.4 mmol, 3 eq) and 
LiAlH4 (0.580 g, 15.4 mmol). Colorless oil. Yield: 52 %.
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Synthesis of (4-(2-aminoethyl)-2-chlorophenyl)methanol (3). – Synthesized according to 
general procedure I from methyl 2-chloro-4-cyanobenzoate (0.391 g, 2.0 mmol) and LiAlH4 
(0.243 g, 6.4 mmol). Orange oil. Yield: 64 %.

Synthesis of (4-(2-aminoethyl)-2-bromophenyl)methanol (4). – Synthesized according to 
general procedure I from methyl 2-bromo-4-cyanobenzoate (0.720 g, 3.0 mmol) and LiAlH4 
(0.365 g, 9.6 mmol). Yellow oil. Yield: 42 %.

Synthesis of (4-(2-aminoethyl)-3-fluorophenyl)methanol (5). – Synthesized according to 
general procedure I from methyl 4-cyano-3-fluorobenzoate (0.538 g, 3.0 mmol) and LiAlH4 
(0.365 g, 9.6 mmol). Yellow oil. Yield: 84 %.

Synthesis of N-benzyl-2-chloro-6-(trifluoromethyl)pyrimidin-4-amine (7). – Synthesized 
according to general procedure III from 2,4-dichloro-6-(trifluoromethyl)pyrimidine (6) 
(0.620 mL, 4.6 mmol), benzylamine (0.550 mL, 5.0 mmol, 1.1 eq) and K2CO3 (1.910 g, 13.8 
mmol) at room temperature. The product was purified by column chromatography, using 
EtOAc/n-hexane = 1/4 as the mobile phase. Yellow oil. Yield: 60 %.

Synthesis of (4-(2-((2-chloro-6-(trifluoromethyl)pyrimidin-4-yl)amino)ethyl)phenyl)methanol 
(8). – Synthesized according to general procedure III from 2,4-dichloro-6-(trifluoromethyl)
pyrimidine (6) (0.180 mL, 1.3 mmol), 2 (0.200 g, 1.3 mmol) and K2CO3 (0.448 g, 4.6 mmol) at 
room temperature. The product was purified by column chromatography, using EtOAc/ 
n-hexane = 1/3 as the mobile phase. Yellow oil. Yield: 22 %. 

Synthesis of 4-(2-((2-chloro-6-(trifluoromethyl)pyrimidin-4-yl)amino)ethyl)phenol (9). – Syn-
thesized according to general procedure III from 2,4-dichloro-6-(trifluoromethyl)pyrimi-
dine (6) (1.050 mL, 7.2 mmol), 4-(2-aminoethyl)phenol (1.000 g, 1.3 mmol) and K2CO3 (3.020 g, 
21.6 mmol) at room temperature. The product was purified by column chromatography 
using CH2Cl2/MeOH/AcOH = 20/1/0.1 as the mobile phase. Yellow oil. Yield: 47 %.

Synthesis of N-(2-([1,1'-biphenyl]-4-yl)ethyl)-2-chloro-6-(trifluoromethyl)pyrimidin-4-amine 
(10). – Synthesized according to general procedure IV from 2-([1,1'-biphenyl]-4-yl)ethan-1-
amine (0.395 g, 2.0 mmol), 2,4-dichloro-6-(trifluoromethyl)pyrimidine (6) (0.273 mL, 2.0 
mmol) and Et3N (0.278 mL, 2.0 mmol). The product was purified by column chromatogra-
phy using (EtOAc/n-hexane =1/4) as the mobile phase. White solid. Yield: 50 %.

Synthesis of tert-butyl 2-(4-((4-hydroxyphenethyl)amino)-6-(trifluoromethyl)pyrimidin-
2-yl)-1H-pyrrole-1-carboxylate (15). – Synthesized according to general procedure II from 9 
(0.150 g, 0.47 mmol, 1.1 eq), (1-(tert-butoxycarbonyl)-1H-pyrrol-3-yl)boronic acid (0.090 g, 
0.42 mmol, K2CO3 (0.200 g, 1.26 mmol) and Pd(PPh3)4 (0.024 g, 0.021 mmol, 0.05 eq). The 
product was purified by column chromatography, using EtOAc/n-hexane = 1/2 as the  
mobile phase. Yellow oil. Yield: 40 %.

Synthesis of tert-butyl (4-((4-(benzylamino)-6-(trifluoromethyl)pyrimidin-2-yl)oxy)benzyl)
carbamate (17). – Synthesized according to general procedure III from 7 (0.150 g, 0.52 mmol, 
1 eq), tert-butyl (4-hydroxybenzyl)carbamate (0.200 g, 0.089 mmol, 1.7 eq), and K2CO3 (0.216 g,
1.56 mmol, 3 eq) in DMF. The product was purified by column chromatography, using 
EtOAc/n-hexane = 1/2 as the mobile phase. White solid. Yield: 24 %.

Synthesis of tert-butyl 2-(2-chloro-6-(trifluoromethyl)pyrimidin-4-yl)-1H-pyrrole-1-carboxyl-
ate (23). – Synthesized according to general procedure II from 2,4-dichloro-6-(trifluoromethyl)
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pyrimidine (6) (0.068 mL, 0.5 mmol), (1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl)boronic acid 
(0.106 g, 0.5 mmol), K2CO3 (0.207 g, 1.5 mmol) and Pd(PPh3)4 (0.003 mg, 0.005 mmol). The 
product was purified by column chromatography, using EtOAc/n-hexane = 1/2 as the  
mobile phase. Yellow oil. Yield: 40 %.

Analytical data of intermediates 2–5, 7–10, 15, 17 and 23 are given in Tables I and II.

Synthetic procedures for preparation of the final compounds

Synthesis of 4-(((4-(benzylamino)-6-(trifluoromethyl)pyrimidin-2-yl)amino)methyl)phenol 
(11). – Synthesized according to general procedure III from 7 (0.250 g, 0.88 mmol), 4-(ami-
nomethyl)phenol (0.110 g, 0.88 mmol) and K2CO3 (0.366 g, 2.64 mmol) at 80 °C. The product 
was purified by column chromatography, using EtOAc/n-hexane = 1/4 as the mobile phase. 
Yellow oil. Yield: 11 %. Rf (EtOAc/n-hexane = 1/4) = 0.40.

Synthesis of (4-(2-((4-(benzylamino)-6-(trifluoromethyl)pyrimidin-2-yl)amino)ethyl)phenyl)
methanol (12). – Synthesized according to general procedure III from 7 (0.380 g, 1.32 mmol), 
2 (0.200 g, 1.32 mmol), and K2CO3 (0.365 g, 2.64 mmol, 2 eq) at 80 °C. The product was puri-
fied by column chromatography, using EtOAc/n-hexane = 1/1 as the mobile phase. White 
solid. Yield: 20 %. Rf (EtOAc/n-hexane = 1/1) = 0.45.

Synthesis of (4-(2-((2-phenyl-6-(trifluoromethyl)pyrimidin-4-yl)amino)ethyl)phenyl)methanol 
(13). – Synthesized according to general procedure II from 8 (0.045 g, 0.13 mmol), phenyl-
boronic acid (0.020 g, 0.12 mmol), K2CO3 (0.056 g, 0.26 mmol), and Pd(PPh3)4 (0.010 g, 0.006 
mmol). The product was purified by column chromatography, using EtOAc/n-hexane = 1/1 
as the mobile phase. White solid. Yield: 63 %. Rf (EtOAc/n-hexane = 1/1) = 0.30.

Synthesis of 4-(2-((2-phenyl-6-(trifluoromethyl)pyrimidin-4-yl)amino)ethyl)phenol (14). – 
Synthesized according to general procedure II from 9 (0.100 g, 0.31 mmol, 1.1 eq), phenyl-
boronic acid (0.042 g, 0.28 mmol, 1 eq), K2CO3 (0.130 g, 0.56 mmol, 2 eq) and Pd(PPh3)4 (0.016 g, 
0.014 mmol, 0.05 eq). The product was purified by column chromatography, using EtOAc/ 
n-hexane = 1/2 as the mobile phase. White solid. Yield: 56 %. Rf (EtOAc/n-hexane = 1/1) = 0.65.

Synthesis of 4-(2-((2-(1H-pyrrol-2-yl)-6-(trifluoromethyl)pyrimidin-4-yl)amino)ethyl)phenol 
(16). – Synthesized according to general procedure V from 15 (0.090 g, 0.20 mmol, 1 eq) and 
4 mol L–1 HCl in dioxane (5 mL). Yellow oil. Yield: 64 %. Rf (CH2Cl2/MeOH = 9/1) = 0.20.

Synthesis of 2-(4-(aminomethyl)phenoxy)-N-benzyl-6-(trifluoromethyl)pyrimidin-4-amine 
(18). – Synthesized according to general procedure V from 17 (0.050 g, 0.1 mmol, 1 eq) and 
4 mol L–1 HCl in dioxane (5 mL). Yellow oil. Yield: 97 %. Rf (CH2Cl2/MeOH = 9/1) = 0.0.

Synthesis of 4-(2-((4-(benzylamino)-6-(trifluoromethyl)pyrimidin-2-yl)amino)ethyl)phenol 
(19). – Synthesized according to general procedure III from 7 (0.380 g, 1.32 mmol, 1 eq), 
4-(2-aminoethyl)phenol (0.200 g, 1.32 mmol, 1 eq) and K2CO3 (0.365 g, 2.64 mmol, 2 eq) at 
80 °C. The product was purified by column chromatography, using EtOAc/n-hexane = 1/1 
as the mobile phase. Yellow oil. Yield: 20 %. Rf (EtOAc/n-hexane = 1/1) = 0.45.

Synthesis of (4‑(2‑((2‑((4‑(hydroxymethyl)benzyl)amino)‑6‑(trifluoromethyl)pyrimidin‑4‑yl) 
amino) ethyl)phenyl)methanol (20). – Synthesized according to general procedure IV from 8 
(0.150 g, 0.45 mmol), (4-(aminomethyl)phenyl)methanol (0.060 g, 0.45 mmol) and Et3N 
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Table II. Analytical data of intermediates 7–10, 15, 17 and 23

Compd. Chemical name Molecular 
formula Mr

1H NMR MS Rf value

7
N-benzyl-2-chloro-
6-(trifluoromethyl)
pyrimidin-4-amine

C12H9ClF3N3 287.67

1H NMR (400 MHz, DMSO-d6):  
δ (ppm) 4.58 (d, J = 5.7 Hz, 2H), 6.94  

(s, 1H), 7.23 – 7.44 (m, 5H), 8.98 (t, J = 5.8 
Hz, 1H)

MS (ESI-): m/z calc. for 
C12H8ClF3N3 [M-H]- 286.0, 
found 285.8. MS (ESI+) m/z 

calc. for C12H9ClF3N3 [M+H]+ 
288.0, found 287.9

0.40 (EtOAc/ 
n-hexane = 1/4)

Table I. Analytical data of intermediates 2–5

Compd. Chemical name Molecular 
formula Mr

1H NMR (400 MHz, CDCl3): δ (ppm) Rf value

2 (4-(2-aminoethyl)
phenyl)methanol C9H13NO 151.21

2.74 (t, J = 6.9 Hz, 2H), 2.94 (t, J = 6.9 Hz, 2H), 3.66–3.84 (m, 
1H) 4.66 (s, 2H), 7.07–7.20 (m, 2H), 7.26–7.38 (m, 2H); 2H 

(NH2) exchanged with H2O
1H NMR is in accordance with literature (20)

0.0 (EtOAc)

3
(4-(aminomethyl)-

2-chlorophenyl)
methanol

C8H10ClNO 171.62
3.86 (s, 2H), 4.77 (s, 2H), 7.23 (dd, J1 = 1.6 Hz, J2 = 7.7 Hz, 
1H), 7.35 (d, J = 1.8 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 3H 

from OH and NH2 are exchanged
0.28 (EtOAc/n‑hexane = 1/1)

4
(4-(aminomethyl)-
2-bromophenyl)

methanol
C8H10BrNO 216.08

3.85 (s, 2H), 4.73 (s, 2H), 7.31–7.33 (m, 1H), 7.41–7.44 (m, 
1H), 7.52–7.54 (m, 1H), 3H from NH2 and OH are 

exchanged
0.27 (EtOAc/n‑hexane = 1/1)

5
(4-(aminomethyl)-

3-fluorophenyl)
methanol

C8H10FNO 155.17
3.86 (s, 2H), 4.65 (s, 2H), 7.03–7.09 (m, 2H), 7.28–7.33 (m, 

1H), 3H from NH2 and OH are exchanged
1H NMR is in accordance with literature (21)

0.27 (EtOAc/n-hexane = 1/1)
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Compd. Chemical name Molecular 

formula Mr
1H NMR MS Rf value

8

(4-(2-((2-chloro-
6-(trifluoromethyl)

pyrimidin-4-yl)
amino)ethyl)phenyl)

methanol

C14H13ClF3N3O 331.72

1H NMR (400 MHz, CDCl3): δ (ppm) 
2.95 (t, J = 6.7 Hz, 2H), 3.56 (s, 1H), 

3.73–3.89 (m, 1H), 4.69 (d, J = 5.8 Hz, 
2H), 5.20 (bs, 1H), 5.66 (bs, 1H), 6.48  
(s, 1H), 7.21 (d, J = 7.7 Hz, 2H), 7.35  

(d, J = 7.9 Hz, 2H)

MS (ESI-): m/z calc. for 
C14H12ClF3N3O [M-H]- 330.1, 
found 330.0; MS (ESI+) m/z 

calc. for C14H14ClF3N3O 
[M+H]+ 332.1, found 332.1

0.40 (EtOAc/ 
n-hexane = 1/3)

9

4-(2-((2-chloro-
6-(trifluoromethyl)

pyrimidin-4-yl)
amino)ethyl)phenol

C13H11ClF3N3O 317.70

1H NMR (400 MHz, CDCl3): δ (ppp) 
2.87 (t, J = 6.9 Hz, 2H), 3.50 (s, 1H), 3.76 
(s, 1H), 5.24 (s, 1H), 6.30–6.54 (m, 1H), 
6.80 (d, J = 7.8 Hz, 2H), 7.07 (d, J = 7.8 

Hz, 2H), 7.26 (t, J = 1.2 Hz, 1H)

MS (ESI-): m/z calc. for 
C13H10ClF3N3O [M-H]- 316.0, 
found 315.8; MS (ESI+) m/z 

calc. for C13H12ClF3N3O 
[M+H]+ 318.0, found 317.9

0.30 (CH2Cl2/
MeOH/AcOH  

= 20/1/0.1)

10

N-(2-([1,1'-biphenyl]-4-
yl)ethyl)-2-chloro-6-

(trifluoromethyl)
pyrimidin-4-amine

C19H15ClF3N3 377.80

1H NMR (400 MHz, CDCl3): δ (ppm) 
2.99 (t, J = 6.7 Hz, 2H), 3.55–3.90 (m, 
2H), 5.17–5.75 (m, 1H), 6.51 (s, 1H), 
7.27–7.30 (m, 2H), 7.33–7.38 (m, 1H), 
7.42–7.47 (m, 2H), 7.54–7.60 (m, 4H)

MS (ESI-): m/z calc. for 
C19H14ClF3N3 [M-H]- 376.1, 
found 376.2; MS (ESI+) m/z 

calc. for C19H16ClF3N3 [M+H]+ 
378.1, found 378.3

0.18 (EtOAc/n 
-hexane = 1/4)

15

tert-butyl 2-(4-((4-hy-
droxyphenethyl)

amino)-6-
(trifluoromethyl)

pyrimidin-2-yl)-1H-
pyrrole-1-carboxylate

C22H23F3N4O3 448.45

1H NMR (400 MHz, CDCl3): δ (ppm) 
1.42 (s, 9H), 2.86 (t, J = 6.8 Hz, 2H), 3.76 
– 3.45 (m, 2H), 5.01 (s, 1H), 6.22 (t, J = 
3.3 Hz, 1H), 6.45 (s, 1H), 6.71 (s, 1H), 
6.76–6.82 (m, 2H), 6.98–7.12 (m, 2H), 

7.31 (dd, J = 3.1, 1.7 Hz, 1H); 1H 
exchanged with H2O

MS (ESI-): m/z calc. for 
C22H22F3N4O3 [M-H]- 447.2, 
found 447.1; MS (ESI+) m/z 

calc. for C22H24F3N4O3 [M+H]+ 
449.2, found 449.1

0.50 (EtOAc/ 
n-hexane = 1/1)

17

tert-butyl 
(4-((4-(benzylamino)-

6-(trifluoromethyl)
pyrimidin-2-yl)oxy)
benzyl)carbamate

C24H25F3N4O3 474.48

1H NMR (400 MHz, CDCl3): δ (ppm) 
1.45 (s, 9H), 4.32 (bs, 2H), 4.47 (d, J = 5.5 

Hz, 2H), 4.97 (bs, 1H), 5.47 (bs, 1H), 
6.43 (s, 1H), 7.04–7.20 (m, 4H), 7.24–7.49 

(m, 5H)

MS (ESI-): m/z calc. for 
C24H24F3N4O3 [M-H]- 473.2, 
found 472.9; MS (ESI+) m/z 

calc. for C24H26F3N4O3 [M+H]+ 
475.2, found 474.9

0.20 (EtOAc/ 
n-hexane = 1/2)

23

tert-butyl 2-(2-chloro-
6-(trifluoromethyl)

pyrimidin-4-yl)-1H-
pyrrole-1-carboxylate

C14H13ClF3N3O2 347.72

1H NMR (400 MHz, CDCl3): δ (ppm) 
1.51 (s, 9H), 6.34 (t, J = 3.4 Hz, 1H), 6.90 

(dd, J1 = 1.7 Hz, J2 = 3.6 Hz, 1H), 7.50 
(dd, J1 = 1.7 Hz, J2 = 3.2 Hz, 1H), 7.63 (s, 

1H)

MS (ESI-): m/z calc. for 
C19H14ClF3N3 [M-H]- 346.1, 
found 346.2; MS (ESI+): m/z 

calc. for C19H16ClF3N3 [M+H]+ 
348.1, found 348.3

0.67 (EtOAc/ 
n-hexane = 1/1)
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(0.063 mL, 0.45 mmol). The product was purified by column chromatography, using 
EtOAc/n-hexane = 1/1 as the mobile phase. White solid. Yield: 21 %. Rf = 0.14 (EtOAc/ 
n-hexane = 1/1).

Synthesis of (4-(((4-((2-([1,1'-biphenyl]-4-yl)ethyl)amino)-6-(trifluoromethyl)pyrimidin-2-yl)
amino)methyl)phenyl)methanol (21). – Synthesized according to general procedure IV from 10 
(0.289 g, 0.5 mmol), (4-(aminomethyl)phenyl)methanol (0.137 g, 1.0 mmol) and Et3N (0.140 mL, 
0.45 mmol). The product was purified by column chromatography, using EtOAc/ 
n-hexane = 1/2 as the mobile phase. Colorless oil. Yield: 46 %.

Synthesis of (4-(2-((2-(furan-2-yl)-6-(trifluoromethyl)pyrimidin-4-yl)amino)ethyl)phenyl) meth-
anol (22). – Synthesized according to general procedure II from 8 (0.080 g, 0.24 mmol), 2-fu-
ranylboronic acid (0.027 g, 0.24 mmol), K2CO3 (0.100 g, 0.72 mmol) and Pd(PPh3)4 (0.008 g, 
0.007 mmol). The product was purified by column chromatography, using EtOAc/ 
n-hexane = 1/2 as the mobile phase. Orange oil. Yield: 46 %. Rf = 0.22 (EtOAc/n-hexane = 1/2, 
V/V).

Synthesis of (4-(((4-(1H-pyrrol-2-yl)-6-(trifluoromethyl)pyrimidin-2-yl)amino)methyl)-
2-chlorophenyl)methanol (24). – Synthesized according to general procedure VI from 23 
(0.150 g, 0.4 mmol), 3 (0.172 g, 1.00 mmol) and K2CO3 (0.165 g, 1.2 mmol). The product was 
purified by column chromatography, using MTBE/PE= 1/2 as the mobile phase. Pale yellow 
oil. Yield: 7 %. Rf = 0.20 (MTBE/petroleum ether = 2/1, V/V).

Synthesis of (4-(((4-(1H-pyrrol-2-yl)-6-(trifluoromethyl)pyrimidin-2-yl)amino)methyl)-2-bro-
mophenyl)methanol (25). – Synthesized according to general procedure VI from 23 (0.174 g, 
0.5 mmol), 4 (0.216 g, 1.00 mmol) and K2CO3 (0.207 g, 1.5 mmol). The product was purified 
by column chromatography, using Et2O as the mobile phase. Yellow solid. Yield: 5 %. Rf = 
0.55 (Et2O).

Synthesis of (4-(((4-(1H-pyrrol-2-yl)-6-(trifluoromethyl)pyrimidin-2-yl)amino)methyl)-3-flu-
orophenyl)methanol (26). – Synthesized according to general procedure VI from 23 (0.174 g, 
0.5 mmol), 5 (0.156 g, 1.00 mmol) and K2CO3 (0. 207 g, 1.5 mmol). The product was purified 
by column chromatography, using EtOAc/n-hexane = 1/1 as the mobile phase. Orange  
solid. Yield: 45 %. Rf = 0.31 (EtOAc/n-hexane = 1/1).

Synthesis of N-((1H-pyrazol-5-yl)methyl)-4-(1H-pyrrol-2-yl)-6-(trifluoromethyl)pyrimidin-
2-amine (27). – Synthesized according to general procedure VI from 23 (0.174 g, 0.5 mmol), 
(1H-pyrazol-5-yl)methanamine (0.097 g, 1.00 mmol) and K2CO3 (0.207 g, 1.5 mmol). The 
product was purified by column chromatography, using EtOAc/n-hexane = 1/1 as the  
mobile phase. Pale yellow solid. Yield: 30 %. Rf = 0.16 (DCM/i-PrOH=15/1).

Synthesis of (4-(2-((4-(1H-pyrrol-2-yl)-6-(trifluoromethyl)pyrimidin-2-yl)amino)ethyl)phe-
nyl) methanol (28). – Synthesized according to general procedure VI from 23 (0.140 g, 0.4 
mmol), 2 (0.121 g, 0.8 mmol) and K2CO3 (0.165 g, 1.2 mmol). The product was purified by 
column chromatography, using EtOAc/n-hexane = 1/1 as the mobile phase. Yellow oil. 
Yield: 12 %.

Spectral data of the final compounds are given in Table III.
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Table III. Spectral data of final compounds

Compd. Chemical name 1H NMR 13C{1H} NMR HRMS

11

4-(((4-(benzylamino)-6-
(trifluoromethyl)

pyrimidin-2-yl)amino)
methyl)phenol

1H NMR (400 MHz, CDCl3): δ (ppm) 4.48 (d,  
J = 5.8 Hz, 2H), 5.05–5.40 (m, 2H), 5.30 (bs, 1H), 
5.70 (s, 1H), 6.05 (s, 1H), 6.73 (d, J = 8.4 Hz, 2H), 

7.13 (d, J = 7.8 Hz, 2H), 7.29–7.39 (m, 5H); 1H 
exchanged with H2O

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 21.14, 43.29, 114.13, 126.71, 

127.85, 128.08, 128.51, 128.62, 
129.40, 134.33, 136.35, 136.55, 

142.28, 153.02, 164.46

HRMS (ESI): m/z calc. 
for C19H18N4OF3 [M+H]+ 

375.14272; found 
375.14167

12

(4-(2-((4-(benzylamino)-6-
(trifluoromethyl)

pyrimidin-2-yl)amino)
ethyl)phenyl)methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 2.91 (t,  
J = 7.4 Hz, 2H), 3.62–3.94 (m, 2H), 4.37–4.59 (m, 

1H), 4.59–4.85 (m, 3H), 6.12 (s, 1H), 6.91–7.10 (m, 
1H), 7.13–7.26 (m, 2H), 7.25–7.46 (m, 7H). 1H 

exchanged with H2O

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 34.81, 40.66, 42.51, 62.73, 

126.50, 126.83, 127.28, 128.08, 
128.23, 128.32, 132.41, 138.04, 

140.14, 145.44, 158.34, 162.60, 163.25

HRMS (ESI): m/z calc. 
for C21H22N4OF3 [M+H]+ 

403.17402; found 
403.17295

13

(4-(2-((2-phenyl-
6-(trifluoromethyl)

pyrimidin-4-yl)amino)
ethyl)phenyl)methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 2.97 (t,  
J = 6.9 Hz, 2H), 3.49–3.94 (m, 2H), 4.50–4.78 (m, 
2H), 4.97–5.42 (m, 1H), 6.45 (s, 1H), 7.23 (t, J = 8.2 

Hz, 2H), 7.29–7.35 (m, 2H), 7.46 (dt, J = 5.7, 2.9 
Hz, 3H), 8.42 (bs, 2H). 1H exchanged with H2O

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 34.67, 42.41, 63.19, 101.09, 

121.64 (q, J = 274.0 Hz), 123.01, 
127.10, 128.27, 128.89, 128.99, 131.48, 
137.40, 138.06, 140.92, 163.27, 164.42

HRMS (ESI): m/z calc. 
for C20H19N3OF3 [M+H]+ 

374.14747; found 
374.14651

14

4-(2-((2-phenyl-
6-(trifluoromethyl)

pyrimidin-4-yl)amino)
ethyl)phenol

1H NMR (400 MHz, DMSO-d6): δ (ppm) 2.81 
(t, J = 7.3 Hz, 2H), 3.67 (q, J = 6.7 Hz, 2H), 

6.69–6.71 (m, 2H), 6.80 (s, 1H), 7.07–7.09 (m, 2H), 
7.49–7.53 (m, 3H), 8.11 (t, J = 5.4 Hz, 1H), 

8.32–8.34 (m, 2H), 9.19 (s, 1H)

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 33.62, 42.07, 100.46, 115.08, 

121.08 (q, J = 274.4 Hz), 127.69, 
128.40, 129.19, 129.50, 130.89, 
136.85, 155.65, 162.68, 163.83

HRMS (ESI): m/z calc. 
for C19H17N3OF3 

[M+H]+ 360.13182; found 
360.13070

16

4-(2-((2-(1H-pyrrol-2-yl)-
6-(trifluoromethyl)

pyrimidin-4-yl)amino)
ethyl)phenol

1H NMR (400 MHz, DMSO-d6): δ (ppm) 2.76 (t,  
J = 7.3 Hz, 2H), 3.67 (q, J = 6.6 Hz, 1H), 6.16 (dd,  
J = 5.6, 2.4 Hz, 1H), 6.57 (s, 1H), 6.69 (d, J = 8.3 
Hz, 2H), 6.85–6.87 (m, 1H), 6.92–6.94 (m, 1H), 
7.08 (d, J = 8.3 Hz, 2H), 7.85 (t, J = 5.1 Hz, 2H), 

9.17 (s, 1H), 11.35 (bs, 1H)

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 33.34, 41.17, 97.82, 108.91, 
111.11, 114.50, 120.44 (q, J = 274.2), 

121.64, 128.75, 128.95, 129.03, 
129.45, 155.10, 158.68, 161.75

HRMS (ESI): m/z calc. 
for C17H16N4OF3 [M+H]+ 

349.12707; found 
349.126143

18

2-(4-(aminomethyl)
phenoxy)-N-benzyl-
6-(trifluoromethyl)
pyrimidin-4-amine

1H NMR (400 MHz, DMSO-d6): δ (ppm) 4.05 (q, 
J = 5.8 Hz, 2H), 4.43 (d, J = 5.8 Hz, 2H), 6.72 (s, 

1H), 7.11–7.40 (m, 7H), 7.45–7.68 (m, 2H), 8.26 (s, 
2H), 8.80 (t, J = 5.9 Hz, 1H)

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 41.14, 43.07, 120.94, 121.12, 

126.44, 126.54, 127.10, 127.83, 129.49, 
130.01, 137.57, 151.99, 158.59, 163.80

HRMS (ESI): m/z calc. 
for C19H18N4OF3 [M+H]+ 

375.14272; found 
375.14172
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Compd. Chemical name 1H NMR 13C{1H} NMR HRMS

19

4-(2-((4-(benzylamino)-6-
(trifluoromethyl)

pyrimidin-2-yl)amino)
ethyl)phenol

1H NMR (400 MHz, CDCl3): δ (ppm) 2.81 (t, J = 
7.2 Hz, 2H), 3.63 (s, 2H), 4.36–4.95 (m, 3H), 6.09 

(bs, 1H), 6.56–6.83 (m, 2H), 7.04 (bs, 3H), 
7.27–7.54 (m, 5H)

13C NMR (101 MHz, DMSO-d6):  
δ (ppm) 34.35, 42.79, 43.36, 115.06, 

121.18 (q, J = 276.0 Hz), 126.86, 
127.34, 128.34, 129.42, 129.73, 

139.38, 155.53, 158.30  
(q, J = 32.0 Hz), 161.93, 163.05

HRMS (ESI): m/z calc. 
for C20H20N4OF3 [M+H]+ 

389.15837; found 
389.15728

20

(4‑(2‑((2‑((4‑(hydroxy-
methyl)benzyl)

amino)‑6‑(trifluoromethyl)
pyrimidin‑4‑yl)amino) 
ethyl)phenyl)methanol

1H NMR (400 MHz, CDCl3): δ (ppm)  1.63–1.73 
(m, 2H), 2.85 (t, J = 6.9 Hz, 2H), 3.54–3.66 (m, 
2H), 4.61 (d, J = 6.0 Hz, 2H), 4.67 (s, 4H), 4.84 

(bs, 1H), 5.38 (bs, 1H), 5.96 (s, 1H), 7.10–7.18 (m, 
2H), 7.28–7.37 (m, 6H)

13C NMR (100 MHz, CDCl3):  
δ (ppm) 31.09, 35.26, 45.32, 65.22, 

65.27, 100.13, 121.12 (q, JC-F = 
274.6 Hz), 127.36, 127.60, 127.86, 

129.09, 138.94, 139.39, 139.43, 139.93, 
156.13 (q, JC-F = 35.8 Hz), 161.36, 

162.57

HRMS (ESI+): m/z calc. 
for C22H24O2N4F3 [M+H]+ 
433.1846, found 433.1830

21

(4-(((4-((2-([1,1'-biphenyl]-
4-yl)ethyl)amino)-6-

(trifluoromethyl)
pyrimidin-2-yl)amino)

methyl)phenyl)methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 1.72 (bs, 
1H), 2.90 (t, J = 6.8 Hz, 2H), 3.57–3.72 (m, 2H), 4.61 
(d, J = 4.9 Hz, 2H), 4.67 (s, 2H), 4.90 (bs, 1H), 5.40 
(bs, 1H), 6.00 (s, 1H), 7.18–7.25 (m, 2H), 7.30–7.37 

(m, 5H), 7.41–7.46 (m, 2H), 7.51–7.60 (m, 4H)

13C NMR (100 MHz, CDCl3):  
δ (ppm)  35.19, 42.40, 45.33, 65.26, 

94.87, 121.13 (q, JC-F = 274.9 Hz), 
127.11, 127.15, 127.38, 127.42, 127.59, 
127.89, 128.94, 129.32, 130.18, 138.93, 

139.82, 139.96, 140.89, 154.69 (q, 
JC-F = 32.6 Hz), 162.57

HRMS (ESI+): m/z calc. 
for C27H26ON4F3 [M+H]+ 
479.2053, found 479.2048

22

(4-(2-((2-(furan-2-yl)-6-
(trifluoromethyl)

pyrimidin-4-yl)amino)
ethyl)phenyl) methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 2.97 (t, J = 
6.9 Hz, 2H), 3.55–3.90 (m, 3H), 4.69 (s, 2H), 5.56 

(bs, 1H), 6.41 (s, 1H), 6.54 (dd, J1 = 1.8 Hz, J2 = 
3.4 Hz, 1H), 7.21–7.25 (m, 2H), 7.30–7.36 (m, 3H), 

7.59–7.62 (m, 1H)

13C NMR (100 MHz, CDCl3):  
δ (ppm)  29.84, 35.15, 65.16, 99.08, 

112.21, 114.40, 120.92 (q, JC-F = 
274.9 Hz), 127.71, 129.12, 139.70, 

145.30, 151.77, 155.25, 158.09, 162.98

HRMS (ESI+): m/z calc. 
for C18H17O2N3F3 [M+H]+ 
364.1267, found 364.1260

24

(4-(((4-(1H-pyrrol-2-yl)-
6-(trifluoromethyl)

pyrimidin-2-yl)amino)
methyl)-2-chlorophenyl)

methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 2.97 (t, J = 
6.9 Hz, 2H), 3.55–3.90 (m, 3H), 4.69 (s, 2H), 5.56 

(bs, 1H), 6.41 (s, 1H), 6.54 (dd, J1 = 1.8 Hz, J2 = 
3.4 Hz, 1H), 7.21–7.25 (m, 2H), 7.30–7.36 (m, 3H), 

7.59–7.62 (m, 1H)

13C NMR (100 MHz, CDCl3):  
δ (ppm)  45.99, 62.76, 100.66, 111.54, 

112.38, 120.89 (q, JC-F = 275.1 Hz), 
122.61, 126.18, 128.46, 129.15, 129.21, 

133.07, 137.34, 140.30, 156.35  
(q, JC-F = 36.2 Hz), 159.32, 162.13

HRMS (ESI+): m/z calc. 
for C17H15ON4ClF3 

[M+H]+ 383.0881, found 
383.0873
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Compd. Chemical name 1H NMR 13C{1H} NMR HRMS

25

(4-(((4-(1H-pyrrol-2-yl)-
6-(trifluoromethyl)

pyrimidin-2-yl)amino)
methyl)-2-bromophenyl)

methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 1.98 (t, J = 
6.3 Hz, 1H), 4.67 (d, J = 6.0 Hz, 2H), 4.74 (d, J = 
5.7 Hz, 2H), 5.62 (bs, 1H), 6.32–6.35 (m, 1H), 

6.89–6.91 (m, 1H), 6.98–6.99 (m, 1H), 7.05 (s, 1H), 
7.34 (dd, J1 = 1.7 Hz, J2 = 7.8 Hz, 1H), 7.45 (d, J = 

7.8 Hz, 1H), 7.59 (d, J = 1.7 Hz, 1H), 9.41 (bs, 1H)

13C NMR (100 MHz, CDCl3):  
δ (ppm)  44.93, 64.98, 100.71, 111.55, 

112.35, 119.54, 120.30 (q, JC-F = 
274.0 Hz), 122.59, 122.87, 129.24, 

129.29, 131.72, 138.95, 140.55, 
156.26, 159.32, 162.13

HRMS (ESI+): m/z calc. 
for C17H15ON4BrF3 

[M+H]+ 427.0376, found 
427.0370

26

(4-(((4-(1H-pyrrol-2-yl)-
6-(trifluoromethyl)

pyrimidin-2-yl)amino)
methyl)-3-fluorophenyl)

methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 1.73 (t, J = 
5.9 Hz, 1H), 4.68 (d, J = 5.4 Hz, 2H), 4.71 (d, J = 
6.2 Hz, 2H), 5.68 (bs, 1H), 6.32–6.34 (m, 1H), 

6.88–6.90 (m, 1H), 6.98–7.01 (m, 1H), 7.02 (s, 1H), 
7.07–7.13 (m, 2H), 7.36–7.42 (m, 1H), 9.54 (bs, 1H)

13C NMR (100 MHz, CDCl3):  
δ (ppm)  39.14, 64.37, 100.43, 111.45, 

112.33, 113.79 (d, JC-F = 22.2 Hz), 
120.92 (q, JC-F = 275.0 Hz), 122.54, 
122.65, 125.03 (d, JC-F = 14.9 Hz), 
129.25, 130.04, 142.80 (d, JC-F = 

7.2 Hz), 156.30 (q, JC-F = 35.0 Hz), 
159.31, 161.17 (d, JC-F = 247.4 Hz), 

162.05

HRMS (ESI+): m/z calc. 
for C17H15ON4F4 [M+H]+ 
367.1177, found 367.1173

27

N-((1H-pyrazol-5-yl)
methyl)-4-(1H-pyrrol-2-
yl)-6-(trifluoromethyl)

pyrimidin-2-amine

1H NMR (400 MHz, CDCl3): δ (ppm) 4.72 (d, J = 
5.7 Hz, 2H), 5.93 (bs, 1H), 6.30 (bs, 1H), 6.33 (dt, 
J1 = 2.6 Hz, J2 = 3.8 Hz, 1H), 6.90–6.92 (m, 1H), 

6.98–7.01 (m, 1H), 7.05 (s, 1H), 7.53 (bs, 1H), 9.60 
(s, 1H), 1H from NH is exchanged with H2O

13C NMR (100 MHz, CDCl3):  
δ (ppm)  38.92, 100.37, 104.19, 
111.50, 112.41, 121.00 (q, JC-F = 

274.9 Hz), 122.69, 129.30, 132.19, 
148.02, 156.11 (q, JC-F = 33.6 Hz), 

159.40, 162.09

HRMS (ESI+): m/z calc. 
for C13H12N6F3 [M+H]+ 

309.1070, found 309.1063;

28

(4-(2-((4-(1H-pyrrol-2-yl)-
6-(trifluoromethyl)

pyrimidin-2-yl)amino)
ethyl)phenyl) methanol

1H NMR (400 MHz, CDCl3): δ (ppm) 2.94 (t, J = 
7.0 Hz, 2H), 3.73–3.78 (m, 2H), 4.67 (s, 2H), 5.29 
(bs, 1H), 6.33–6.35 (m, 1H), 6.88–6.90 (m, 1H), 

6.97–6.99 (m, 1H), 6.99 (s, 1H), 7.22–7.26 (m, 2H), 
7.30–7.36 (m, 2H), 9.47 (bs, 1H); 1H is exchanged 

with H2O

13C NMR (100 MHz, CDCl3):  
δ (ppm)  35.62, 42.91, 65.29, 100.08, 

111.45, 112.04, 118.23 (q, JC-F = 
274.0 Hz), 122.26, 127.58, 129.18, 
129.36, 138.74, 139.28, 156.35 (q, 

JC-F = 36.0 Hz),159.16, 162.29

HRMS (ESI+): m/z calc. 
for C18H18N4F3O [M+H]+ 

363.14272, found 
363.14215
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Biological assays

TLR8 antagonist activity evaluation. – Human embryonic kidney (HEK)-Blue cells stably 
transfected with hTLR8 and an NF-κB SEAP reporter (#hkb-htlr8, InvivoGen, France) were 
used to assess the potency of the compounds, as described previously (18, 19, 22, 23). The 
cell line (passage 5–12) was cultured in Dulbecco's modified Eagle's medium (PAN-Biotech, 
Germany) containing 10 % (V/V) heat-inactivated fetal bovine serum (FBS; S0615, Sigma- 
-Aldrich, Germany), 100 U mL–1 penicillin, 100 mg mL–1 streptomycin (P4333, Sigma- 
-Aldrich), 2 mmol L–1 L-glutamine (G7513, Sigma-Aldrich), 100 µg mL–1 normocin (#ant-
nr-05, InvivoGen) and the selective antibiotics 100 µg mL–1 zeocin (#ant-zn-05, InvivoGen) 
and 30 µg mL–1 blasticidin (#ant-bl-05, InvivoGen). The cell line was maintained at 37 °C in 
a humidified atmosphere of 5 % CO2 and 95 % air and was regularly tested negative for 
mycoplasma contamination (#11-1025, Venor GeM Classic Mycoplasma PCR detection kit, 
Minerva Biolabs, Germany).

Cells were seeded in 96-well plates at a density of 4 × 104 cells per well. After 24 h, the 
cells were preincubated with the test compounds for 1 h. Afterwards, cells were stimulated 
with the TLR8 agonist TL8-506 (#tlrl-tl8506, InvivoGen). After 24 h, SEAP activity in the 
cell supernatants was measured using the Quanti-Blue reagent (#rep-qbs, InvivoGen) 
according to the manufacturer’s instructions. The optical density was measured using a 
Mithras LB 940 reader (Berthold Technologies, Germany). All test compounds were dis-
solved in DMSO (A994.1, Carl Roth, Germany) at a concentration of 50 mol mL–1 to prepare 
stock solutions.

Cytotoxicity assessment. – The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay was used to determine the effects of the compounds on cell viability. HEK-
Blue hTLR8 cells were seeded in 96-well plates at a density of 4 × 104 cells per well. After 
24 h, the test compounds were added to the cells for 20 h. Afterwards, the MTT reagent  
(5 mg mL–1, M5655, Sigma Aldrich) was then added to the cells and incubated for 4 h at  
37 °C. After removing supernatants, DMSO (4720.1, Carl Roth) was added and absorption 
at 540 nm was measured on a Mithras LB 940 reader (Berthold Technologies). The viability 
of the non-stimulated cells was defined as 100 %. DMSO (10 % V/V; A994.1, Carl Roth) 
served as a positive (cytotoxic) control.

Statistical analysis

Data are presented as means or means + SEM. For studies assessing relative TLR8 
inhibitory effects, TL8-506-induced NF-κB activity was set to 100 %, with all other values 
calculated accordingly. Curve fitting was performed using four-parameter nonlinear 
regression. Data visualization was done using GraphPad Prism (version 8.0, GraphPad 
Software Inc., USA).

Computational studies

Protein structure preparation. – The protein structure for in silico modeling was selected 
according to the best resolution of 2.30 A (PDB ID: 5WYZ (39)). Structure preparation was 
performed with MOE 20222.02 (Chemical Computing Group, Canada). Co-crystallized 
oligosaccharides and water were removed. Modeling of the missing side chain and  
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capping were performed using the Structure Preparation utility. The protein-ligand com-
plex was protonated at the temperature of 300 K and pH of 7.4 using the protonate 3D 
function (24).

Molecular docking studies. – Molecular docking was performed with GOLD (25). Com-
pounds were docked using 50 genetic algorithm runs with the ChemPLP (26) scoring 
function. The binding pocket for the docking experiment was defined as a sphere with a 
radius of 10 Å around the co-crystallized ligand. The obtained binding modes were mini-
mized with the MMFF94 force field (27) implemented in Ligandscout 4.4.3 (28). The bind-
ing poses were selected by filtering according to their interactions, with the binding pose 
required to have a hydrogen bond acceptor between the pyrimidine and the backbone of 
Gly351 in addition to undergoing a visual inspection with a focus on the conformational 
plausibility, interaction geometry, and shape complementarity of the binding modes.

Molecular dynamics simulations. – The protein-ligand complexes were prepared for  
molecular dynamics (MD) simulations by using Maestro 11.7 (Schrödinger, LLC, USA). 
The hydrogen bond network in the systems was optimized at a pH of 7.0. The protein was 
placed in a cubic box keeping the edges at a 10 Å distance to the protein surface. The box 
was filled with the TIP3P water model (29), sodium, and chloride ions to neutralize the 
system and obtain isotonic conditions (0.15 mol L–1 NaCl). The system was parameterized 
using the OPLS 2005 force field (30) and relaxed using the default Desmond protocol. MD 
simulations were carried out with a constant number of particles, pressure, and tempera-
ture (NPT ensemble). The Nose-Hoover thermostat (31, 32) was used to keep a constant 
keeping with a constant temperature of 298 K. The constant pressure of 1.01325 was pre-
served using the Martyna-Tobias-Klein method (33). The MD simulations were carried out 
with Desmond in version 2022-1 on RTX 2080Ti and RTX 3090 graphics processing units 
(NVIDIA Corporation, USA). The MD simulations for the protein-ligand complexes were 
performed in 5 replicates, 50 ns each, generating 1000 frames per replica and were post-
processed in VMD (34) through alignment and concatenation. The trajectories of the pro-
tein-ligand complex simulations were analyzed using Dynophores (35–37) implemented 
in Ligandscout 4.4.3 (28) to obtain the protein-ligand interaction frequencies.

RESULTS AND DISCUSSION

In our previous study (18), we discovered pyrimidine-based TLR8 modulators that 
targeted the TLR8 uridine binding site (Fig. 1a) (38). The most promising compound with 
furan at position 4 and (4-(aminomethyl)phenyl)methanol at position 2 (Fig. 1b) showed an 
IC50 value in the low micromolar range (IC50 = 6.2 μmol L–1) (18). The idea behind the new 
series of compounds was to further explore the SAR by introducing different aromatic 
rings and amines at both positions, R1 and R2 (Fig. 1b, Fig. 2).

The rationale for targeting R1 and R2 was based on the potential for additional interac-
tions, considering the steric size of the moieties and their impact on protein binding. The 
R1 modifications aimed to (i) explore the effect of linker length, (ii) assess the role of hydro-
gen bonding in R1, and (iii) evaluate the impact of halogen substitution on the phenyl ring. 
For R2, initial modifications focused on extending the moiety to further sterically probe the 
binding site in the first series. Additionally, hydroxyl groups were incorporated to inves-
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tigate their potential for hydrogen bonding with the protein. In the second series, modifi-
cations primarily involved replacing the furan with a pyrrole ring to establish an addi-
tional hydrogen bond.

Fig. 1. a) Protein structure of the inactive state of TLR8 with the uridine binding site (circled) (38) (PDB 
ID: 5WYZ) (39); b) Predicted binding pose of the most promising compound from the previous series 
with the substituents R1 and R2, which were used for SAR. Color code: light and dark grey ribbons 
and atoms: TLR8 protein structure.



173

N. Strašek Benedik et al.: Optimization of 6-(trifluoromethyl)pyrimidine derivatives as TLR8 antagonists, Acta Pharm. 75 (2025) 159–183.

	

Synthesis

The starting amines (2–5) were synthesized via the reduction of methyl 4-(cyano-
methyl)benzoate (1) and three different methyl 4-cyanobenzoates using LiAlH4 (Scheme 
1A). Subsequently, a two-step synthetic procedure was used to prepare a series of pyrimi- 
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Fig. 2. General structures of two novel series of TLR8 antagonists obtained from structural modifica-
tions on the most potent TLR8 modulator from the previous study (18); R is halogen, Ar is aryl (ben-
zene, pyrrole or furan).
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Scheme 1. A) Reagents and conditions: Preparation of starting compounds 2–5. Reagents and condi-
tions: a) AlCl3, LiAlH4, THF, 0 °C to rt, 18 h; B) Synthetic route for preparation of compounds 11–22. 
Reagents and conditions: b) amine 2–5, K2CO3, MeCN, rt, 18 h; c) appropriate amine, K2CO3, MeCN, 
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in dioxane – for the synthesis of compounds 16 and 18 (from 15 and 17, respectively).
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dine-based compounds (Scheme 1B, Table IV). In the first step, various amines were intro-
duced at position 4 of 2,4-dichloro-6-(trifluoromethyl)pyrimidine (6) by nucleophilic aro-
matic substitution to give compounds 7–10. Compounds 11–12, 17, and 19–21 were pre-
pared by another nucleophilic aromatic substitution between the obtained 4-aryl-2- 
-chloropyrimidines and suitable amines or tert-butyl (4-hydroxybenzyl)carbamate. 
Compounds 13–15 and 22 were synthesized by Suzuki coupling between the obtained 
4-aryl-2-chloropyrimidines and selected boronic acids. The final compounds 16 and 18 
were obtained after the removal of a Boc protecting group in 15 and 17.

Table IV. Structures of final compounds 11–14, 16, 18–22 from the first series

Compd. R1 R2

11

12

13

14

16

18

19
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20

21

22

In the second series of compounds, a pyrrole ring was introduced at position 4, along 
with various aromatic substituents at position 2. The intermediate 2-chloro-4-(1H-pyrrole- 
-5-yl)-6-(trifluoromethyl)pyrimidine (23) was synthesized by Suzuki coupling of the 
(1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl)boronic acid and 2,4-dichloro-6-(trifluoromethyl)
pyrimidine (6). The final compounds (24–28) were prepared by nucleophilic aromatic sub-
stitution, followed by acidic deprotection of the Boc group (Scheme 2).

Biological evaluation

The synthesized compounds were biologically evaluated and tested in hTLR8-HEK293 
reporter cells. hTLR8-HEK293 reporter cells are HEK293 cells, that express the human 
TLR8 gene and an inducible SEAP (secreted embryonic alkaline phosphatase) reporter 
gene and are used to monitor the activation of human TLR8. None of the compounds 
showed agonistic effects at 10 and 25 μmol L–1 (Fig. S1). The compounds from the first series 
showed slightly weaker antagonistic activity compared to the previously reported antago-
nists (18). Compounds 14 and 19 showed promising antagonistic activity on TLR8, with 
IC50 values of 6.5 and 15.5 μmol L–1 (Table VI, Fig. 3b), respectively. Both compounds con-
tain a 4-(2-aminoethyl)phenol substituent, compound 14 at position 4 and compound 19 at 

Scheme 2. Synthetic route for preparation of compounds 24–28 from second series. Reagents and 
conditions: a) Pd(PPh3)4, boronic acid, K2CO3, dioxane, H2O, MW, 100 °C, 20 min; b) appropriate 
amine, K2CO3, MeCN, 82 °C, 18 h; c) 4 M HCl in dioxane.
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position 2, suggesting that a 4-hydroxyphenyl ring at a distance of two carbon atoms appears 
to be essential for binding. Compounds 11, 20, and 21 with a shorter linker showed lower 
affinity, whereas compounds 12, 13, and 20 with benzyl alcohol lost their antagonistic effect 

Table V. Structures of final compounds 24–28 from the second series

Compd. R1 R2

24

25

26

27

28

Table VI. Potencies for inhibition of NF-κB activity in hTLR8-HEK293 reporter cells. IC50 values were 
calculated from concentration-response curves

Compd.
IC50 (μmol L–1)

hTLR8-HEK293

14 6.5

19 15.5

25 12.0

26 8.7

28 16.0
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completely. We also tried replacing the phenyl ring at position 2 with furan (compound 22), 
but this also resulted in a loss of activity. Replacing the hydroxyl group with a free amino 
group (compound 18) at position 2 or introducing a larger biphenyl substituent at position 
4 (compound 21) also did not lead to an improvement in potency.

The effect of the synthesized compounds on the viability of hTLR8-HEK293 reporter 
cells was evaluated to exclude possible false-positive results due to cytotoxicity (Fig. 3c). 
Compound 14 reduced cell viability at 50 μmol L–1 but had no effect at 25 μmol L–1, indicat-
ing that its IC50 value of 6.5 μmol L–1 was not related to cytotoxicity. Compound 19 showed 
no reduction in cell viability at any of the concentrations tested.

In the second series, we introduced a pyrrole ring at position 4 and introduced various 
aromatic substituents at position 2. Compounds 25, 26, and 28 showed IC50 values between 
8 and 16 μmol L–1, and no cytotoxic effects except compound 25 at 50 μmol L–1. Among 
them, compound 26, which contains a (4-(aminomethyl)-3-fluorophenyl)methanol at posi-
tion 2, demonstrated the most potent TLR8 antagonistic activity with an IC50 value of 8.7 
μmol L–1, outperforming the analog with bromine (compound 25).

Fig. 3. a) Inhibition of TL8-506-stimulated NF-κB activity in hTLR8-HEK293 reporter cells. HEK-Blue 
hTLR8 cells were preincubated with the compounds (10 or 25 µmol L–1) for 1 h, and then stimulated 
with the TLR8 agonist TL8-506 (0.6 µmol L–1) for 24 h. Supernatants were analyzed for TLR8-mediated 
NF-κB activation by SEAP reporter assay using QuantiBlue (OD620). Data are normalized to TL8- 
-506-stimulated cells. Mean + SEM (n = 3–4); b) Inhibition of TL8-506-stimulated NF-κB activity in 
hTLR8-HEK293 reporter cells. HEK-Blue hTLR8 cells were preincubated with increasing concentra-
tions of the compound 14 or 26 for 1 h and then stimulated with TL8-506 (0.6 µmol L–1) for 24 h. 
Supernatants were analyzed for TLR8-mediated NF-κB activation by SEAP reporter assay using 
QuantiBlue (OD620). Data are normalized to TL8-506-stimulated cells. For the calculation of the con-
centration-response curves nonlinear regression with variable slope (four parameters) was used. 
Mean ± SEM (n = 3). The IC50 values are shown as means in Table VI; c) Cell viability for the tested 
compounds. HEK-Blue hTLR8 cells were incubated with the compounds (25, 50 µmol L–1) for 24 h. 
Cell viability was analyzed using the MTT assay, and normalized to non-stimulated cells (vehicle 
control). DMSO (10 %, V/V) was used as the cytotoxic control. Mean ± SEM (n = 3).
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The main difference between the first and second series is the substitution at position 
4 on the main pyrimidine scaffold. The first series is substituted with various benzyl or 
phenethylamines, whereas the second series has a pyrrole ring at position 4, which is most 
likely important for the inhibition of TL8-506-stimulated, TLR8-dependent NF-κB activity. 
In addition, the most potent compounds of the first series have a 4-hydroxyphenethyl-
amine substituent (compounds 14 and 19), while the most potent compounds from the 
second series are substituted with a (4-(aminomethyl)phenyl)methanol derivative that has 
an additional halogen atom on a benzene ring (compounds 24–26), or with (4-(2-amino-
ethyl)phenyl)methanol (compound 28), which has a linker that is one carbon atom longer 
compared to the starting compound from Fig. 2. The activity in the second series is lost 
when a pyrazole ring is introduced at position 2 (compound 27). According to the biologi-
cal results obtained from both series, the future optimization strategy for the second series 
could be the substitution of pyrrole (R2) and/or the introduction of substituted 4-hydroxy-
phenethylamine (R1), preferably with halogen atoms. As far as cytotoxicity is concerned, 
the bromo and chloro derivatives from the second series (compounds 24 and 25) are cyto-
toxic at 50 μmol L–1 so substitution with fluorine (as in compound 26) should be made. The 
compounds from the first series are less cytotoxic with the exception of compound 14, 
which has a phenyl ring at position 2.

Computational evaluation

In silico studies were performed to determine the binding modes of 14 and 26 within 
the uridine binding site of TLR8 (Fig. 4) (38). Their binding modes both show a hydrogen 
bond between the pyrimidine of 14 and 26 acting as the hydrogen bond acceptor and the 
backbone amide of G351 backbone amide acting as a hydrogen bond donor. The trifluoro-
methyl groups of 14 and 26 show hydrophobic interactions with Y348, V378, and F495*. The 
phenyl ring at position 2 of 14 displays additional hydrophobic interactions with F261, 
K350, and V520*, while the phenyl ring at position 4 displays hydrophobic interactions 
with Y567* and F405, and the hydroxyl group acts as a hydrogen bond donor with the 
oxygen backbone atom of I403. The amine of 14 forms a hydrogen bond with the backbone 
oxygen atom of A518*. The binding mode of 26 shows that the pyrrole forms a hydrogen 
bond with the backbone oxygen atom of F494*, while simultaneously showing a hydropho-
bic interaction with F405, A518*, and Y567*. The phenyl ring of 26 shows a hydrophobic 
interaction with K350, while the ortho-fluoro substituent shows a hydrophobic interaction 
with P498*. The hydroxyl group acts as a hydrogen donor with the side chain of E525* and 
as a hydrogen bond acceptor with the side chain of T524*, while the amine forms a hydro-
gen bond with the backbone of Q519* (Fig. 4a,b).

Molecular dynamics simulations were performed to analyze the frequency of inter-
actions of compounds 14 and 26 with the protein using our recently developed method 
Dynophores (35–37). The analysis shows that the hydrogen acceptor between the pyrimi-
dine of 14 and 26 and the backbone amine of G351 is present during 69.5 % of the simula-
tion for 14 and 91.4 % for compound 26. The trifluoromethyl maintains hydrophobic inter-
actions throughout the whole simulation in both 14 and 26 and acts as a hydrogen bond 
acceptor for 56.7 % of the simulation time in 14 and 49.8 % of the simulation time in 26. The 
phenyl rings of 14 both show hydrophobic interactions with the phenyl ring at position 2 
showing hydrophobic interactions during 72.9 % of the simulation time. In contrast, the 
phenyl ring at position 4 shows hydrophobic interactions throughout the entire duration 
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of the simulation. The hydroxyl group of 14 acts as both a hydrogen bond donor for 79.9 % 
of the simulation time and as a hydrogen bond acceptor for 6.9 % of the simulation time. 
The amine at position 4 maintains a hydrogen bond with the backbone of A518* during 
36.9 % of the simulation time. The pyrimidine ring of 14 shows πinteractions in 16.5 % of 
the simulation time, while the pyrimidine ring of 26 maintains πinteractions in 21.0 % of 
the simulation time. The pyrrole at position 4 shows hydrophobic interactions throughout 
the whole simulation and maintains hydrogen bond interactions during 12.8 % of the 

Fig. 4. a) 3D and 2D representation of the predicted binding mode of compound 14; b) 3D and 2D 
representation of the predicted binding mode of compound 26; c) representation of protein-ligand 
interaction frequencies of 14 through Dynophore clouds; d) Representation of protein-ligand interac-
tion frequencies of 26 through Dynophore clouds. Color code: light and dark grey ribbons and atoms: 
TLR8. yellow clouds: hydrophobic interactions, blue clouds: aromatic interactions, red clouds: hydro-
gen bond acceptors, green clouds: hydrogen bond donors.
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simulation time. The amine at position 2 of 26 acts as a hydrogen bond donor in 21.1 % of 
the simulation time, while the hydroxyl group acts as a hydrogen bond acceptor during 
13.5 % of the simulation time. The fluorine shows hydrophobic interactions in 82.3 % of the 
simulation time and maintains a hydrogen bond in 16.4 % of the simulation time. The 
phenyl ring at position 2 of 26 shows hydrophobic interactions in 41.4 % of the simulation 
time (Fig. 4c,d, Table S1 and S2).

CONCLUSIONS

In this study, we successfully designed, synthesized, and evaluated a novel series of 
TLR8 antagonists, building on previous research to increase the potency of this class of 
antagonists. Compounds 14 and 26 demonstrated the most promising activity, with IC50 
values of 6.5 and 8.7 μmol L–1, respectively. While compound 14 reduced cell viability at 
higher concentrations, compound 26 showed no effect on cell viability, highlighting its 
potential for further development as a TLR8 antagonist. Even though these compounds are 
less potent compared to some previously reported TRL8 antagonists, e.g. isoxazole deriva-
tives (40), 5-indazol-5-yl pyridines (14), or the quinoline derivative CU-CPT9a (41), which 
show the IC50 values in the nanomolar or picomolar range, there is still room for further 
optimization of our compounds to improve the potency. One possibility is to explore the 
substitutions at position 6 by replacing the trifluoromethyl group with different amines or 
aromatic rings to gain additional interactions with amino acid residues in the active site. 
Similarly, the substitutions on the pyrrole ring at position 2 of the main scaffold could also 
improve the potency. To avoid potential cytotoxicity, substitution with benzene, chlorine, 
and bromine should not be used. This study was based on the previously reported TLR8 
modulator (18), which showed selective activity towards TLR7, so our compounds most 
likely retain this selectivity. To confirm this, future experiments could also include the 
determination of selectivity against TLR7 and also other TLRs. Nonetheless, the results of 
this study provide valuable insights into the SAR of TLR8 antagonists and form the basis 
for future therapeutic applications targeting TLR8-mediated diseases.

Supplementary information includes biological data, computational data, and NMR spectra of 
the active final compounds. Supplementary material is available upon request.
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1. Biological data 

 

 

Fig. S1. Activation of NF-κB activity in hTLR8-HEK293 cells. 

HEK-Blue hTLR8 cells were stimulated with TL8-506 (0.6 μM) or the test compounds (10 

μM, 25 μM) for 24 h. Supernatants were analyzed for TLR8-mediated NF-κB activation by 

SEAP reporter assay using QuantiBlue (OD620). Mean + SEM (n=4). 

 

 

 

 

 

 

Fig. S2. Concentration-response curves in hTLR8-HEK293 cells for 19, 25, and 28. 

HEK-Blue hTLR8 cells were preincubated with increasing concentrations of the test 

compounds for 1 h, and then stimulated with TL8-506 (0.6 μM) for 24 h. Supernatants were 

analyzed for TLR8-mediated NF-κB activation by SEAP reporter assay using QuantiBlue 

(OD620). For the calculation of the concentration-response curves nonlinear regression with 

variable slope (four parameters) was used. IC50 values are shown in Table 3. Mean ± SEM 

(n=3-4). 

  



4 
 

2. Computational data 

 

Table S1. Interaction frequencies of 14 with TLR8 homodimer during MD simulation. 

 

 
Ligand Moiety Interaction Type Interaction Frequency (%) 

Phenyl ring 1 Hydrophobic 72.9 

Pyrimidine nitrogen 2 Hydrogen bond acceptor 91.4 

Trifluoromethyl 3 Hydrophobic 100.0 

Trifluoromethyl 3 Hydrogen bond acceptor 56.7 

Pyrimidine 4 Aromatic 16.5 

Amine 5 Hydrogen bond donor 36.9 

Phenyl ring 6 Hydrophobic 100.0 

Hydroxyl group 7 Hydrogen bond acceptor 6.9 

Hydroxyl group 7 Hydrogen bond donor 79.9 

 

Table S2. Interaction frequencies of 26 with TLR8 homodimer during MD simulation. 

 

 
Ligand Moiety Interaction Type Interaction Frequency (%) 

Hydroxyl group 1 Hydrogen bond acceptor 13.5 

Fluorine 2 Hydrophobic 82.3 

Fluorine 2 Hydrogen bond acceptor 16.4 

Phenyl ring 3 Hydrophobic 41.4 

Amine 4 Hydrogen bond donor 21.1 

Pyrimidine nitrogen 5 Hydrogen bond acceptor 69.5 

Trifluoromethyl 6 Hydrogen bond acceptor 49.8 

Trifluoromethyl 6 Hydrophobic 100.0 

Pyrimidine 7 Aromatic 21.0 

Pyrimidine carbon 8 Hydrophobic 98.5 

Pyrrole nitrogen 9 Hydrogen bond donor 12.8 

Pyrrole 10 Hydrophobic 100.0 
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3. NMR spectra of active final compounds (compounds with IC50 values - 14, 19, 25, 26, 

28) 

 

 

 

1H and 13C{1H} NMR spectrum of compound 14. 
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1H and 13C{1H} NMR spectrum of compound 19. 
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1H and 13C{1H}  NMR spectrum of compound 25. 
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1H and 13C{1H} NMR spectrum of compound 26. 
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1H and 13C{1H} spectrum of compound 28. 
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ABSTRACT: Toll-like receptor 8 (TLR8) recognizes viral and bacterial
RNA, initiating inflammatory responses that are crucial for innate immunity.
Dysregulated TLR8 signaling contributes to autoimmune diseases, including
systemic lupus erythematosus and rheumatoid arthritis, driving chronic
inflammation and tissue damage. Therefore, targeting TLR8 has gained
attention as a promising therapeutic strategy. We report a novel selective
TLR8 antagonist scaffold identified through computational modeling and
simulation. In silico-guided rational drug design and synthesis led to potent
isoxazole-based compounds that were characterized by structure−activity
relationships. The most active compounds inhibited TLR8-mediated
signaling in cell lines and primary cells, reduced MyD88 recruitment, suppressed NF-κB- and IRF-dependent signaling, and
decreased inflammatory responses. In silico and pharmacological analyses demonstrated competitive binding to the pocket of
chemical ligands within the TLR8 dimerization interface. These highly selective and potent TLR8 antagonists possess favorable
physicochemical properties, representing potential clinical candidates for TLR8-targeted therapy.

■ INTRODUCTION
Toll-like receptors (TLRs) are germline-encoded pattern
recognition receptors (PRRs) that initiate immune responses
by recognizing pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs) derived from pathogens or damaged cells. As
critical components of the innate immune system, TLRs play a
key role in immune defense.1,2 The human TLR family consists
of TLR1-10, with TLR3/7/8/9 localized on endosomal
membranes.3 Among the endosomal TLRs, TLR8 has emerged
as a pivotal regulator in various immune-mediated disorders
due to its distinct signaling pathways and biological
functions.4,5 Primarily expressed in innate immune cells, such
as monocytes, macrophages, and dendritic cells, TLR8
recognizes single-stranded RNA molecules from pathogens or
damaged host cells.6−8 This recognition leads to the recruit-
ment of adaptor protein MyD88 and the activation of
downstream signaling pathways involving nuclear factor-κB
(NF-κB) and interferon regulatory factors (IRFs). Dysregu-
lated TLR8 signaling has been implicated in the pathogenesis
of autoimmune diseases, including systemic lupus erythema-
tosus (SLE) and rheumatoid arthritis (RA), where persistent
TLR8 activation contributes to chronic inflammation and
tissue damage.9−11 TLR8 has also been recognized to play a
significant role in the regulation of viral infections.12,13

The therapeutic potential of targeting TLR8 has recently
generated significant interest, particularly in the development
of TLR8 antagonists.6,14−17 Selective TLR8 antagonists are

designed to modulate aberrant TLR8 signaling and restore
immune homeostasis in diseases characterized by TLR8
hyperactivity. For example, small-molecule TLR8 antagonists
have demonstrated potential for modulating cytokine levels in
autoimmune diseases such as SLE and RA.14,18 Several TLR7/
8 ligands, including small molecules and antibodies, have been
identified and are currently in preclinical and clinical trials.19,20

Enpatoran (M5049), a synthetic small-molecule TLR7/8
antagonist, is currently being investigated as a potential
treatment for SLE.21 However, selective TLR8 antagonists
have yet to be fully explored in clinical studies.
No naturally occurring antagonists of TLR8 have been

identified to date. A recent preprint suggests that endogenous
2′-O-methyl guanosine RNA fragments might act as antago-
nists of TLR7/8.22 Unlike agonists, which benefit from a
synergistic effect that enhances the affinity of uridine, a
common RNA-building block found in animals and viruses,
similar synergistic mechanisms for antagonist recognition have
yet to be identified. Nonetheless, advances in understanding
TLR8 pharmacology have significantly facilitated the develop-
ment of TLR8 antagonists. Structural studies of the inactivated
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TLR8 dimer bound to antagonists have offered valuable
insights into how TLR8 activity can be regulated. Despite this
progress, research into the inhibitory mechanisms of TLR8
remain in its early stages.14,18 By targeting specific regions
within the TLR8 receptor, novel antagonists can block ligand
recognition and disrupt downstream signaling events.23

Previously, we have identified selective TLR8 antagonists
through structure-based virtual screening approaches, which
inhibited TLR8-mediated responses in the low μM range,16,17

and potent TLR8 antagonists have been described as tool
compounds in the literature.14,15

In this study, we identified novel, highly potent small-
molecule TLR8 antagonists through a structure−activity
relationship (SAR)-based approach. Extensive biological
characterization of the active virtual hits revealed compound
10 as a potential clinical candidate. Compound 10
demonstrated high selectivity, potency, and bioavailability as
a competitive antagonist of TLR8 with no observed cytotoxic
effects.

■ RESULTS
Virtual Screening Identifies Novel Isoxazole Scaffold.

To investigate the interactions between known TLR8
antagonists and the receptor, we analyzed all recently
published crystal structures containing cocrystallized TLR8
(RCSB PDB: 6KYA, 6TY5, 6V9U, 6ZJZ, 7R52, 7R53, 7R54,
7RC9)21,24−27 (Figure S1). These structures consistently
revealed that the antagonists bind at the uridine-binding
site,15,28,29 located at the interface of the TLR8 homodimer
(Figure 1A). Within this binding site, all cocrystallized
antagonists establish a key hydrogen bond acceptor interaction
with the backbone amide of G351, a central feature of their
binding mode.18,21,24−27 Surrounding G351, residues such as
F494, F495, Y348*, and V378* (where asterisks denote chain
B residues) contribute additional hydrophobic contacts
through their lipophilic side chains. Ionic interactions between
E427 and the aliphatic amine groups of several antagonists (as

observed in 6TY5, 6 V9U, 6ZJZ, 7R53, 7R54, and
7RC9)21,24−27 further stabilize binding (Figure 1B). Using
LigandScout,30 we developed a 3D pharmacophore31−33 to
represent the common binding features of these antagonists,
using the coordinate frame of PDB entry 7RC930 as a
reference. The pharmacophore highlights essential interactions
within the binding pocket including a hydrogen bond acceptor
near G351, a positively ionizable feature adjacent to E427, and
three hydrophobic features. These hydrophobic features align
with key residues: the first near Y348, K350, and F494*; the
second near V378 and F405; and the third close to I403,
F494*, and A518* (Figure 1C,D). Together, these features
encapsulate the shared interaction profile of TLR8 antagonists,
providing a basis for a 3D pharmacophore virtual screening
campaign.
To understand how the 3D pharmacophore would perform

in discriminating between active and inactive compounds, we
statistically validated the 3D pharmacophore using two sets of
compounds: the first, Set A, consisted of 158 known active
molecules retrieved from ChEMBL34−36 (IC50 < 1000 nM), in
addition to 231 known inactive compounds from ChEMBL
(labeled as inactive or IC50 > 1000 nM), as well as 8406 decoys
with physicochemical properties similar to the active
molecules. The validation with both active and inactive
compounds yielded only true positives, showing that all the
active compounds were correctly recognized as active, while
the validation of active molecules with diverse molecules with
physicochemical properties similar to those of the active
compounds yielded 58 false positives, showing that the
pharmacophore recognizes diverse molecules with similar
physicochemical properties as active molecules. To test the
ability of the 3D pharmacophore to identify compounds that
have low IC50 values, a second validation of Set B was
performed using compounds with IC50 values below 50 nM.
Thus, 47 compounds with IC50 values below 50 nM were
labeled as actives and were validated with the previously
mentioned 231 inactive compounds and 2538 molecules with

Figure 1. Structure of TLR8 binding interface with virtual screening 3D pharmacophore. (A) Structure of TLR8 with the binding interface of the
homodimers. (B) Zoom view of the TLR8 antagonist binding site. (C) Binding site of TLR8 antagonists with the generated 3D pharmacophore.
(D) 3D pharmacophore,31−33 which was used for virtual screening. The asterisk denotes the chain B. Color code: yellow spheres, hydrophobic
contacts (HYD); red spheres, hydrogen bond acceptor (HBA); blue sphere with cones, positive ionizable (PI); purple and green ribbons and
atoms, TLR8 homodimers; gray surface, TLR8 protein surface.
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physicochemical properties similar to the active compounds
from Set B, generated from the active compounds of set B.
This validation showed that against the inactive compounds,
19 out of 47 true positive compounds of the set B were
retrieved with no false positive virtual screening hits, while the
validation with the molecules with physicochemical properties
similar to the active compounds from set B resulted in 29 false
positive hits (Figure S2A−D), showing overall good perform-
ance in retrospective model validation.
Following the retrospective validation of the 3D pharmaco-

phore model, we performed a prospective virtual screening
using a commercial library of 2.7 million compounds to obtain
potentially potent compounds, yielding 18310 virtual hits.
These were then subjected to a two-step consensus molecular
docking protocol using the crystal structure with the highest
resolution (PDB entry 7RC9)30 (see Experimental Section:
Molecular Docking). This molecular docking protocol resulted
in 42 compounds with 5 compounds containing an already
known dimethoxyphenyl scaffold,37 22 compounds containing
an already known pyridine scaffold,37 and 12 compounds
containing a novel isoxazole scaffold. We selected the isoxazole
scaffold compounds for further experimental testing due to
their novelty (Table S1).
Biological Characterization of Hit Compounds. To

experimentally confirm our in silico predictions, the 12 hit
compounds were tested for their activity and cell viability in
hTLR8-HEK293 reporter cells. None of the compounds
showed agonistic effects (Figure S3A). Four of the 12
compounds, representing a hit rate of 33%, showed no
cytotoxic effects (Figure S3B) and over 75% inhibition of NF-
κB at 10 μM (Figure S3C and Table S2) when stimulated with
the TLR8 agonist TL8-506, and therefore were selected for
IC50 testing (Figure S4). Compounds 10 and 12 demonstrated
IC50 values below 0.5 μM (Table 1) and were comparable to
Enpatoran, a TLR7/8 dual antagonist currently under clinical
investigation for SLE and cutaneous lupus erythematosus
(CLE).38

Given the strong homology between TLR7 and TLR8 and
their many common ligands,28 achieving high selectivity for
TLR8 is challenging. To verify the selectivity, we tested
compounds 10, 11, and 12 for IC50 in hTLR7-HEK293
reporter cells. Compounds 10 and 12 demonstrated >100-fold
selectivity, indicating a strong preference for TLR8 over TLR7
(Table 1 and Figure S5). TLR8 preference was confirmed for
compound 11, a close analogue of compound 10 but with
lower potency at TLR8. In contrast, Enpatoran preferentially
inhibited TLR7-mediated responses with a TLR7/TLR8
selectivity factor below 0.05.
Structure−Activity Relationship of Isoxazole-Based

TLR8 Antagonists. The promising inhibitory effects of
compounds with an isoxazole scaffold prompted us to explore
the chemical space by in silico-guided chemical synthesis to
decipher the binding mode and structural basis of TLR8
inhibition. An in silico SAR evaluation was performed to
analyze the binding modes of the derivatives and identify the
differences in the interactions of those with the protein. For
this, we performed molecular docking studies. The main
differences in the derivatives consisted of the presence or
absence of a methoxy group on the phenyl ring in addition to
the difference of the substituent in the para position of the
phenyl ring. The length of the substituent played an important
role in the SAR as shown by compounds 34 and 35. These
compounds mainly differ in the substituent on the piperidine

ring, with compound 34 having a methyl group, while 35
contains an isopropyl moiety (Figure 2A). The length of the
isopropyl moiety allows 35 to form an additional hydrophobic
interaction with Leu490, facilitated by the closer proximity of
the isopropyl group compared to the shorter methyl group of
38. Thus, the main difference in these compounds is the
hydrophobic interaction with Leu490, which affects the activity
of the compound. Another important aspect of the SAR
analysis was the presence or absence of the methoxy group.
Examples of this analysis are compounds 31 and 38.
Compound 31, which contains the methoxy group, loses the
hydrophobic contact with Ala518* that is present in
compound 38; thus, the absence of the methoxy group
increases the potency of 31 (Figure 2B). These results
highlight the importance of the substituent length and the
methoxy group on the potency of the compounds.
The synthesis began with methyl 4-hydroxybenzoate or

methyl 4-hydroxy-3-methoxybenzoate, which was alkylated
with 4-(chloromethyl)-3,5-dimethylisoxazole (Scheme 1). In
the second step, the esters 13 and 14 were hydrolyzed with 1
M NaOH and the obtained carboxylic acids 15 and 16 were
coupled with the appropriate amine using HATU as a coupling
reagent to give amides 17-39. 4-((3,5-Dimethylisoxazol-4-
yl)methoxy)benzoic acid was also coupled with tert-butyl 4-
aminopiperidine-1-carboxylate to give the amide 42, and in the
next step, the Boc protecting group was removed with
trifluoroacetic acid. The obtained 4-((3,5-dimethylisoxazol-4-
yl)methoxy)-N-(piperidin-4-yl)benzamide (43) was then
alkylated with butyl or allyl bromide to give amides 40 and
41, respectively.
To optimize and evaluate the scaffold and in silico

predictions, these synthesized compounds were screened as
described above (Figure S6). Thirteen of 26 compounds
showed over 80% inhibition at 10 μM (Table S3), and 12 were
selected for IC50 testing (Figure S7). However, none of the
compounds demonstrated IC50 values lower than those of

Table 1. Potencies for Inhibition of NF-κB Activity in
hTLR8- and hTLR7-HEK293 Reporter Cellsa

aIC50 values were calculated from concentration−response curves
(Figures S4 and S5). n.d. = not determined.
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compounds 10 and 12 from the initial screening (Table 2).
Therefore, we proceeded with further biological character-
ization of these compounds. Nevertheless, we have obtained
relevant information about the SAR. Among the synthesized
compounds, the tertiary amines with piperidine ring (e.g., 26,
31, 34, 35, 38−41; Tables S3 and S4) are the most potent
TLR8 antagonists with IC50 values around 1 μM. As already
mentioned above, the nature of the substituent on the
piperidine ring is important since the compounds with a
longer (e.g., 31, 38−41) or branched (e.g., 28 and 35)
substituent on the piperidine ring exhibited higher potency

compared to the methyl-substituted or unsubstituted piper-
idine derivatives (e.g., 33, 34, 43). The piperidine ring has to
be alkylated since compound 43 with unsubstituted piperidine
showed only 32% inhibition of NF-κB at 10 μM. The most
optimal substituent on the piperidine ring is ethyl, which is
present in compound 10 or allyl in the case of compounds
without a methoxy group. In compounds 24 and 26, the
piperidine ring is inverted and bonded directly to the carbonyl
group, resulting in the distance that is one atom shorter. The
bound pyrrolidine and piperidine in the para position of the
piperidine enable the activity of these compounds. In this case,

Figure 2. In silico SAR study of compounds 34, 35, 31, and 38. (A) Compound 34 has a methyl group at the piperidine ring and thus is not able to
perform a hydrophobic interaction with Leu40, while compound 35 has an isopropyl group at the piperidine, which leads to an additional
hydrophobic interaction with L490. (B) Compound 31 has a methoxy group at the phenyl ring, which leads to the loss of the hydrophobic
interaction with Ala518*. Compound 38, which lacks the methoxy group at the phenyl ring, shows a hydrophobic interaction with Ala518*. The
asterisk denotes the chain B. Color code: purple and green ribbons atoms, TLR8 homodimers; turquoise atoms, compound 34; gray atoms,
compound 35; yellow atoms, compound 31; pink atoms, compound 38.
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the methoxy group on the phenyl ring is beneficial since
derivative without the methoxy group (e.g., 21) is less potent.
Likewise, the methoxy derivative 10 is more potent than
compound 39, which does not possess a methoxy group.
Furthermore, replacing the piperidine with pyrrolidine results
in the less potent isoxazole derivatives 19, 27, and 29.
Piperazine derivatives showed only moderate (compounds 17,
22, and 23) or low inhibition (compounds 30 and 36) of NF-
κB at 10 μM.
Compounds 10 and 12 Selectively Inhibit TLR8-

Mediated Inflammation and Signaling. Next, we exam-
ined the inhibitory effects of the two lead compounds across
various assays, cell lines, and primary cells. Activation or
inhibition of TLR8 modulates downstream signaling pathways,
significantly influencing cytokine production.39 In THP-1
macrophages, compounds 10 and 12 demonstrated potent
TLR8-mediated TNF inhibition with IC50 values of 0.037 and
0.12 μM, respectively (Figure 3A and Table 3). Cell viability
remained unaffected up to 100 μM (Figure S8A). TNF
production was selectively inhibited at 10 μM in response to
the TLR8 agonists TL8-506 or CL075, without influencing
responses to TLR2 or TLR4 agonists (Figure 3B). To reflect
more physiologically relevant conditions, we tested peripheral
mononuclear blood cells (PBMCs), which express various
TLRs. Both compounds 10 (IC50 = 1.02 μM) and 12 (IC50 =
1.15 μM) showed lower potency than Enpatoran (IC50 = 0.074
μM) (Figure 3C and Table 3) without affecting cell viability up
to 100 μM (Figure S8B).
Since compound 10 showed improved potency over

compound 12 in all pharmacological parameters, we decided
to further characterize this compound. To evaluate TLR
specificity, compound 10 was tested against ligands for TLR2/
1, TLR2/6, TLR3, TLR4, TLR5, TLR7, TLR8, and TLR9
using HEK293 reporter cells. The results demonstrated
selective inhibition of TLR8, with no significant activity
against other TLRs, confirming its high selectivity (Figure 4A).
To confirm cytokine inhibition at the gene level, we analyzed
mRNA expression levels of TNF and IL1B in TL8-506-
stimulated THP-1 macrophages, which were significantly
inhibited in the presence of compound 10 (Figure 4B). In
general, IL-1β is released after priming and activation of
macrophages.40 TLR8 priming and subsequent NLRP3
activation by nigericin or ATP triggered IL-1β release, which
was blocked by compound 10 (Figure 4C). Cell death was

induced by the inflammasome activators in both primed and
unprimed cells to the same extent and not reduced by the
TLR8 antagonist (Figure 4D). Further investigation of
upstream proteins involved in the NF-κB pathway demon-
strated that compound 10 reduced p-NF-κB p65 and increased
IκBα levels following TLR8 activation with TL8-506 (Figure
4E). When stimulated, respectively, with TLR8 and TLR4
agonists in THP1-Dual TLR4/MD-2/CD14 cells (hereafter
referred to as THP-1 Dual cells), compound 10 showed
selective and potent inhibition of TLR8-but not TLR4-
mediated activation of the NF-κB and interferon regulatory
factor (IRF) pathways (Figure 4F). Given that NF-κB and IRF
activation in TLR8 occurs through the MyD88 pathway, we
sought to determine whether compound 10 reduces the level
of recruitment of MyD88 to the TLR8 receptor. While it is
increasingly clear that TLR-induced myddosomes are long-
lived and highly dynamic,41 coimmunoprecipitation analysis in
THP-1 macrophages demonstrated reduced MyD88 recruit-
ment to TLR8 in the presence of compound 10 (Figure 4G).
To complement the traditional single-end point assays, we
used optical biosensor technology to measure whole TLR-
mediated cell responses in a label-free environment.42 In THP-
1 Dual cells, no DMR signal was detected in the presence of
compound 10 alone (Figure S9A), whereas TL8-506 and LPS
induced a robust DMR signal during the recording period
(Figure S9B,C). DMR signals were fully inhibited by high
concentrations of compound 10 in TL8-506-stimulated cells
(Figure S9B), while no inhibition was observed in the presence
of LPS (Figure S9C). The concentration−effect curve for
DMR signals at 250 min (Figure 4H) showed an IC50 of 0.855
μM (95% CI: 0.459−1.59 μM) for compound 10 in TLR8-
activated cells.
Binding Mode Characterization of Compound 10. We

performed in silico analysis of the binding mode of compound
10 to gain insight into the interactions between 10 and TLR8.
We found that compound 10 shows a hydrogen bond
interaction of the isoxazole with the backbone amide of
G351 and a charge interaction of the protonated amine with
the side chain of E427. The methyl groups of 10 form
hydrophobic contacts with the side chains of Y348, K350,
V378, F494*, F495*, and F568*. The phenyl ring forms
hydrophobic contacts with the side chains of I403, F405,
A518*, and Y567*, while the ethyl moiety establishes a
hydrophobic contact with L490 (Figure 5A).

Scheme 1. Synthesis of Isoxazole-Based Compounds.a

aReagents and conditions:(A) K2CO3, 4-(chloromethyl)-3,5-dimethylisoxazole, KI, acetone, 50 °C, 24 h; (B) 1 M NaOH, 1,4-dioxane, rt, 24h.(C)
HATU, amine (R2NH2), DIPEA, THF, rt, 24h;(D) HATU, tert-butyl 4-aminopiperidine-1-carboxylate, DIPEA, THF, rt, 24 h; (E) TFA, DCM, rt,
24 h; (F) alkyl bromide, K2CO3, KI, acetonitrile, reflux, 2 h
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To further characterize these interactions, we performed
molecular dynamics (MD) simulations and analyzed the
frequency of the interactions using our recently developed
method Dynophores.43−47 This analysis method allowed us to
evaluate the stability of the interactions throughout the
simulation. The Dynophore analysis revealed that the isoxazole
nitrogen maintains a hydrogen bond with the backbone amide
of G351 for 80% of the simulation time. The methyl groups of
the isoxazole show hydrophobic contacts with residues F261,
Y348, V378, I403, F494*, F495*, A518*, and V520* during
100% of the simulation. The isoxazole ring shows π-
interactions with Y348 and F495* during 44% of the
simulation time. The phenyl ring shows hydrophobic contacts
throughout the entire simulation duration with residues F261,
I403, F405, F494*, A518*, and Y567*, while the charge

interaction between the amine of 10 and E427 is formed
during 92% of the simulation length (Figure 5B and Table S5).
To further evaluate the MD simulation results and to explore

the binding cavity of TLR8, we conducted mutation studies.
The starting point was an in silico inspection of the binding
site of the cocrystallized ligand of PDB ID: 5WYZ.48 This
structure was selected because of the size of the ligand and its
suitability in the binding site. Additionally, it was a crystal
structure that was not used in generating the 3D
pharmacophore for the virtual screening campaign. We
analyzed the binding site to identify potential residues that
could be modified to affect the activity of compound 10. The
residues G351, V378, F495, and A518 were selected for in
silico mutation studies based on their interactions with 10.
Among those residues, G351 is notable for forming a hydrogen
bond acceptor interaction with compound 10. Introducing a
G351P mutation would disrupt the hydrogen bond interaction
with 10 and allow us to evaluate the importance of this
hydrogen bond interaction for TLR8 inhibition. V378 and
A518 have hydrophobic contacts with the methyl groups and
the phenyl ring, respectively; therefore, their modification to
amino acids with longer chains, such as methionine and
leucine, would sterically affect the binding site and the binding
mode of compound 10. F495 is a residue that has hydrophobic
contacts as well as aromatic interactions with 10, so changing it
to valine or leucine would prevent aromatic interactions and
induce steric changes in the binding site.
To verify the in silico studies, plasmids with mutations in

glycine (G351P), valine (V378M), and phenylalanine (F495L)
were transfected into HEK293 cells. TLR8-mediated activity
was observed only in the F495L mutation, while other
mutations, as well as dual or triple combinations, showed no
activity when stimulated with the agonist TL8-506 (Figure
6A). This indicates that G351 and V378 are critical amino
acids for TLR8 ligand binding. Next, we focused on the F495L
mutation to determine whether compound 10 could fit into
the TLR8 binding cavity. TLR8 activation, triggered by the
well-characterized agonists CL075 and TL8-506, was reduced
by compound 10 and Enpatoran (Figure 6B). Both agonists
are known to bind to TLR8 receptor binding site, as
demonstrated by crystal structures.49 Since Enpatoran is also
characterized by a crystal structure,21 this suggests that
compound 10 binds to the same pocket in TLR8 as the two
agonists and Enpatoran. This, together with our predicted
modeling studies, indicates that TL8-506 and compound 10
compete for binding to the same receptor binding site. To
further determine the binding mode, Schild analysis of both
compounds in hTLR8-HEK293 reporter cells was performed.
Compound 10 was able to shift the concentration−response
curve parallel to the right (Figure 6C). The corresponding
Schild plot was linear (Figure 6D). This is supported by
significantly higher EC50 values and unchanged Emax values of
TL8-506 in the presence of compound 10 (Table S6),
indicating competitive antagonism.
Additional in silico studies were performed with compound

10 to explain the change of activity with the mutated HEK293
cells. The three main residues G351, V378, and F495* were
separately mutated, and molecular docking studies were
performed (Figure 7A). The G351P affects the backbone of
residue 351. This leads to P351 not being able to establish a
hydrogen bond with compound 10. Consequently, we
hypothesized that compound 10 would show no activity
against the G351P mutant (Figure 7B,C). The V378 M

Table 2. Potencies for Inhibition of NF-κB Activity in
hTLR8-HEK293 Reporter Cellsa

aIC50 values were calculated from concentration−response curves
(Figure S7).
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mutation increases the size of the side chain of residue 378,
potentially obstructing compound 10 from assessing the TLR8
binding site. Thus, we hypothesized that compound 10 would
be inactive in the presence of this mutation (Figure 7D,E).

Conversely, the mutation F495L decreases the size of residue
495, similarly sterically affecting the TLR8 binding site as
observed with the V378 M mutation. However, the mutation
to the residue L495* does not hinder compound 10 from
binding in the molecular docking experiment, allowing for a
binding pose of compound 10 to be identified with the F495L
mutation (Figure 7F,G).
The docking pose of compound 10 with TLR8 mutation

F495L shows a hydrogen bond interaction with G351 in
addition to an ionic interaction with E427. The hydrophobic
interactions are identical to the interactions present in the
wild-type TLR8 with the methyl groups displaying hydro-
phobic interactions with Y348, K350, V378, F494*, L495*,
and F568*. The phenyl ring shows hydrophobic contacts with
the side chains of I403, F405, A518*, and Y567*. The change

Figure 3. Potency and selectivity of compounds 10 and 12 in THP-1 macrophages and PBMCs. (A) THP-1 macrophages or (C) PBMCs were
preincubated with increasing concentrations of the test compounds for 1 h and then stimulated with TL8-506 (0.6 μM) for 4 h. TNF release in the
cell culture supernatants was determined by ELISA. For the calculation of concentration−response curves, nonlinear regression with variable slope
(four parameters) was used. IC50 values are shown in Table 3. Mean ± SEM (n = 3). (B) THP-1 macrophages were preincubated with 10 μM of
compound 10 or 12 for 1 h and then stimulated with TLR ligands Pam3CSK4 (100 ng/mL), Pam2CSK4 (10 ng/mL), LPS (10 ng/mL), CL075 (4
μM), and TL8-506 (3 μM) for 24 h. TNF release in the cell culture supernatants was determined by ELISA. Mean + SEM (n = 4). One-sample t-
test, ns ≥0.05, *P ≤ 0.05, **P ≤ 0.01 ***P ≤ 0.001, ****P ≤ 0.0001.

Table 3. Potencies for Inhibition of TL8-506-Stimulated
TNF Release in THP-1 Macrophages and PBMCsa

compound IC50 [μM] (95% CI)

THP-1 macrophages PBMCs

10 0.037 (0.020−0.066) 1.07 (0.76−1.53)
12 0.120 (0.090−0.172) 1.15 (0.71−1.76)
Enpatoran n.d. 0.074 (0.058−0.096)

aIC50 values were calculated from concentration−response curves
(Figure 3A, C). n.d. = not determined.
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Figure 4. Compound 10 inhibits TLR8-mediated inflammation and signaling. (A) hTLR-HEK293 reporter cells were preincubated with or without
compound 10 (10 μM) for 1 h and then stimulated with ligands for TLR2/1 (Pam3CSK4, 10 ng/mL), TLR2/6 (Pam2CSK4, 1 ng/mL), TLR3
(poly(I:C) HMW, 10 μg/mL), TLR4 (LPS E. coli, 10 ng/mL), TLR5 (flagellin B. subtilits, 100 ng/mL), TLR7 (CL307, 0.8 μM), TLR8 (TL8-506,
1.5 μM), or TLR9 (ODN2006, 5 μM). Supernatants were analyzed for TLR-mediated NF-κB activation by the SEAP reporter assay using
QuantiBlue (OD620) and normalized to the respective TLR agonist alone. Mean + SEM (n = 3). (B) THP-1 macrophages were preincubated with
10 μM of compound 10 for 1 h and then stimulated with TL8-506 (6 μM) for 1 h. IL1B and TNF gene expression was normalized to the
housekeeping gene GAPDH, and values were compared to control (designated with a value of 1). Bar graphs show mean + SEM (n = 3). (C,D)
THP-1 macrophages were primed with TL8-506 (0.6 μM) for 3 h and then stimulated for 3 h with ATP (5 mM). Compound 10 (10 μM) was
added after priming for 1 h before stimulation. (C) IL-1β release in the cell culture supernatants was determined by ELISA. (D) LDH release was
determined in cell culture supernatants. Results are shown as percentage of the maximum LDH release. Mean + SEM (n = 4). (E) THP-1
macrophages were incubated with compound 10 (10 μM) for 1 h and stimulated with TL8-506 (0.6 μM) for 15 min. Whole-cell lysates were used
for WB. Bar graphs were obtained by densitometric analysis of Western blot data. Uncropped Western blots are shown in Figure S10A. Mean +
SEM (n = 4). One-way ANOVA followed by Tukey’s post-test, ns ≥0.05, *P ≤ 0.05, **P ≤ 0.01 ***P ≤ 0.001, ****P ≤ 0.0001. (F) THP1-Dual
TLR4/MD-2/CD14 cells (THP-1 Dual cells) were preincubated with 10 μM of compound 10 for 1 h and then stimulated with TL8-506 (6 μM)
or LPS from E. coli (10 ng/mL) for 24 h. Supernatants were analyzed for NF-κB activation by the SEAP reporter assay using QuantiBlue (OD620)
or for IRF activation by lucia luciferase using QuantiLuc. (G) THP-1 macrophages were incubated with compound 10 (10 μM) for 1 h, followed
by TL8-506 (0.6 μM) stimulation for 30 min. Co-IP was performed using anti-hTLR8 antibodies and is depicted as Western blots (WB) for
hTLR8 and MyD88. Uncropped Western blots are shown in Figure S10B. Mean + SEM (n = 4). (H) Inhibitory concentration−response curves
resulting from DMR traces. THP1-Dual TLR4/MD-2/CD14 cells (THP-1 Dual cells) were preincubated with increasing concentration of
compound 10 and afterward stimulated with 6 μM TL8-506. The concentration−response curve was derived from DMR signals recorded at 250
min shown in Figure S9B. Mean ± SEM (n = 3).
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of F495* to leucine disrupts an aromatic interaction between
compound 10 and residue 495* (Figure 7H).

■ DISCUSSION AND CONCLUSIONS
Since the identification of the first small-molecule TLR8
antagonist,15 little progress has been made for the exploration
of selective antagonists. Given the crucial role of TLR8 in
inflammatory and autoimmune diseases, the development of
selective and bioavailable antagonists holds significant
therapeutic potential. However, this poses a challenge, as
there is currently no model to adequately address TLR8
signaling in mice, where the receptor appears to be
nonfunctional.50

In this study, we aimed to discover and characterize novel,
potent, and selective TLR8 antagonists, with solubility and
bioactivity profiles that have not been previously documented.

We performed a virtual screening campaign that involved
generating a 3D pharmacophore based on available crystal
structures. This pharmacophore was then used for a primary
virtual screening, followed by molecular docking, which led to
the identification of novel compounds. These compounds
contain an isoxazole scaffold that forms hydrogen bonds with
the backbone of Gly351, ultimately inhibiting TLR8. The
compounds also contain an aliphatic amine, which is
responsible for a key ionic interaction with the Glu427
residue. The SAR studies revealed that the length of the
substitute at the para position of the phenyl ring influences the
activity of the compounds, which is mainly due to the
hydrophobic interaction with the Leu490 residue, which is
shown to be present in the docking poses of compounds that
display higher activity. The most optimal substituent is N-
ethylpiperidine, attached to the phenyl ring via an amide
group. It was also observed that the presence of a methoxy

Figure 5. Toll-like receptor 8 binding interface with proposed binding mode of compound 10. (A) TLR8 binding site interface with the
hypothetical binding pose of 10. (B) TLR8 binding site interface with the surmised binding pose of 10 and the Dynophore clouds representing the
interactions between 10 and the TLR8 homodimer. The asterisk denotes the chain B. Color code: yellow clouds, hydrophobic contact; red clouds,
hydrogen bond acceptor; green clouds, hydrogen bond donor; dark blue clouds, aromatic interaction; light blue cloud, ionic interaction; white
atoms, compound 10; purple and dark green ribbons and atoms, TLR8 homodimers.

Figure 6. Compound 10 is a competitive antagonist of TL8-506. (A) HEK293 reporter control cells were transfected with mutant (G = Glycin351,
V = Valin378, F = Phenylalanine495; GV, GF, VF, and GVF = dual or triple mutations of amino acids) or wildtype TLR8 plasmid (TLR8WT). Cells
were stimulated with indicated concentrations of TL8-506 for 24 h. Supernatants were analyzed for TLR8-mediated NF-κB activation by SEAP
reporter assay using QuantiBlue (OD620) and normalized to TL8-506. Mean + SEM (n = 3). (B) HEK293 reporter control cells were transfected
with mutant or wildtype TLR8 plasmid. Cells were preincubated with either compound 10 (2 μM) or Enpatoran (1 μM) for 1 h and then
stimulated with TL8-506 (3 μM) or CL075 (4 μM) for 24 h. Supernatants were analyzed for TLR8-mediated NF-κB activation by the SEAP
reporter assay using QuantiBlue (OD620) and normalized to TL8-506 or CL075, respectively. Mean + SEM (n = 4). (C) hTLR8-HEK293 reporter
cells were preincubated with indicated concentrations of compound 10 for 1 h and stimulated with increasing concentrations of TL8-506 for 24 h.
Supernatants were analyzed for TLR8-mediated NF-κB activation by the SEAP reporter assay using QuantiBlue (OD620). Calculated
pharmacological parameters of the concentration−effect curves are depicted in Table S6. (D) Schild plot of (C). The lines show linear regression,
with Schild slopes unconstrained (solid) or constrained to unity (dashed) (n = 3).
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group at the phenyl ring reduces the activity of some
compounds. This reduction was attributed to the methoxy
group pushing the phenyl ring further from the Ala518 residue,
thereby losing the hydrophobic interaction between the phenyl
ring and Ala518, which in turn affects the activity of the
compounds. Consequently, removing the methoxy group is
preferred for higher potency in N-alkylated piperidines.
Additionally, the size of the ring is important, with piperidine
being favored over pyrrolidine.
Among 12 isoxazole analogues selected based on SAR

studies and biologically screened, along with an additional 26

analogues synthesized to explore the chemical space within the
TLR8 binding cavity, two compounds showed significant,
concentration-dependent, and highly selective inhibition of
TLR8-mediated signaling in HEK293 reporter cells over-
expressing TLR8, with IC50 values in the nanomolar range.
Compound 10 and 12 showed significant reduction of
cytokines in various cell lines and human primary cells without
affecting responses of other TLRs, particularly TLR7.
To demonstrate that compound 10 effectively inhibits

TLR8-mediated pathways in the innate immune system, we
evaluated its effect on TLR8 signaling and key signaling
proteins using a panel of end point assays and real-time
analysis with label-free optical biosensor technology. Co-
immunoprecipitation confirmed that compound 10 inhibited
TLR8 activation by reducing MyD88 recruitment and
inhibited the activation of NF-κB and IRF pathways.
Furthermore, our findings suggest that TL8-506 as TLR8
activator can be used for priming in the activation of the
inflammasome pathway. We demonstrate that compound 10
reduces IL-1β secretion when incubated together with a TLR8
agonist and either nigericin or ATP. This finding highlights the
possibility in treating autoimmune diseases such as RA,51

which warrants further investigation.
Since the exploration of TLR8, the existence of at least two

highly conserved binding sites for this receptor has been
reported, one for ssRNA and small chemical ligands like TL8-
506 or CL075, while the second site binds preferably to
dinucleotide UG.6,49 An additional binding site has been
proposed, which is only formed during the resting state of
TLR8 homodimer.15 We hypothesized that our antagonist
binds to this specific binding pocket. A SAR-based binding
approach, combined with mutations in the TLR8 binding
cavity, confirmed the ligand−receptor interaction within this
pocket. We further addressed the mechanism of antagonism of
compound 10. CuCPT9a, highly potent TLR8 antagonist, has
been reported to bind to the TLR8 ectodomain, as
demonstrated by crystal structure analysis and ITC; however,
the type of antagonism has not been experimentally
confirmed.15 In the Schild analysis, a parallel shift for
compound 10 was observed, indicating that the analyzed
parameters are most consistent with competitive antagonism.
Although our study did not employ a direct binding assay, a
potential limitation, our comprehensive methodological
approach, combining pharmacological and in silico binding
exploration, suggests that compound 10 binds within the
TLR8 binding cavity.
Our findings provide strong evidence that compound 10 is a

potent and highly bioavailable antagonist for TLR8. Overall,
our study significantly advances our understanding of the
mechanisms involved in designing and evolving new TLR8
antagonists that can regulate cytokine secretion and serve as
therapeutic candidates for clinical applications.

■ EXPERIMENTAL SECTION
Pharmacophore Generation. The crystal structures of known

TLR8 antagonists18,21,24−27 were each separately loaded into
LigandScout 4.4.30 A structure-based 3D pharmacophore31−33 for
one of each cocrystallized ligand was generated. The 3D
pharmacophores were overlapped with the reference pharmacophore
of PDB ID: 7RC952 and the features, which were present in more
than four of the overlapped 3D pharmacophores, were retained.
Pharmacophore Validation. TLR8 antagonists were retrieved

from ChEMBL34−36 and categorized into actives consisting of
compounds with IC50 values below 1 μM and inactives for

Figure 7. Illustration of the mutation studies of TLR8 and compound
10 binding mode with F495L mutation. TLR8 binding site interface
with the highlighted surface shape of (A) residues G351, V378, and
F495*; (B) residue G351 and (C) mutated residue P351; (D) residue
V378 and (E) mutated residue M378; (F) residue F495* and (G)
mutated residue L495*. (H) TLR8 binding site interface with the
hypothetical binding pose of compound 10 with the F495L mutation.
The asterisk denotes the chain B. Color code: white atoms,
compound 10; purple and dark green ribbons, TLR8 homodimers;
gray surface, TLR8 protein surface.
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pharmacophore validation in addition to a set of decoys based upon
actives generated in the DUD-E Decoys webpage.52 The second
validation set contained compounds with an IC50 value below 50 nM
as actives with the previously used set of inactives. DUD-E Decoys
were generated for the compounds with an IC50 value below 50 nM.
The validation of the pharmacophore model and ROC (receiver
operating characteristic) curves generation was performed in
Ligandscout 4.4.30

Pharmacophore Virtual Screening. The 3D pharmacophore
was used for a virtual screening campaign of the Enamine Screening
collection database (version 2022, retrieved from enamine.com)
consisting of 2.7 million compounds. The compounds protonation
states were directly taken over from the Enamine screening collection
and the salt remover module from RDKit53 was applied to the
compounds. The library was prepared using idbgen implemented in
Ligandscout 4.430 with the settings generating 25 conformations for
each ligand with a minimal surface accessibility threshold for a
hydrophobicity score of 0.25. The virtual screening was performed
using iScreen of LigandScout 4.4 with the default settings that consist
of a minimum number of required features of 3 with 0 allowed
features to omit. The scoring function used in iScreen was the
absolute scoring function.
Protein Structure Preparation. The protein structure of the

human TLR8 with a cocrystallized ligand fulfilling the 3D
pharmacophore used for virtual screening with the highest resolution
of 2.76 Å (PDB ID: 7RC9)27 was prepared using MOE 2022
(Chemical Computing Group, Montreal, Canada). The crystallo-
graphic waters and buffer additives were removed, while the ligand
was retained. The missing side chain modeling and capping was
performed using the Structure Preparation utility. The protein was
protonated using the Protonate 3D function54 at pH 7 and
temperature 300 K.
Molecular Docking. The obtained hits were docked into the

prepared crystal structure of 7RC927 using GOLD 5.8.248 with the
binding site being defined with the radius of 6 Å around the
cocrystallized ligand. For the two-step consensus molecular docking
protocol, 25 genetic algorithm runs per molecule were conducted
using the ChemPLP scoring function.55 The docking poses were
selected by fulfillment of the interaction points in the respective 3D
pharmacophore, consisting of a hydrogen bond acceptor, three
hydrophobic features, and a positive ionizable. The selected docking
poses were minimized with the Merck molecular force field 94
(MMFF94).56 Compounds were selected from the minimized
docking poses by visual inspection according to the fulfillment of
the interaction points in the respective 3D pharmacophores in
addition to conformational and structural sanity, resulting in 92
selected compounds. Subsequently, the selected compounds under-
went a consecutive docking with GoldScore scoring function37 and
ChemScore scoring function.48 Finally, all docking poses underwent
the docking pose selection, docking pose minimization, and visual
inspection with the selection criteria described above.

For the SAR in silico studies, the 25 genetic algorithm runs per
molecule were conducted using the ChemPLP scoring function.55 All
docking poses underwent the docking pose selection, docking pose
minimization, and visual inspection with the selection criteria
described above.
Mutation Studies. For the mutation studies the crystal structure

PDB ID: 5WYZ48 was used. Point mutations G351P, V378L, F495V,
and A518L were generated with Protein builder tool in MOE 2022
(Chemical Computing Group, Montreal, Canada) with the selection
of the mutation residue followed by a side chain minimization with
backbone tethering with the cocrystallized ligand being inactive, thus
not affecting the mutation. The cocrystallized ligand was redocked
into the crystal structure with the mutations with GOLD 5.8.2.48 The
binding site was defined with the radius of 6 Å around the
cocrystallized ligand in the crystal structure with the mutation. For the
molecular docking, 15 genetic algorithm runs per molecule were
conducted using the GoldScore scoring function.37 The docking poses
were minimized with the Merck molecular force field 94

(MMFF94).56 The final docking pose was selected by visual
inspection according to fulfillment of conformational sanity.

The crystal structure PDB ID: 7RC930 was used for the molecular
docking studies with compound 10. The mutations G351P, V378L,
and F495L were generated with Protein builder tool in MOE 2022
(Chemical Computing Group, Montreal, Canada) with the selection
of the mutation residue followed by a side chain minimization with
backbone tethering with the cocrystallized ligand being inactive, thus
not affecting the mutation. Compound 10 was docked into the crystal
structure with the mutations with GOLD 5.8.2.48 The binding site
was defined with the radius of 10 Å around the cocrystallized ligand in
the crystal structure with the mutation. For the molecular docking, 25
genetic algorithm runs per molecule were conducted using the
ChemPLP scoring function.55 The docking poses were minimized
with the Merck molecular force field 94 (MMFF94).56 The final
docking pose was selected by visual inspection according to the
fulfillment of conformational sanity.
Molecular Dynamics Simulations. The molecular dynamics

(MD) simulations were performed on RTX4090 and RTX3090
graphics processing units (NVIDIA Corporation, Santa Clara). The
simulations for the TLR8 complex with 10 were prepared for
molecular dynamics (MD) simulations using Maestro 11.7
(Schrödinger, LLC, New York, USA). The hydrogen bond network
in both systems was optimized at pH 7.0 and temperature 300 K. The
complex was placed in a TIP3P57 water box with a 10 Å padding
distance to the protein surface. The system was isotonized with 0.15
M NaCl. The system was parametrized using the OPLS 2005 force
field58 and relaxed using the default Desmond protocol. MD
simulations were carried out with a constant number of particles,
pressure, and temperature (NPT ensemble). During the main MD
simulation, the constant temperature of 300 K was held using the
Nose−Hoover thermostat.59,60 The constant pressure of 1.01325 bar
was preserved using the Martyna-Tobias-Klein method.61 Three
replicas with a duration of 50 ns each were simulated, each generating
1000 frames. The replicas were concatenated using VMD62 and the
combined trajectory of the protein and ligand was analyzed using the
DynophoreApp in LigandScout 4.4.30

Virtual Screening Compound Purity Testing. The purification
of virtual screening compounds 1-12 with HPLC was performed using
an Agilent 1290 Infinity system with a binary pump, autosampler,
column compartment, and Agilent 1260 DAD VL + detector. Mass
spectrometric detection was performed using an Agilent 6130B Single
Quadrupole MS. Compound purification was achieved with an
Agilent Poroshell C18 column (100 × 2.1 mm, 2.7 μm particle size)
at 30 °C with a flow rate of 0.400 mL/min. The mobile phase
consisted of solvent A (water with 0.1% formic acid) and solvent B
(acetonitrile with 0.1% formic acid). The gradient for the purification
started with 5% solvent B, held for 1 min, and followed by a linear
increase to 95% solvent B over 8 min. The gradient was maintained at
95% solvent B for 2 min before returning to 5% solvent B in 0.5 min.
The total runtime was 11 min. The injection volume was 0.5 μL. The
DAD signals were monitored at 254, 210, and 220 nm, with a scan
rate of 40 Hz. MS detection was performed in both positive and
negative ion modes, scanning a mass range of m/z 50−700. All
compounds were >95% pure by HPLC analysis (Figure S12). 1H
NMR spectra for purchased active compounds 1 and 10-12 are
provided in Figure S13.
General Methods and Analytical Data for Synthesized

Compounds. Reagents and solvents were purchased from
commercial sources (e.g., BLDpharm, Sigma-Aldrich, Acros Organics,
Apollo Scientific, Fluorochem, Enamine, and TCI). Reactions were
monitored by thin-layer chromatography on silica gel plates (Merck
DC Fertigplatten Kieselgel 60 GF254) and visualized under UV light
or stained with the appropriate staining reagents. Flash column
chromatography was performed on silica gel 60 (mesh size 70−230;
Merck) using the indicated solvents. Yields are for the purified
products and were not optimized. 1H and 13C NMR spectra were
recorded at 295 K in CDCl3, DMSO-d6 or acetone-d6 (Avance III
NMR spectrometer; Bruker, MA, USA) using a decoupling inverse
1H probe (Broadband). The coupling constants (J) are given in Hz,
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and the splitting patterns are designated as follows: s, singlet; bs,
broad singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets;
dt, doublet of triplets; m, multiplet. Mass spectra (Expression CMS
mass spectrometer; Advion, NY, USA) and high-resolution mass
measurements (Exactive Plus Orbitrap mass spectrometer; Thermo
Fischer Scientific, MA, USA) were performed at the Faculty of
Pharmacy, University of Ljubljana, Slovenia. HPLC analyses were
performed on the Thermo Scientific UltiMate 3000 modular system
(Thermo Fisher Scientific Inc.) equipped with a quaternary pump and
a multiple wavelength detector. An ACQUITY UPLC HSS C18
column (2.1 × 50 mm; 1.8 μm), thermostated at 40 °C, was used with
a flow rate of 0.4 mL/min; detection at 254 nm; and an eluent system
of: A, 0.1% aqueous trifluoroacetic acid; B, acetonitrile. The following
gradient was applied: 0−7 min, 5−95% B; 7−8 min, 95% B. All
compounds were >95% pure by HPLC analysis. 1H NMR, 13C NMR,
and HPLC traces for the synthesized active compounds are provided
in Figure S14.
General Procedure A. Methyl 4-hydroxy-3-methoxybenzoate or

methyl 4-hydroxybenzoate (1 equiv) was dissolved in acetone, and
then K2CO3 (1.1 equiv), 4-(chloromethyl)-3,5-dimethylisoxazole (1
equiv), and KI (cat.) were added. The reaction mixture was stirred
overnight at 50 °C. The solvent was evaporated and EtOAc was added
to the residue. The organic phase was washed with water (2×) and
brine, dried over anhydrous Na2SO4, filtered, and evaporated under
reduced pressure. The product was used in the next step without
further purification.

Methyl 4-((3,5-Dimethylisoxazol-4-yl)methoxy)benzoate (13).
The compound was synthesized from methyl 4-hydroxybenzoate
(32.86 mmol, 5.00 g), K2CO3 (36.15 mmol, 5.00 g), 4-
(chloromethyl)-3,5-dimethylisoxazole (32.86 mmol, 4.78 g), and KI
(cat.) according to general procedure A. Yield 53%; yellow solid; Rf =
0.43 (EtOAc/n-Hex, 2:1, v/v); 1H NMR (400 MHz, DMSO-d6): δ
(ppm) = 2.22 (s, 3H), 2.42 (s, 3H), 3.82 (s, 3H), 5.02 (s, 2H), 6.99−
7.23 (m, 2H), 7.75−8.12 (m, 2H).

Methyl 4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxyben-
zoate (14). The compound was synthesized from methyl 4-
hydroxy-3-methoxybenzoate (36.00 mmol, 6.56 g), K2CO3 (40
mmol, 5.53 g), 4-(chloromethyl)-3,5-dimethylisoxazole (36.00
mmol, 5.24 g) and KI (cat.) according to general procedure A.
Yield 95%; white solid; Rf = 0.60 (EtOAc/n-Hex, 1:1, v/v); 1H NMR
(400 MHz, DMSO-d6): δ (ppm) 2.22 (s, 3H), 2.41 (s, 3H), 3.81 (s,
3H), 3.83 (s, 3H), 5.00 (s, 2H), 7.21 (d, J = 8.5 Hz, 1H), 7.47 (d, J =
2.0 Hz, 1H), 7.61 (dd, J = 8.4, 2.0 Hz, 1H).
General Procedure B. An appropriate benzoate (1 equiv) was

dissolved in 1 M NaOH and 1,4-dioxane and stirred overnight at
room temperature. Diethyl ether was added to the reaction mixture,
and phases were separated. One M HCl was added to the water phase,
and the product precipitated.

4-((3,5-Dimethylisoxazol-4-yl)methoxy)benzoic Acid (15). The
compound was synthesized from methyl 4-((3,5-dimethylisoxazol-4-
yl)methoxy)benzoate (17.54 mmol, 4.58 g) and 1 M NaOH
according to general procedure B. Yield 90%; white solid; Rf = 0.19
(EtOAc/n-Hex, 2:1, v/v); 1H NMR (400 MHz, DMSO-d6): δ (ppm)
= 2.21 (s, 3H), 2.42 (s, 3H), 5.00 (s, 2H), 6.96−7.23 (m, 2H), 7.71−
8.03 (m, 2H), 12.67 (br s, 1H).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic Acid
(16). The compound was synthesized from methyl 4-((3,5-
dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoate (36.00 mmol,
10.50 g) and 1 M NaOH according to general procedure B. Yield
78%; white solid; Rf = 0.21 (EtOAc/n-Hex, 1:1, v/v); 1H NMR (400
MHz, DMSO-d6): δ (ppm) = 2.22 (s, 3H), 2.40 (s, 3H), 3.80 (s, 3H),
4.99 (s, 2H), 7.18 (d, J = 8.5 Hz, 1H), 7.47 (d, J = 1.9 Hz, 1H), 7.58
(dd, J = 8.4, 1.9 Hz, 1H), 12.75 (br s, 1H).
General Procedure C. An appropriate acid (1 equiv) was

dissolved in anhydrous THF under an argon atmosphere, and then
HATU (1.5 equiv) was added. An appropriate amine (1 equiv) and
DIPEA (4 equiv) were then added to the stirred solution. The
reaction mixture was stirred overnight at room temperature. EtOAc
was then added and the obtained solution was washed with saturated
NaHCO3 solution. The organic phase was dried over anhydrous

Na2SO4 and filtered, and the solvent was removed under reduced
pressure. The residue was purified by flash column chromatography.

4-Benzylpiperazin-1-yl(4-((3,5-Dimethylisoxazol-4-yl)methoxy)-
phenyl)methanone (17). The compound was synthesized from 4-
((3,5-dimethylisoxazol-4-yl)methoxy)benzoic acid (0.22 mmol, 0.054
g), HATU (0.33 mmol, 0.126 g), 1-benzylpiperazine (0.22 mmol,
0.039 mL), and DIPEA (0.88 mmol, 0.153 mL) according to general
procedure C. The compound was purified by flash column
chromatography with EtOAc/n-Hex = 4/1 (v/v) as eluent. Yield
34%; white solid; Rf = 0.51 (EtOAc/n-Hex, 4:1, v/v); 1H NMR (400
MHz, CDCl3): δ (ppm) = 2.29 (s, 3H), 2.41 (s, 3H), 2.46 (br s, 4H),
3.51 (br s, 2H), 3.54 (s, 2H), 3.70 (br s, 2H), 4.80 (s, 2H), 6.92−6.96
(m, 2H), 7.27−7.35 (m, 5H), 7.37−7.41 (m, 2H); 13C NMR (100
MHz, CDCl3): δ (ppm) = 10.16, 11.19, 53.06, 59.57, 62.94, 77.22,
109.96, 114.47, 127.31, 128.35, 128.78, 129.14, 129.22, 137.57,
159.42, 159.69, 167.59, 169.99; HRMS (ESI+) m/z calcd for
C24H28N3O3 [M + H]+ 406.21252; found, 406.21149; HPLC purity
100% at 254 nm (tR = 3.373 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(2-(pyrrolidin-1-yl)-
ethyl)benzamide (18). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol, 0.150 g),
HATU (0.92 mmol, 0.348 g), 2-(pyrrolidine-1-yl)ethan-1-amine
(0.61 mmol, 0.077 mL), and DIPEA (2.44 mmol, 0.425 mL)
according to general procedure C. The compound was purified by
flash column chromatography with DCM/MeOH = 9/1 (v/v) as
eluent. Yield 14%; yellow oil; Rf = 0.20 (DCM/MeOH, 9:1, v/v); 1H
NMR (400 MHz, acetone-d6): δ (ppm) = 2.07−2.13 (m, 4H), 2.24
(s, 3H), 2.43 (s, 3H), 3.45−3.47 (m, 6H), 3.77−3.81 (m, 2H), 5.04
(s, 2H), 7.08−7.12 (m, 2H), 7.89−7.93 (m, 2H), 8.15 (br s, 1H); 13C
NMR (100 MHz, acetone-d6): δ (ppm) = 10.06, 10.94, 23.85, 38.01,
55.55, 57.45, 60.38, 111.04, 115.45, 127.19, 130.11, 160.30, 162.33,
168.35, 169.01; HRMS (ESI+) m/z calcd for C19H26N3O3 [M + H]+
344.19687; found, 344.19599; HPLC purity 100.00% at 254 nm (tR =
3.030 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-methylpyrrolidin-
3-yl)benzamide (19). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol, 0.150 g),
HATU (0.92 mmol, 0.348 g), 1-methylpyrrolidin-3-amine (0.61
mmol, 0.061 g), and DIPEA (2.44 mmol, 0.425 mL) according to
general procedure C. The compound was purified by flash column
chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
11%; white solid; Rf = 0.36 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, acetone-d6): δ (ppm) = 1.73−1.82 (m, 1H), 2.24 (s, 3H),
2.26−2.30 (m, 1H), 2.32 (s, 3H), 2.35−2.41 (m, 1H), 2.43 (s, 3H),
2.57 (dd, J = 9.6, 4.1 Hz, 1H), 2.67−2.77 (m, 2H), 4.45−4.64 (m,
1H), 5.00 (s, 2H), 7.02−7.06 (m, 2H), 7.69 (d, J = 6.2 Hz, 1H),
7.89−7.93 (m, 2H); 13C NMR (100 MHz, acetone-d6): δ (ppm) =
10.06, 10.94, 33.11, 42.01, 50.26, 55.70, 60.27, 63.34, 111.14, 115.13,
128.60, 128.62, 129.90, 160.32, 161.75, 166.24, 166.30, 168.30;
HRMS (ESI+) m/z calcd for C18H24N3O3 [M + H]+ 330.18122;
found, 330.18044; HPLC purity 99.38% at 254 nm (tR = 2.873 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(4-methylpiperazin-1-
yl)benzamide (20). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol, 0.150 g),
HATU (0.92 mmol, 0.348 g), 4-methylpiperazin-1-amine (0.61
mmol, 0.073 mL), and DIPEA (2.44 mmol, 0.425 mL) according
to general procedure C. The compound was purified by flash column
chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
20%; white solid; Rf = 0.27 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, acetone-d6): δ (ppm) = 2.22 (s, 3H), 2.24 (s, 3H), 2.43 (s,
3H), 2.46 (s, 4H), 2.98 (s, 4H), 5.01 (s, 2H), 7.04 (d, J = 8.8 Hz,
2H), 7.82 (d, J = 8.5 Hz, 2H), 8.45 (s, 1H); 13C NMR (100 MHz,
acetone-d6): δ (ppm) = 10.15, 11.19, 45.70, 54.31, 55.62, 59.60,
109.84, 114.52, 126.64, 129.03, 159.65, 160.97, 164.89, 167.65;
HRMS (ESI+) m/z calcd for C18H25N4O3 [M + H]+ 345.19212;
found, 345.19122; HPLC purity 99.67% at 254 nm (tR = 2.760 min).

(4-((3,5-Dimethylisoxazol-4-yl)methoxy)phenyl)(4-(pyrrolidin-1-
yl)piperidin-1-yl)methanone (21). The compound was synthesized
from 4-((3,5-dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61
mmol, 0.150 g), HATU (0.92 mmol, 0.348 g), 4-(pyrrolidin-1-
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yl)piperidine (0.61 mmol, 0.094 g), and DIPEA (2.44 mmol, 0.425
mL) according to general procedure C. The compound was purified
by flash column chromatography with DCM/MeOH = 9/1 (v/v) as
eluent. Yield 26%; yellow oil; Rf = 0.31 (DCM/MeOH, 9:1, v/v); 1H
NMR (400 MHz, CDCl3): δ (ppm) = 1.50−1.62 (m, 2H), 1.80−1.85
(m, 4H), 2.05 (br s, 4H), 2.28 (s, 3H), 2.34−2.40 (m, 1H), 2.41 (s,
3H), 2.60−2.70 (m, 4H), 2.97 (br s, 2H), 4.81 (s, 2H), 6.93−6.95
(m, 2H), 7.36−7.38 (m, 2H); 13C NMR (100 MHz, CDCl3): δ
(ppm) = 10.28, 11.30, 23.33, 31.41, 51.64, 59.71, 61.82, 110.12,
114.68, 129.05, 129.11, 159.54, 159.83, 167.72, 170.21; HRMS
(ESI+) m/z calcd for C22H30N3O3 [M + H]+ 384.22817; found,
384.22718; HPLC purity 100.00% at 254 nm (tR = 3.047 min).

(4-Benzylpiperazin-1-yl)(4-((3,5-dimethylisoxazol-4-yl)methoxy)-
3-methoxyphenyl)methanone (22). The compound was synthesized
from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid
(0.54 mmol, 0.150 g), HATU (0.81 mmol, 0.308 g), 1-
benzylpiperazine (0.54 mmol, 0.094 mL), and DIPEA (2.16 mmol,
0.376 mL) according to general procedure C. The compound was
purified by flash column chromatography with EtOAc/n-Hex = 4/1
(v/v) as eluent. Yield 14%; white solid; Rf = 0.25 (EtOAc/n-Hex, 4:1,
v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.30 (s, 3H), 2.38 (s,
3H), 2.46 (br s, 4H), 3.52 (br s, 2H), 3.54 (s, 2H), 3.74 (br s, 2H),
3.86 (s, 3H), 4.85 (s, 2H), 6.89 (d, J = 8.2 Hz, 1H), 6.94 (dd, J = 8.1,
1.8 Hz, 1H), 7.00 (d, J = 1.8 Hz, 1H), 7.28−7.35 (m, 5H); 13C NMR
(100 MHz, CDCl3): δ (ppm) = 10.14, 11.16, 53.14, 55.95, 61.05,
62.93, 110.13, 111.52, 114.35, 119.81, 127.32, 128.35, 129.13, 129.73,
137.55, 148.71, 150.20, 159.81, 167.68, 169.92; HRMS (ESI+) m/z
calcd for C25H30N3O4 [M + H]+ 436.22308; found, 436.22217;
HPLC purity 98.60% at 254 nm (tR = 3.333 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxy-N-(4-methyl-
piperazin-1-yl)benzamide (23). The compound was synthesized
from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid
(1.44 mmol, 0.400 g), HATU (2.16 mmol, 0.821 g), 4-
methylpiperazin-1-amine (1.44 mmol, 0.121 mL), and DIPEA (5.76
mmol, 1.00 mL) according to general procedure C. The compound
was purified by flash column chromatography with DCM/MeOH =
9/1 (v/v) as eluent. Yield 30%; white solid; Rf = 0.34 (DCM/MeOH,
9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.30 (s, 3H), 2.34
(s, 3H), 2.39 (s, 3H), 2.65 (br s, 4H), 2.97 (br s, 4H), 3.90 (s, 3H),
4.88 (s, 2H), 6.70 (br s, 1H), 6.90 (d, J = 8.3 Hz, 1H), 7.19−7.24 (m,
1H), 7.39 (br s, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) =
10.15, 11.18, 45.75, 54.33, 55.69, 56.07, 60.99, 109.98, 111.52, 114.00,
119.09, 127.79, 150.37, 159.77, 165.04, 167.73; HRMS (ESI+) m/z
calcd for C19H27N4O4 [M + H]+ 375.20268; found, 375.20167;
HPLC purity 100.00% at 254 nm (tR = 2.727 min).

(4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxyphenyl)(4-
(pyrrolidin-1-yl)piperidin-1-yl)methanone (24). The compound was
synthesized from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methox-
ybenzoic acid (1.00 mmol, 0.277 g), HATU (1.50 mmol, 0.570 g), 4-
(pyrrolidin-1-yl)piperidine (1.00 mmol, 0.154 g), and DIPEA (4.00
mmol, 0.697 mL) according to general procedure C. The compound
was purified by flash column chromatography with DCM/MeOH =
9/1 (v/v) as eluent. Yield 56%; white solid; Rf = 0.33 (DCM/MeOH,
9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.51−1.62 (m,
2H), 1.83−1.87 (m, 4H), 1.97 (br s, 4H), 2.30 (s, 3H), 2.39 (s, 3H),
2.40−2.48 (m, 1H), 2.63−2.75 (m, 4H), 2.98 (br s, 2H), 3.85 (s,
3H), 4.86 (s, 2H), 6.91 (d, J = 8.2 Hz, 1H), 6.94 (dd, J = 8.1, 1.7 Hz,
1H), 6.98 (d, J = 1.7 Hz, 1H); 13C NMR (100 MHz, acetone-d6): δ
(ppm) = 10.04, 10.89, 23.96, 31.79, 51.94, 56.23, 61.38, 62.20,
111.40, 112.29, 115.52, 120.58, 131.25, 149.70, 151.00, 160.46,
168.32, 169.95; HRMS (ESI+) m/z calcd for C23H32N3O4 [M + H]+
414.23873; found, 414.23751; HPLC purity 100.00% at 254 nm (tR =
2.993 min).

(4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxyphenyl)(5-
methylhexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)methanone (25).
The compound was synthesized from 4-((3,5-dimethylisoxazol-4-
yl)methoxy)-3-methoxybenzoic acid (0.500 mmol, 0.139 g), HATU
(0.75 mmol, 0.285 g), 2-methyloctahydropyrrolo[3,4-c]pyrrole (0.500
mmol, 0.063 g), and DIPEA (2.00 mmol, 0.348 mL) according to
general procedure C. The compound was purified by flash column

chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
49%; yellow oil; Rf = 0.22 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, acetone-d6): δ (ppm) = 2.26 (s, 3H), 2.37 (s, 3H), 2.39 (s,
3H), 2.52−2.69 (m, 4H), 2.85−2.93 (m, 2H), 3.45−3.54 (m, 2H),
3.74−3.82 (m, 2H), 3.83 (s, 3H), 4.97 (s, 2H), 7.08 (d, J = 1.1 Hz,
2H), 7.10−7.14 (m, 1H); 13C NMR (100 MHz, acetone-d6): δ (ppm)
= 10.04, 10.89, 40.16, 41.74, 49.70, 56.21, 61.34, 62.85, 111.39,
112.64, 115.20, 121.13, 131.94, 149.92, 150.77, 160.46, 168.32,
168.76; HRMS (ESI+) m/z calcd for C21H28N3O4 [M + H]+
386.20743; found, 386.20639; HPLC purity 100.00% at 254 nm (tR
= 2.740 min).

[1,4′-Bipiperidin]-1′-yl(4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-
methoxyphenyl)methanone (26). The compound was synthesized
from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid
(1.44 mmol, 0.400 g), HATU (2.16 mmol, 0.821 g), 1,4′-bipiperidine
(1.44 mmol, 0.243 g), and DIPEA (5.76 mmol, 1.00 mL) according to
general procedure C. The compound was purified by flash column
chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
27%; white solid; Rf = 0.25 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, acetone-d6): δ (ppm) = 1.59−1.64 (m, 2H), 1.71−1.86 (m,
6H), 2.12 (bd, J = 12.2 Hz, 2H), 2.26 (s, 3H), 2.39 (s, 3H), 3.13−
3.25 (m, 5H), 3.33−3.39 (m, 4H), 3.83 (s, 3H), 4.97 (s, 2H), 6.99
(dd, J = 8.1, 1.9 Hz, 1H), 7.03 (d, J = 1.9 Hz, 1H), 7.09 (d, J = 8.2 Hz,
1H); 13C NMR (100 MHz, acetone-d6): δ (ppm) = 10.02, 10.87,
23.37, 25.08, 27.75, 46.40, 51.04, 56.25, 61.24, 64.29, 111.29, 112.05,
115.38, 120.60, 130.36, 149.86, 150.92, 160.44, 168.31, 170.27;
HRMS (ESI+) m/z calcd for C24H34N3O4 [M + H]+ 428.25438;
found, 428.25360; HPLC purity 100.00% at 254 nm (tR = 3.127 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxy-N-(1-methyl-
pyrrolidin-3-yl)benzamide (27). The compound was synthesized
from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid
(1.08 mmol, 0.300 g), HATU (1.62 mmol, 0.616 g), 1-
methylpyrrolidin-3-amine (1.08 mmol, 0.112 mL), and DIPEA
(4.32 mmol, 0.753 mL) according to general procedure C. The
compound was purified by flash column chromatography with DCM/
MeOH = 9/1 (v/v) as eluent. Yield 39%; white solid; Rf = 0.33
(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, methanol-d4): δ
(ppm) = 1.87−1.95 (m, 1H), 2.28 (s, 3H), 2.35−2.44 (m, 1H), 2.39
(s, 3H), 2.48 (s, 3H), 2.62−2.68 (m, 1H), 2.74 (dd, J = 10.4, 4.7 Hz,
1H), 2.91−2.98 (m, 2H), 3.88 (s, 3H), 4.53−4.59 (m, 1H), 4.97 (s,
2H), 7.09−7.11 (m, 1H), 7.45−7.48 (m, 2H), 1H from NH is
exchanged; 13C NMR (100 MHz, methanol-d4): δ (ppm) = 9.94,
10.80, 32.55, 42.09, 50.97, 56.05, 56.44, 61.67, 62.82, 111.80, 112.28,
115.57, 121.72, 129.08, 151.32, 151.96, 161.45, 169.41, 169.56;
HRMS (ESI+) m/z calcd for C19H26N3O4 [M + H]+ 360.19178;
found, 360.19084; HPLC purity 97.63% at 254 nm (tR = 2.850 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-isopropylpiperidin-
4-yl)-3-methoxybenzamide (28). The compound was synthesized
from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid
(0.54 mmol, 0.150 g), HATU (0.81 mmol, 0.308 g), 1-
isopropylpiperidin-4-amine (0.54 mmol, 0.077 g), and DIPEA (2.16
mmol, 0.376 mL) according to general procedure C. The compound
was purified by flash column chromatography with DCM/MeOH =
9/1 (v/v) as eluent. Yield 33%; white solid; Rf = 0.20 (DCM/MeOH,
9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.06 (d, J = 6.6
Hz, 6H), 1.49−1.56 (m, 2H), 2.01−2.15 (m, 2H), 2.30 (s, 3H), 2.34
(dd, J = 11.5, 2.2 Hz, 2H), 2.38 (s, 3H), 2.71−2.81 (m, 1H), 2.83−
2.93 (m, 2H), 3.91 (s, 3H), 3.92−4.04 (m, 1H), 4.88 (s, 2H), 5.87 (d,
J = 8.3 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 7.19 (dd, J = 8.3, 2.0 Hz,
1H), 7.43 (d, J = 2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ
(ppm) = 10.15, 11.17, 18.42, 32.69, 47.39, 47.57, 54.58, 56.04, 61.03,
110.02, 111.39, 114.08, 118.76, 128.97, 150.15, 150.25, 159.78,
166.23, 167.73; HRMS (ESI+) m/z calcd for C22H32N3O4 [M + H]+
402.23873; found, 402.23742; HPLC purity 98.91% at 254 nm (tR =
2.803 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-ethylpyrrolidin-3-
yl)-3-methoxybenzamide (29). The compound was synthesized from
4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid (0.54
mmol, 0.150 g), HATU (0.81 mmol, 0.308 g), 1-ethylpyrrolidin-3-
amine dihydrochloride (0.54 mmol, 0.101 g), and DIPEA (2.16
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mmol, 0.376 mL) according to general procedure C. The compound
was purified by flash column chromatography with DCM/MeOH =
9/1 (v/v) as eluent. Yield 10%; colorless oil; Rf = 0.22 (DCM/
MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.32 (t, J
= 7.3 Hz, 3H), 1.97−2.11 (m, 1H), 2.30 (s, 3H), 2.38 (s, 3H), 2.55−
2.65 (m, 1H), 2.75−2.82 (m, 1H), 2.78 (q, J = 7.3 Hz, 2H), 3.03−
3.11 (m, 1H), 3.28−3.34 (m, 1H), 3.46−3.54 (m, 1H), 3.90 (s, 3H),
4.63−4.72 (m, 1H), 4.88 (s, 2H), 6.93 (d, J = 8.4 Hz, 1H), 7.18−7.26
(m, 1H), 7.24 (br s, 3H), 7.37 (dd, J = 8.3, 2.1 Hz, 1H), 7.41 (d, J =
2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.15, 11.17,
12.60, 31.30, 49.10, 49.51, 53.47, 56.03, 59.96, 60.89, 109.95, 110.86,
113.88, 119.93, 127.13, 150.07, 150.71, 159.81, 167.68, 167.80;
HRMS (ESI+) m/z calcd for C20H28N3O4 [M + H]+ 374.20743;
found, 374.20677; HPLC purity 98.44% at 254 nm (tR = 2.733 min).

(4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxyphenyl)(4-
(2-hydroxyethyl)piperazin-1-yl)methanone (30). The compound
was synthesized from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-me-
thoxybenzoic acid (1.08 mmol, 0.300 g), HATU (1.62 mmol, 0.616
g), 2-(piperazin-1-yl)ethan-1-ol (1.08 mmol, 0.133 mL), and DIPEA
(4.32 mmol, 0.753 mL) according to general procedure C. The
compound was purified by flash column chromatography with DCM/
MeOH = 20/1 (v/v) as eluent. Yield 24%; orange oil; Rf = 0.14
(DCM/MeOH, 20:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) =
2.31 (s, 3H), 2.39 (s, 3H), 2.55 (br s, 4H), 2.59−2.63 (m, 2H), 3.58−
3.74 (m, 6H), 3.87 (s, 3H), 4.86 (s, 2H), 6.91 (d, J = 8.2 Hz, 1H),
6.95 (dd, J = 8.2, 1.8 Hz, 1H), 7.01 (d, J = 1.7 Hz, 1H), 1H from OH
is exchanged; 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.15, 11.17,
50.82, 53.02, 55.97, 57.79, 59.35, 61.00, 110.11, 111.47, 114.26,
119.83, 129.39, 148.84, 150.21, 159.83, 167.72, 170.03; HRMS
(ESI+) m/z calcd for C20H28N3O5 [M + H]+ 390.20235; found,
390.20140; HPLC purity 100.00% at 254 nm (tR = 2.427 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxy-N-(1-propyl-
piperidin-4-yl)benzamide (31). The compound was synthesized from
4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid (0.54
mmol, 0.150 g), HATU (0.81 mmol, 0.308 g), 1-propylpiperidin-4-
amine (0.54 mmol, 0.086 mL), and DIPEA (2.16 mmol, 0.376 mL)
according to general procedure C. The compound was purified by
flash column chromatography with DCM/MeOH = 9/1 (v/v) as
eluent. Yield 49%; white solid; Rf = 0.19 (DCM/MeOH, 9:1, v/v); 1H
NMR (400 MHz, CDCl3): δ (ppm) = 0.94 (t, J = 7.4 Hz, 3H), 1.57−
1.69 (m, 4H), 2.07−2.14 (m, 2H), 2.30 (s, 3H), 2.31−2.39 (m, 2H),
2.39 (s, 3H), 2.44−2.53 (m, 2H), 3.08 (bd, J = 12.0 Hz, 2H), 3.91 (s,
3H), 4.00−4.10 (m, 1H), 4.88 (s, 2H), 5.99 (d, J = 8.0 Hz, 1H), 6.91
(d, J = 8.3 Hz, 1H), 7.22 (dd, J = 8.3, 2.0 Hz, 1H), 7.41 (d, J = 2.0 Hz,
1H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.15, 11.18, 11.76,
19.74, 31.60, 46.59, 52.59, 56.05, 60.51, 60.98, 110.00, 111.27, 113.98,
118.99, 128.56, 150.20, 150.28, 159.80, 166.40, 167.76; HRMS
(ESI+) m/z calcd for C22H32N3O4 [M + H]+ 402.23873; found,
402.23753; HPLC purity 100.00% at 254 nm (tR = 2.857 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxy-N-((1-meth-
ylpyrrolidin-3-yl)methyl)benzamide (32). The compound was
synthesized from 4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methox-
ybenzoic acid (0.54 mmol, 0.150 g), HATU (0.81 mmol, 0.308 g), (1-
methylpyrrolidin-3-yl)methanamine (0.54 mmol, 0.062 g), and
DIPEA (2.16 mmol, 0.376 mL) according to general procedure C.
The compound was purified by flash column chromatography with
DCM/MeOH = 9/1 (v/v) as eluent. Yield 15%; white solid; Rf = 0.04
(DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) =
1.61−1.69 (m, 1H), 2.06−2.17 (m, 1H), 2.30 (s, 3H), 2.38 (s, 3H),
2.39 (s, 3H), 2.45−2.52 (m, 1H), 2.53−2.59 (m, 1H), 2.70 (dd, J =
9.2, 2.4 Hz, 1H), 2.90 (td, J = 8.8, 3.7 Hz, 1H), 3.38−3.44 (m, 1H),
3.37−3.51 (m, 2H), 3.90 (s, 3H), 4.88 (s, 2H), 6.92 (d, J = 8.3 Hz,
1H), 7.29 (dd, J = 8.3, 2.0 Hz, 1H), 7.46 (d, J = 1.9 Hz, 1H), 7.61 (br
s, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.24, 11.26, 28.84,
36.38, 42.05, 45.75, 56.04, 56.31, 61.03, 61.12, 110.20, 111.24, 114.36,
119.29, 128.99, 150.13, 150.21, 159.91, 167.25, 167.86; HRMS
(ESI+) m/z calcd for C20H28N3O4 [M + H]+ 374.20743; found,
374.20630; HPLC purity 100.00% at 254 nm (tR = 2.657 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-3-methoxy-N-(1-methyl-
piperidin-4-yl)benzamide (33). The compound was synthesized from

4-((3,5-dimethylisoxazol-4-yl)methoxy)-3-methoxybenzoic acid (0.54
mmol, 0.150 g), HATU (0.81 mmol, 0.308 g), 1-methylpiperridin-4-
amine (0.54 mmol, 0.068 mL), and DIPEA (2.16 mmol, 0.376 mL)
according to general procedure C. The compound was purified by
flash column chromatography with DCM/MeOH = 9/1 (v/v) as
eluent. Yield 48%; white solid; Rf = 0.09 (DCM/MeOH, 9:1, v/v); 1H
NMR (400 MHz, CDCl3): δ (ppm) = 1.54−1.65 (m, 2H), 2.01−2.09
(m, 2H), 2.14−2.23 (m, 2H), 2.30 (s, 3H), 2.32 (s, 3H), 2.38 (s, 3H),
2.85 (bd, J = 11.6 Hz, 2H), 3.91 (s, 3H), 3.94−4.04 (m, 1H), 4.88 (s,
2H), 5.92 (d, J = 7.8 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 7.21 (dd, J =
8.3, 2.1 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H); 13C NMR (100 MHz,
CDCl3): δ (ppm) = 10.28, 11.30, 32.48, 46.32, 46.76, 54.69, 56.18,
61.16, 110.15, 111.50, 114.21, 118.97, 129.00, 150.32, 150.38, 159.91,
166.45, 167.87; HRMS (ESI+) m/z calcd for C20H28N3O4 [M + H]+
374.20743; found, 374.20634; HPLC purity 100.00% at 254 nm (tR =
2.643 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-methylpiperidin-4-
yl)benzamide (34). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol, 0.150 g),
HATU (0.92 mmol, 0.348 g), 1-methylpiperidin-4-amine (0.61 mmol,
0.077 mL), and DIPEA (2.44 mmol, 0.425 mL) according to general
procedure C. The compound was purified by flash column
chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
13%; white solid; Rf = 0.10 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, CDCl3): δ (ppm) = 1.51−1.61 (m, 2H), 2.00−2.07 (m, 2H),
2.12−2.18 (m, 2H), 2.28 (s, 3H), 2.29 (s, 3H), 2.41 (s, 3H), 2.79−
2.84 (m, 2H), 3.93−4.02 (m, 1H), 4.82 (s, 2H), 5.90 (d, J = 7.7 Hz,
1H), 6.94−6.97 (m, 2H), 7.72−7.76 (m, 2H); 13C NMR (100 MHz,
CDCl3): δ (ppm) = 10.27, 11.31, 32.57, 46.35, 46.71, 54.68, 59.77,
110.00, 114.63, 127.92, 128.89, 159.77, 160.96, 166.32, 167.75;
HRMS (ESI+) m/z calcd for C19H26N3O3 [M + H]+ 344.19687;
found,344.19585; HPLC purity 100.00% at 254 nm (tR = 2.680 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-isopropylpiperidin-
4-yl)benzamide (35). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol, 0.150 g),
HATU (0.92 mmol, 0.348 g), 1-isopropylpiperidin-4-amine (0.61
mmol, 0.086 g), and DIPEA (2.44 mmol, 0.425 mL) according to
general procedure C. The compound was purified by flash column
chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
39%; white solid; Rf = 0.11 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, CDCl3): δ (ppm) = 1.06 (d, J = 6.6 Hz, 6H), 1.52−1.62 (m,
2H), 2.02−2.08 (m, 2H), 2.27 (s, 3H), 2.31−2.37 (m, 2H), 2.40 (s,
3H), 2.73−2.83 (m, 1H), 2.86−2.92 (m, 2H), 3.92−4.02 (m, 1H),
4.81 (s, 2H), 5.90 (d, J = 8.0 Hz, 1H), 6.93−6.96 (m, 2H), 7.71−7.74
(m, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.25, 11.29,
18.45, 32.61, 47.31, 47.73, 54.85, 59.74, 109.99, 114.60, 127.90,
128.89, 159.75, 160.92, 166.28, 167.73; HRMS (ESI+) m/z calcd for
C21H30N3O3 [M + H]+ 372.22817; found,372.22702; HPLC purity
99.67% at 254 nm (tR = 2.843 min).

(4-((3,5-Dimethyl isoxazol-4-yl )methoxy)phenyl)(4-(2-
hydroxyethyl)piperazin-1-yl)methanone (36). The compound was
synthesized from 4-((3,5-dimethylisoxazol-4-yl)methoxy)benzoic acid
(0.61 mmol, 0.150 g), HATU (0.92 mmol, 0.348 g), 2-(piperazin-1-
yl)ethan-1-ol (0.61 mmol, 0.075 mL), and DIPEA (2.44 mmol, 0.425
mL) according to general procedure C. The compound was purified
by flash column chromatography with DCM/MeOH = 20/1 (v/v) as
eluent. Yield 22%; yellow solid; Rf = 0.08 (DCM/MeOH, 20:1, v/v);
1H NMR (400 MHz, CDCl3): δ (ppm) = 2.29 (s, 3H), 2.42 (s, 3H),
2.55 (br s, 4H), 2.59−2.62 (m, 2H), 3.49−3.83 (m, 6H), 4.82 (s,
2H), 6.94−6.97 (m, 2H), 7.39−7.43 (m, 2H); 13C NMR (100 MHz,
CDCl3): δ (ppm) = 10.31, 11.43, 53.09, 56.00, 57.89, 59.46, 59.72,
110.08, 114.67, 128.67, 129.40, 159.67, 159.83, 167.74, 170.19;
HRMS (ESI+) m/z calcd for C19H26N3O4 [M + H]+ 360.19178;
found,360.19092; HPLC purity 97.84% at 254 nm (tR = 2.453 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-((1-methylpyrrolidin-
3-yl)methyl)benzamide (37). The compound was synthesized from
4-((3,5-dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol,
0.150 g), HATU (0.92 mmol, 0.348 g), (1-methylpyrrolidin-3-
yl)methanamine (0.61 mmol, 0.075 mL), and DIPEA (2.44 mmol,
0.425 mL) according to general procedure C. The compound was
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purified by flash column chromatography with DCM/MeOH = 9/1
(v/v) as eluent. Yield 22%; yellow solid; Rf = 0.02 (DCM/MeOH,
9:1, v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.55−1.64 (m,
1H), 2.00−2.09 (m, 1H), 2.25 (s, 3H), 2.27−2.32 (m, 1H), 2.35 (s,
3H), 2.38 (s, 3H), 2.44−2.48 (m, 1H), 2.50−2.54 (m, 1H), 2.59 (dd,
J = 8.8, 2.7 Hz, 1H), 2.82 (td, J = 8.7, 3.9 Hz, 1H), 3.33−3.46 (m,
2H), 4.80 (s, 2H), 6.91−6.95 (m, 2H), 7.58 (t, J = 4.8 Hz, 1H),
7.73−7.77 (m, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.14,
11.17, 28.66, 36.57, 41.85, 45.07, 50.49, 56.01, 59.56, 60.54, 109.94,
114.42, 127.67, 128.85, 159.70, 160.71, 167.21, 167.64; HRMS
(ESI+) m/z calcd for C19H26N3O3 [M + H]+ 344.19687;
found,344.19525; HPLC purity 99.02% at 254 nm (tR = 2.683 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-propylpiperidin-4-
yl)benzamide (38). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.61 mmol, 0.150 g),
HATU (0.92 mmol, 0.348 g), 1-propylpiperidin-4-amine (0.61 mmol,
0.096 mL), and DIPEA (2.44 mmol, 0.425 mL) according to general
procedure C. The compound was purified by flash column
chromatography with DCM/MeOH = 9/1 (v/v) as eluent. Yield
40%; white solid; Rf = 0.23 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, CDCl3): δ (ppm) = 0.93 (t, J = 7.4 Hz, 3H), 1.54−1.72 (m,
4H), 2.08−2.13 (m, 2H), 2.27−2.33 (m, 2H), 2.29 (s, 3H), 2.42 (s,
3H), 2.44−2.47 (m, 2H), 3.01−3.08 (m, 2H), 4.01−4.09 (m, 1H),
4.83 (s, 2H), 5.98 (d, J = 7.9 Hz, 1H), 6.95−6.98 (m, 2H), 7.73−7.76
(m, 2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.17, 11.20,
11.81, 19.86, 31.80, 46.63, 52.53, 59.63, 60.54, 109.85, 114.51, 127.56,
128.80, 159.67, 160.89, 166.27, 167.66; HRMS (ESI+) m/z calcd for
C21H30N3O3 [M + H]+ 372.22817; found,372.22724; HPLC purity
97.87% at 254 nm (tR = 2.900 min).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(1-ethylpiperidin-4-
yl)benzamide (39). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)benzoic acid (0.81 mmol, 0.200 g),
HATU (1.22 mmol, 0.462 g), 1-ethylpiperidin-4-amine (0.81 mmol,
0.104 g), and DIPEA (3.24 mmol, 0.564 mL) according to general
procedure D. The compound was purified by flash column
chromatography using DCM/MeOH = 9/1 (v/v) as eluent. Yield
31%; white solid; Rf = 0.18 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, CDCl3): δ (ppm) = 1.10 (t, J = 7.2 Hz, 3H), 1.51−1.61 (m,
2H), 2.05−2.17 (m, 4H), 2.29 (s, 3H), 2.42 (s, 3H), 2.43 (q, J = 7.2
Hz, 2H), 2.92 (bd, J = 11.4 Hz, 2H), 3.92−4.08 (m, 1H), 4.83 (s,
2H), 5.86 (d, J = 7.6 Hz, 1H), 6.95−6.98 (m, 2H), 7.72−7.76 (m,
2H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 10.17, 11.21, 12.27,
32.44, 47.12, 52.06, 52.35, 59.62, 109.85, 114.48, 127.79, 128.75,
159.67, 160.81, 166.15, 167.64; HRMS (ESI+) m/z calcd for
C20H28N3O3 [M + H]+ 358.21252; found,358.21224; HPLC purity
100.00% at 254 nm (tR = 2.737 min).

tert-Butyl 4-(4-((3,5-dimethylisoxazol-4-yl)methoxy)-
benzamido)piperidine-1-carboxylate (42). The compound was
synthesized from 4-((3,5-dimethylisoxazol-4-yl)methoxy)benzoic
acid (1.21 mmol, 0.300 g), HATU (1.82 mmol, 0.690 g), tert-butyl
4-aminopiperidine-1-carboxylate (1.21 mmol, 0.243 g), and DIPEA
(4.84 mmol, 0.843 mL) via general procedure D. The compound was
purified by flash column chromatography using EtOAc/n-Hex = 2/1
(v/v) as eluent. Yield 72%; colorless oil; Rf = 0.23 (EtOAc/n-hex, 2:1,
v/v); 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.22−1.42 (m, 2H),
1.47 (s, 9H), 1.98−2.07 (m, 2H), 2.29 (s, 3H), 2.42 (s, 3H), 2.92 (s,
2H), 4.00−4.24 (m, 3H), 4.83 (s, 2H), 5.87 (d, J = 7.9 Hz, 1H),
6.94−6.97 (m, 2H), 7.72−7.76 (m, 2H).

4-((3,5-Dimethylisoxazol-4-yl)methoxy)-N-(piperidin-4-yl)-
benzamide (43). tert-Butyl 4-(4-((3,5-dimethylisoxazol-4-yl)-
methoxy)benzamido)piperidine-1-carboxylate (42) (0.39 mmol,
0.168 g) was dissolved in DCM (10 mL) and trifluoroacetic acid
(3.90 mmol, 0.300 mL) and stirred at room temperature for 24 h.
Solvents were evaporated, and the compound was purified by flash
column chromatography using DCM/isopropanol = 7/3 (v/v)+ 1%
NH3 as an eluent. Yield 21%; colorless oil; Rf = 0.24 ((DCM/
isopropanol, 7:3, v/v) + 1% NH3); 1H NMR (400 MHz, acetone-d6):
δ (ppm) = 1.92−2.02 (m, 2H), 2.14−2.18 (m, 2H), 2.24 (s, 3H),
2.42 (s, 3H), 3.20 (td, J = 12.7, 3.0 Hz, 2H), 3.55 (dt, J = 12.8, 3.3 Hz,
2H), 4.18−4.28 (m, 1H), 5.00 (s, 2H), 5.23 (br s, 1H), 7.02−7.06

(m, 2H), 7.90−7.95 (m, 3H); 13C NMR (100 MHz, acetone-d6): δ
(ppm) = 10.05, 10.93, 29.33, 43.73, 45.74, 60.28, 111.09, 115.16,
128.05, 130.16, 160.32, 161.97, 166.66, 168.31; HRMS (ESI+) m/z
calcd for C18H24N3O3 [M + H]+ 330.18122; found,330.18053; HPLC
purity 100.00% at 254 nm (tR = 2.643 min).
General Procedure D: Alkylation of Amine. 4-((3,5-

Dimethylisoxazol-4-yl)methoxy)-N-(piperidin-4-yl)benzamide (43)
(1 equiv) was dissolved in anhydrous acetonitrile, and an appropriate
alkyl bromide (2 equiv), K2CO3 (1.5 equiv), and KI (catalytic
amount) were added. The reaction mixture was stirred at reflux for 2
h. The solvent was removed under reduced pressure, and the residue
was dissolved in DCM and extracted with water. The organic phase
was dried over anhydrous Na2SO4, filtered, and evaporated under
reduced pressure. The residue was purified by flash column
chromatography.

N-(1-Butylpiperidin-4-yl)-4-((3,5-dimethylisoxazol-4-yl)-
methoxy)benzamide (40). The compound was synthesized from 4-
((3,5-dimethylisoxazol-4-yl)methoxy)-N-(piperidin-4-yl)benzamide
(43) (0.46 mmol, 0.150 g), K2CO3 (0.68 mmol, 0.094 g), 1-
chlorobutane (0.91 mmol, 0.096 mL), and KI (cat.) according to
general procedure D. The compound was purified by flash column
chromatography using DCM/MeOH = 9/1 (v/v) as eluent. Yield 8%;
white solid; Rf = 0.37 (DCM/MeOH, 9:1, v/v); 1H NMR (400 MHz,
CDCl3): δ (ppm) = 0.94 (t, J = 7.3 Hz, 3H), 1.30−1.39 (m, 2H), 1.75
(br s, 4H), 2.05−2.12 (m, 2H), 2.28 (br s, 2H), 2.29 (s, 3H), 2.42 (s,
3H), 2.48 (s, 2H), 3.05 (br s, 2H), 4.02−4.10 (m, 1H), 4.83 (s, 2H),
5.95 (d, J = 7.6 Hz, 1H), 6.95−6.99 (m, 2H), 7.72−7.76 (m, 2H); 13C
NMR (100 MHz, CDCl3): δ (ppm) = 10.16, 11.20, 13.94, 20.69,
28.51, 31.59, 46.54, 52.41, 58.25, 59.63, 109.86, 114.49, 127.56,
128.83, 159.66, 160.88, 166.21, 167.64; HRMS (ESI+) m/z calcd for
C22H32N3O3 [M + H]+ 386.24382; found,386.24272; HPLC purity
100.00% at 254 nm (tR = 3.110 min).

N-(1-Allylpiperidin-4-yl)-4-((3,5-dimethylisoxazol-4-yl)methoxy)-
benzamide (41). The compound was synthesized from 4-((3,5-
dimethylisoxazol-4-yl)methoxy)-N-(piperidin-4-yl)benzamide (43)
(0.91 mmol, 0.300 g), K2CO3 (1.37 mmol, 0.189 g), 3-bromoprop-
1-ene (1.82 mmol, 0.158 mL), and KI (cat.) according to general
procedure D. The compound was purified by flash column
chromatography using DCM/MeOH = 9/1 (v/v) as eluent. Yield
26%; white solid; Rf = 0.34 (DCM/MeOH, 9:1, v/v); 1H NMR (400
MHz, CDCl3): δ (ppm) = 1.60−1.70 (m, 2H), 2.03−2.11 (m, 2H),
2.17−2.26 (m, 2H), 2.29 (s, 3H), 2.42 (s, 3H), 2.96−2.99 (m, 2H),
3.06−3.09 (m, 2H), 3.98−4.08 (m, 1H), 4.83 (s, 2H), 5.19−5.25 (m,
2H), 0.86−5.96 (m, 2H), 6.95−6.98 (m, 2H), 7.72−7.76 (m, 2H);
13C NMR (100 MHz, CDCl3): δ (ppm) = 10.17, 11.20, 31.78, 46.62,
52.18, 59.61, 61.44, 109.86, 114.47, 119.43, 127.55, 128.84, 133.59,
159.66, 160.85, 166.24, 167.64; HRMS (ESI+) m/z calcd for
C21H28N3O3[M + H]+ 370.21252; found,370.21145. HPLC purity,
98.08% at 254 nm (tR = 2.867 min).
Cell Culture. Human embryonic Kidney (HEK)-Blue Null1,

HEK-Blue hTLR2-TLR1, HEK-Blue hTLR2-TLR6, HEK-Blue
hTLR4, HEK-Blue hTLR5, HEK-Blue hTLR7, HEK-Blue hTLR8,
and HEK-Blue hTLR9 (InvivoGen, Toulouse, France) were cultured
in Dulbecco’s modified Eagle’s medium (PAN-Biotech, Aidenbach,
Germany) containing 10% (v/v) heat inactivated fetal bovine serum
(FBS; S0615), 100 U/mL penicillin, 100 mg/mL streptomycin
(P4333), 2 mM 1-glutamine (G7513) (all from Sigma-Aldrich,
Taufkirchen, Germany), 100 μg/mL Normocin and selective
antibiotics HEK-Blue Selection (hTLR2-TLR1, hTLR2-TLR6,
hTLR4), 100 μg/mL zeocin (Null1), 100 μg/mL zeocin with 10
μg/mL (hTLR7, hTLR9), and 30 μg/mL (hTLR5, hTLR8)
blasticidin (all from InvivoGen, Toulouse, France). THP1-Dual
TLR4/MD-2/CD14 cells (InvivoGen, Toulouse, France) were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS), penicillin (100U/mL), streptomycin (100 μg/mL), L-
glutamine (2 mM), HEPES (25 mM), Normocin (100 μg/mL), and
selective antibiotics (blasticidin: 10 μg/mL, zeocin: 100 μg/mL)
following the manufacturer’s instructions.

THP-1 cells (ACC 16, DSMZ-German Collection of Micro-
organisms and Cell Cultures GmbH, Braunschweig, Germany) were
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cultured in RPMI 1640 (11530586, Fisher scientific, Schwerte,
Germany) containing 100 U/mL penicillin, 100 μg/mL streptomycin
(P4333), 2 mM L-glutamine (G7513, both from Sigma-Aldrich,
Taufkirchen, Germany), and 10% heat-inactivated fetal bovine serum
(FBS; S0615, Sigma- Aldrich, Taufkirchen, Germany) at a density of 4
× 105 cells/mL to 2 × 106 cells/mL. For generating THP-1-derived
macrophages, THP-1 monocytes were seeded into 24-well plates at a
density of 4 × 105 cells/mL in growth medium including 25 ng/mL
PMA (phorbol 12-myristate 13-acetate; tlrl-pma, Invivogen, Tou-
louse, France). After 48 h, adherent cells were carefully washed with
PBS (phosphate buffered saline; P04-53500, Pan Biotechne,
Aidenbach, Germany) and rested in PMA-free medium for 24 h. All
cell lines were maintained at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air and were regularly tested negative for mycoplasma
contamination (VenorGeM Classic Mycoplasma PCR detection kit,
Minerva Biolabs, Berlin, Germany).

PBMCs (peripheral blood mononuclear cells) were obtained from
buffy-coat donations (Institute of Experimental Haematology and
Transfusion Medicine, University Clinic Bonn) and isolated by
density gradient centrifugation using Biocoll separation media
(Bio&Sell, Nuremberg, Germany). PMBCs were washed three times
with PBS containing ETDA and afterward seeded in 24-well plates (5
× 106 cells/well). The studies with human blood were approved by
the ethics committee of the University Clinic Bonn (315/22) and
written informed consent was obtained from all healthy donors.
Plasmids. Human embryonic Kidney (HEK)-Blue Null1 Cells

(InvivoGen, Toulouse, France) were seeded into 6-well plates at a
density of 1 × 106 cells/mL. After 24 h, adherent cells were washed
with PBS and afterward transfected with plasmids using PEI Max.
After another 24 h, cells were detached with TrypLE Express
(Thermo Fisher Scientific, Darmstadt, Germany), seeded into 96-well
plates at a density of 4 × 104 cells/mL, and rested for 24 h in medium
containing selective antibiotics for hTLR8 cells (as described above).
Plasmids encoding mutant TLR8 (TLR8F513L) were prepared from
the TLR8WT construct (pUNO1-hTLR08a, NM_016610.4, Inviv-
oGen, Toulouse, France) by site-directed mutagenesis (Q5 Site-
Directed Mutagenesis Kit, NEB, Frankfurt am Main, Germany) using
the primer pairs 5′-AAGAGGTTATATGTTCCAGGAAC-3′ and 5′-
AAATGCAATGCCCGTAGAG-3′ (synthesized by Thermo Fisher
Scientific, Darmstadt, Germany). Successful mutagenesis was
confirmed by Sanger sequencing. TLR8 transfection and over-
expression was confirmed using Western Blot (Figure S11).
Cell Stimulation. HEK-Blue cells (4 × 104 cells/well) and THP-1

macrophages (4 × 104 cells/well, 4 × 105 cells/well and 8 × 105 cells/
well) were seeded in 96-well plates, 24-well plates, or 6-well plates
(PS, Sarsted, Germany), respectively. For stimulation experiments,
cells were washed with phosphate-buffered saline (PBS, Sigma-
Aldrich) and media was replaced with OptiMEM (Thermo Fisher
Scientific, Darmstadt, Germany). For inhibition studies, the cells were
preincubated with TLR8 antagonists for 1 h and afterward stimulated
with TLR agonists for 24 h. The following TLR ligands were used:
Pam2CSK4, Pam3CSK4, poly(I:C) (HMW), LPS from Escherichia coli
O111:B4 (LPS-EB Ultrapure), flagellin from Bacillus subtilis (flagellin-
BS Ultrapure), CL307, CL075, R848, TL8-506, ODN2006 (all from
InvivoGen, Toulouse, France), and Enpatoran (BIOZOL Diagnostika,
Germany). After 24 h, NF-κB activity was measured using QuantiBlue
solution (InvivoGen, Toulouse, France) following the manufacturer’s
instructions.

THP1-Dual TLR4/MD-2/CD14 cells (InvivoGen, Toulouse,
France) were seeded in 96-well plates at a density of 1 × 105 cells
per well and were immediately preincubated with designated
antagonists for 1 h and afterward stimulated with TLR agonists.
After 24 h, NF-κB activity was measured via the SEAP reporter assay
using QuantiBlue solution (InvivoGen, Toulouse, France) and ISRE
activity was measured via lucia luciferase using QuantiLuc solution
(InvivoGen, Toulouse, France), both following the manufacturer’s
instructions.

The TLR8 antagonists synthesized and commercially purchased
were dissolved in DMSO as a 50 mM stock solution. Final DMSO
concentrations in the cell culture were below 0.2% (v/v). The cells

were first incubated with the antagonists for 1 h and afterward
stimulated with the respective TLR agonist.
Cell Viability. Effects on cell viability were assessed by the MTT

assay. HEK-Blue hTLR7, HEK-Blue hTLR8 cells, or differentiated
THP-1 macrophages (40,000 cells/well, 96 well plate) were
preincubated with TLR8 antagonists for 1 h and afterward stimulated
for 20 h with TLR7 or TLR8 agonists. Subsequently, 25 μL of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 5 mg/
mL) was added and incubated for 4 h at 37 °C. After the supernatants
were removed, DMSO (4720.1, Carl Roth, Karlsruhe, Germany) was
added and absorption at 540 nm was measured. Viability of the
untreated cells was defined as 100%. DMSO (10% (v/v); A994.1,
Carl Roth, Karlsruhe, Germany) served as a positive control.

In selected experiments, LDH assay was performed according to
the manufacturer’s instructions (Thermo fisher Scientific, Darmstadt,
Germany). The percentage of LDH release was calculated compared
to the 100% cell lysis control.
Enzyme-Linked Immunosorbent Assay. After 4 h of

stimulation of THP-1 macrophages or PBMCs with the respective
TLR agonists, cell culture supernatants were collected and analyzed
using commercially available human TNF or IL-1β secretion ELISA
kits (88-7346-88, 88-7261-88; Thermo Fisher Scientific, Darmstadt,
Germany).
Dynamic Mass Redistribution (DMR) Label-Free Assay.

DMR assays were conducted using the EPIC system (Corning) in
accordance with established protocols.42,63,64 On the day of the assay,
THP-1 Dual TLR4-MD2-CD14 cells were seeded as suspension cells
at a density of 40,000 cells per well in assay buffer (Hank’s Balanced
Salt Solution (HBSS) with 20 mM HEPES, pH 7.0) into an Epic 384-
well uncoated glass microplate (Corning, New York, NY, USA). Cells
were briefly centrifuged for 10 s to ensure proper contact with the
bottom biosensor and prevent drops from adhering to the sides of the
wells. Each well had a final volume of 30 μL. After cell seeding, the
Epic microplates were incubated in the EPIC instrument at 37 °C for
1.5 h. Serial dilutions of compounds were prepared in the same assay
buffer. DMR measurements were performed using the Epic biosensor,
and following baseline readings, 10 μL of compounds were added to
each well (40 μL total volume) using a semiautomated liquid handler,
Selma (Analytik Jena AG, Jena, Germany). The antagonist was
preincubated for 1.5 h before the addition of the agonist. DMR signals
were recorded for 15,000 s, and the data were analyzed and exported
using the Epic Analyzer Software (Corning, New York, NY, USA). All
signals were baseline-corrected, and compound responses were
represented as picometer (picosecond) shifts over time (minutes)
following baseline normalization. Experiments were performed at 37
°C in triplicate or quadruplicate.
Western Blotting. The protein amount was quantified by a

bicinchoninic acid assay (Pierce BCA Protein Assay Kit; 23227,
Thermo Fisher Scientific, Darmstadt, Germany). Twenty-five μg
protein per lane was separated on a 10% TGX Stain-Free FastCast
acrylamide gel (1610183, Bio-Rad, Feldkirchen, Germany) containing
TEMED (2367, Carl Roth, Karlsruhe, Germany) and ammonium
persulfate (A3678, Sigma-Aldrich, Taufkirchen, Germany) using
MiniPROTEAN electrophoresis system (Bio-Rad). Gels were blotted
on low fluorescence polyvinylidene difluoride membranes (Immobi-
lon-FL PVDF low fluorescence; 05317, Merck, Darmstadt, Germany)
using the Trans-Blot Turbo System (Bio-Rad, Feldkirchen,
Germany). Membranes were blocked using 5% milk (T145.2, Carl
Roth, Karlsruhe, Germany) in TBS-T buffer consisting of TRIS HCl
(T3253, Sigma-Aldrich, Taufkirchen, Germany), NaCl (27810.295,
VWR, Darmstadt, Germany), and Tween 20 (9127.1, Carl Roth,
Karlsruhe, Germany). Membranes were incubated overnight at 4 °C
with either mouse anti-TLR8 mAb (sc-373760, SCBT), rabbit anti-
MyD88 mAb (4283, CST), rabbit anti-Phospho-NF-κB p65 (Ser536)
(no. 93H1), rabbit anti-NF-κB p65 (D14E12) XP (no. 8242), or
rabbit anti-IκBα antibody (no. 9242) in 5% BSA. Afterward, they were
washed three times with TBS-T and incubated with either rabbit anti-
IgG HRP conjugated antibody (no. 7074) or mouse anti-IgG HRP
conjugated antibody (no. 7076), all from Cell Signaling Technology
(CST, Leiden, The Netherlands), for one h at RT. Blots were
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developed with ECL reagent (Clarity Western ECL Substrate;
1705060, Bio-Rad, Feldkirchen, Germany) and imaged using
ChemiDoc imaging system (Bio-Rad, Feldkirchen, Germany). Values
of protein expression were analyzed by densitometry and normalized
to total protein levels using Image lab 6.1 Bio-Rad, Feldkirchen,
Germany. Uncropped Western blots are provided in Figure S10A.
Co-Immunoprecipitation. THP-1 macrophages were lysed in

cell lysis buffer (RIPA) with a protease/phosphatase inhibitor cocktail
(NEB, Frankfurt am Main, Germany). The total amount of protein
was quantified by using bicinchoninic acid assay (Pierce BCA Protein
Assay Kit; 23227, Thermo Fisher Scientific, Darmstadt, Germany)
and equivalent amounts of each sample were used for coimmuno-
precipitation. Lysates were incubated with mouse anti-TLR8 mAb
(sc-373760, SCBT, Heidelberg, Germany) for 2 h at 4 °C. Mouse
anti-IgG2b mAb (no. 53484, CST, Leiden, The Netherlands) served
as the isotype control. Next, protein A/G PLUS agarose beads (sc-
2003, SCBT, Heidelberg, Germany) were added for overnight
incubation at 4 °C followed by washing with RIPA buffer 4 times.
The immunoprecipitated proteins were removed from the beads with
standard SDS-PAGE sample buffer in the presence of DTT by boiling
for 5 min at 95 °C. Afterward, the samples were analyzed by Western
blot. The nonimmunoprecipitated cell lysate was used as loading
control. Uncropped Western blots are provided in Figure S10B.
RNA Isolation, cDNA Synthesis, and qRT-PCR. Total RNA

isolation was performed using innuPREP RNA mini kit 2.0 (845-KS-
2040050, AnalytikJena, Jena, Germany) according to the manufac-
turer’s protocol. Synthesis of cDNA was carried out using an iScript
cDNA synthesis kit (1708891, Bio-Rad, Feldkirchen, Germany).
Quantitative real-time RT-PCR (qRT-PCR) was performed as
described before.65 Primers (synthesized by TIB Molbiol, Berlin,
Germany or Eurofins Genomics, Ebersberg, Germany) with the
f o l l o w i n g s e q u e n c e s w e r e u s e d : G A P D H , 5 ′ -
CTCTCTGCTCCTCCTGTTCGAC-3′ and 5′- TGAGC-
GATGTGGCTCGGCT-3′; TNF, 5′-CCCAGGGACCTCTC-
TAATC-3′ and 5′-GCTACAGGCTTGTCACTCGG-3′, IL1B, 5′-
TGGAGCAACAAGTGGTGT-3′ and 5′-TTGGGATCTA-
CACTCTCCAGC-3′. Fold difference in gene expression was
normalized to the housekeeping gene GAPDH showing the most
constant expression levels. The reaction mix containing cDNA
template, primers, and SYBR green (iTaq Universal SYBR Green
Supermix; 172−5125, Bio-Rad, Feldkirchen, Germany) was run under
the conditions as described.
Statistical Analysis. Data are expressed as mean ± SEM. For

multiple comparisons, statistically significant differences were
determined by one-way ANOVA followed by a Dunnett’s or Tukey’s
post-test and considered significant at *P ≤ 0.05, **P ≤ 0.01, ***P ≤
0.001, ****P ≤ 0.0001. All other values were calculated accordingly.
Statistical differences were assessed by a one-sample t-test against
100%. Statistical analysis was performed using GraphPad Prism
(version 8.0, GraphPad software, San Diego, USA).
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G. Synthesis, Molecular Modeling, DFT Studies, and EPR Analysis of
1,4-Dihydropyridines as Potential Calcium Channel Blockers. J. Mol.
Struct. 2024, 1307, 137983.
(47) Machalz, D.; Li, H.; Du, W.; Sharma, S.; Liu, S.; Bureik, M.;
Wolber, G. Discovery of a Novel Potent Cytochrome P450 CYP4Z1
Inhibitor. Eur. J. Med. Chem. 2021, 215, 113255.
(48) Jones, G.; Willett, P.; Glen, R. C.; Leach, S.; Liu, A. R.
Development and Validation of a Genetic Algorithm for Flexible
Docking. J. Mol. Biol. 1997, 267, 727.
(49) Tanji, H.; Ohto, U.; Shibata, T.; Miyake, K.; Shimizu, T.
Structural Reorganization of the Toll-Like Receptor 8 Dimer Induced
by Agonistic Ligands. Science 2013, 339 (6126), 1426−1429.
(50) Forsbach, A.; Nemorin, J.-G.; Montino, C.; Müller, C.;
Samulowitz, U.; Vicari, A. P.; Jurk, M.; Mutwiri, G. K.; Krieg, A.
M.; Lipford, G. B.; Vollmer, J. Identification of RNA Sequence Motifs
Stimulating Sequence-Specific TLR8-Dependent Immune Responses.
J. Immunol. 2008, 180 (6), 3729−3738.
(51) Kay, J. The Role of Interleukin-1 in the Pathogenesis of
Rheumatoid Arthritis. Rheumatology 2004, 43 (suppl_3), iii2−iii9.
(52) Mysinger, M. M.; Carchia, M.; Irwin, J. J.; Shoichet, B. K.
Directory of Useful Decoys, Enhanced (DUD-E): Better Ligands and
Decoys for Better Benchmarking. J. Med. Chem. 2012, 55 (14), 6582−
6594.
(53) RDKit: Open-Source Cheminformatics. https://www.rdkit.org.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c03148
J. Med. Chem. 2025, 68, 4888−4907

4906

https://doi.org/10.1101/2024.07.25.605091
https://doi.org/10.1107/S2059798320006518
https://doi.org/10.1107/S2059798320006518
https://doi.org/10.1021/acs.jmedchem.0c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.0c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.0c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.1c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.1c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.1c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.2c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.2c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.celrep.2018.11.081
https://doi.org/10.1016/j.celrep.2018.11.081
https://doi.org/10.1016/j.celrep.2018.11.081
https://doi.org/10.1016/j.immuni.2016.09.011
https://doi.org/10.1016/j.immuni.2016.09.011
https://doi.org/10.1021/ci049885e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci049885e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci049885e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1468
https://doi.org/10.1002/wcms.1468
https://doi.org/10.3390/molecules23123094
https://doi.org/10.3390/molecules23123094
https://doi.org/10.3390/ph15111304
https://doi.org/10.3390/ph15111304
https://doi.org/10.3390/ph15111304
https://doi.org/10.1093/nar/gky1075
https://doi.org/10.1093/nar/gky1075
https://doi.org/10.1093/nar/gkw1074
https://doi.org/10.1093/nar/gkw1074
https://doi.org/10.1093/nar/gkr777
https://doi.org/10.1093/nar/gkr777
https://doi.org/10.1002/prot.10465
https://doi.org/10.1002/prp2.842
https://doi.org/10.1002/prp2.842
https://doi.org/10.1002/prp2.842
https://doi.org/10.1038/cmi.2012.38
https://doi.org/10.1038/cmi.2012.38
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1038/s41586-024-07614-7
https://doi.org/10.1038/s41586-024-07614-7
https://doi.org/10.1038/s41467-024-53770-9
https://doi.org/10.1038/s41467-024-53770-9
https://doi.org/10.1038/s41467-024-53770-9
https://doi.org/10.1074/jbc.M116.735431
https://doi.org/10.1074/jbc.M116.735431
https://doi.org/10.3390/ijms222413474
https://doi.org/10.3390/ijms222413474
https://doi.org/10.3390/ph15060680
https://doi.org/10.3390/ph15060680
https://doi.org/10.1016/j.molstruc.2024.137983
https://doi.org/10.1016/j.molstruc.2024.137983
https://doi.org/10.1016/j.ejmech.2021.113255
https://doi.org/10.1016/j.ejmech.2021.113255
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1126/science.1229159
https://doi.org/10.1126/science.1229159
https://doi.org/10.4049/jimmunol.180.6.3729
https://doi.org/10.4049/jimmunol.180.6.3729
https://doi.org/10.1093/rheumatology/keh201
https://doi.org/10.1093/rheumatology/keh201
https://doi.org/10.1021/jm300687e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm300687e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.rdkit.org
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c03148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(54) Labute, P. Protonate3D: Assignment of Ionization States and
Hydrogen Coordinates to Macromolecular Structures. Proteins:Struct.,
Funct., Bioinf. 2009, 75 (1), 187−205.
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Figure S1. Chemical structures of known co-crystalized TLR8 antagonists. 
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Figure S2. Validation of the virtual screening 3D pharmacophore. 

(A) Validation of the 3D pharmacophore1–3 with set A actives with an IC50 below 1000 nM and 

inactives obtained from ChEMBL.4–6 (B) Validation of the 3D pharmacophore with set A actives 

and decoys obtained from DUD-E.7 (C) Validation of the 3D pharmacophore with set B actives 

with an IC50 below 50 nM and inactives obtained from ChEMBL. (D) Validation of the 3D 

pharmacophore with set B actives with an IC50 below 50 nM and decoys obtained from DUD-E. 
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Figure S3. NF-κB activity and cell viability in hTLR8-HEK293 cells for compounds 1-12. 

(A) Activation of TLR8-dependent NF-κB activity in cells. HEK-Blue hTLR8 cells were 

stimulated with TL8-506 (0.6 μM) or the compounds (10 μM, 25 μM) for 24 h. Supernatants were 

analyzed for TLR8-mediated NF-κB activation by SEAP reporter assay using QuantiBlue (OD620). 

Mean + SEM (n=3). (B) HEK-Blue hTLR8 cells were incubated with the compounds (25, 50 μM) 

for 24 h. Cell viability was analyzed using the MTT assay, and normalized to non-stimulated cells 

(vehicle control). DMSO (10%, v/v) was used as the cytotoxic control. Mean + SEM (n=3). (C) 

HEK-Blue hTLR8 cells were preincubated with the compounds (10 μM, 25 μM) for 1 h, and then 

stimulated with TL8-506 (0.6 μM) for 24 h. Supernatants were analyzed for TLR8-mediated NF-

κB activation by SEAP reporter assay using QuantiBlue (OD620), and normalized to TL8-506 

alone. Mean + SEM (n=3). 
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Figure S4. Concentration-response curves in hTLR8-HEK293 cells for compounds 1, 10-12. 

HEK-Blue hTLR8 cells were preincubated with increasing concentrations of the compounds for 1 

h, and then stimulated with TL8-506 (0.6 μM) for 24 h. Supernatants were analyzed for TLR8-

mediated NF-κB activation by SEAP reporter assay using QuantiBlue (OD620). For the calculation 

of the concentration-response curve nonlinear regression with variable slope (four parameters) was 

used. IC50 values are shown in Table 1. Mean ± SEM (n=3-4). 
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Figure S5. Concentration-response curves in hTLR7-HEK293 cells for compounds 10-12. 

HEK-Blue hTLR7 cells were preincubated with increasing concentrations of the compounds for 1 

h, and then stimulated with CL307 (1.7 µM) for 24 h. Supernatants were analyzed for TLR7-

mediated NF-κB activation by SEAP reporter assay using QuantiBlue (OD620). For the calculation 

of the concentration-response curve nonlinear regression with variable slope (four parameters) was 

used. IC50 values are shown in Table 1. Mean ± SEM (n=4). 
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Figure S6. NF-κB activity and cell viability in hTLR8-HEK293 cells for compounds 17-41, 43. 

(A) HEK-Blue hTLR8 cells were preincubated with the compounds (10 μM, 25 μM) for 1 h, and 

then stimulated with TL8-506 (0.6 μM) for 24 h. Supernatants were analyzed for TLR8-mediated 

NF-κB activation by SEAP reporter assay using QuantiBlue (OD620), and normalized to TL8-506 

alone. Mean + SEM (n=4). (B) HEK-Blue hTLR8 cells were incubated with the compounds (25, 

50 μM) for 24 h. Cell viability was analyzed using the MTT assay, and normalized to non-

stimulated cells (vehicle control). DMSO (10%, v/v) was used as the cytotoxic control. Mean + 

SEM (n=4). (C) Activation of TLR8-dependent NF-κB activity in cells. HEK-Blue hTLR8 cells 

were stimulated with TL8-506 (0.6 μM) or the compounds (10 μM, 25 μM) for 24 h. Supernatants 

were analyzed for TLR8-mediated NF-κB activation by SEAP reporter assay using QuantiBlue 

(OD620). Mean + SEM (n=4).  
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Figure S7. Concentration-response curves in hTLR8-HEK293 cells for synthesized compounds. 

HEK-Blue hTLR8 cells were preincubated with increasing concentrations of the compounds 19, 

24, 26-28, 31, 34, 35, 38-41 for 1 h, and then stimulated with TL8-506 (0.6 μM) for 24 h. 

Supernatants were analyzed for TLR8-mediated NF-κB activation by SEAP reporter assay using 

QuantiBlue (OD620). For the calculation of the concentration-response curves nonlinear regression 

with variable slope (four parameters) was used. IC50 values are shown in Table 2. Mean ± SEM 

(n=3-4). 
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Figure S8. Cell viability of compounds 10 and 12 in THP-1 macrophages and PMBCs. 

(A) THP-1 Macrophages were incubated with increasing concentrations of 10 and 12 for 24 h. Cell 

viability was analyzed using the MTT assay, and normalized to non-stimulated cells (vehicle 

control). DMSO (10%, v/v) was used as the cytotoxic control. Mean + SEM (n=3). (B) PBMCs 

were incubated with 0.6 µM TL8-506 or increasing concentrations of 10 and 12 for 24 h. LDH 

release was determined in cell culture supernatants. Results are shown as percentage of the 

maximum LDH release. Mean + SEM (n=3-4). 
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Figure S9. Inhibition of TLR8-dependent activity in THP-1 Dual cells. 

Baseline corrected DMR representative recordings of THP-1 Dual MD2-CD14-TLR4 cells 

stimulated with (A) compound 10 (10 µM) or after 1.5 h preincubation with compound 10 (10 

µM) with either (B) TL8-506 (6 µM) or (C) LPS from E. coli (1 µg/ml). Calculated 

pharmacological parameters of the concentration-response curves are depicted in Table S6. Data 

are mean ± SEM of four independent experiments. 
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Figure S10. Whole uncropped images of the original western blots.  

(A) Complete western blots of NF-B p65, NF-B phospho-p65, and ΙκBα shown in Figure 4E. 

(B) Complete western blots of TLR8 and MyD88 after immunoprecipitation shown in Figure 4G. 
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Figure S11. Transfection of mutant and wildtype TLR8 plasmids into HEK293 cells. 

HEK293 reporter control cells (Null1) were transfected with mutant (G=Glycin351Prolin, 

V=Valin378Methionine, F=Phenylalanine495Leucin; GV, GF, VF and GVF=dual- or triple-

mutated combinations) or wildtype TLR8 plasmid (WT). 
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Figure S12. HPLC traces for purchased compounds 1-12. 

 

 
 

HPLC trace for compound 1. 
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HPLC trace for compound 2. 
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HPLC trace for compound 3. 
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HPLC trace for compound 4. 

  



 

 

S17 

 

 
 

HPLC trace for compound 5. 
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HPLC trace for compound 6. 
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HPLC trace for compound 7. 
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HPLC trace for compound 8. 
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HPLC trace for compound 9. 
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HPLC trace for lead compound 10. 
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HPLC trace for compound 11. 
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HPLC trace for compound 12. 
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Figure S13. 1H NMR spectra for purchased active compounds 1, 10-12. 

 

 

 
 

1H NMR for compound 1. 
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1H NMR for lead compound 10 (top: provided by vendor, bottom: in-house analysis). 
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1H NMR for compound 11. 
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1H NMR for compound 12. 
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Figure S14. 1H NMR, 13C NMR and HPLC traces for synthesized active compounds. 

 

 
 
1H and 13C NMR for compound 19. 
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HPLC trace for compound 19. 
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1H and 13C NMR for compound 24. 
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HPLC trace for compound 24. 
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1H and 13C NMR for compound 26. 
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HPLC trace for compound 26. 
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1H and 13C NMR for compound 27. 
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HPLC trace for compound 27. 
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1H and 13C NMR for compound 28. 

 



 

 

S38 

 

 

 
 

HPLC trace for compound 28. 
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1H and 13C NMR for compound 31. 
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HPLC trace for compound 31. 
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1H and 13C NMR for compound 34. 
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HPLC trace for compound 34. 
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1H and 13C NMR for compound 35. 
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HPLC trace for compound 35. 
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1H and 13C NMR for compound 38. 
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HPLC trace for compound 38. 
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1H and 13C NMR for compound 39. 
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HPLC trace for compound 39. 
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1H and 13C NMR for compound 40. 
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HPLC trace for compound 40. 
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1H and 13C NMR for compound 41. 
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HPLC trace for compound 41. 
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Table S1. Chemical structures of compounds 1-12 containing the isoxazole scaffold. 

 

Compound Chemical Structure 

1 

 

2 

 

3 

 

4 
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5 

 

6 

 

7 

 

8 

 

9 
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10 

 

11 

 

12 
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Table S2. Inhibition of NF-κB activity in hTLR8-HEK293 cells by compounds 1-12. 

Data are mean ± SEM of three independent experiments (Figure S3). One-sample t-test against 

100% NF-κB activity. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001. 

 

Compound % inhibition  

at 10 µM ± SEM 

1 75 ± 4** 

2 3 ± 2 

3 -6 ± 2 

4 16 ± 4 

5 37 ± 7* 

6 9 ± 4 

7 5 ± 7 

8 20 ± 4* 

9 25 ± 9 

10 98 ± 0.3**** 

11 75 ± 5** 

12 83 ± 15* 

Enpatoran 100 ± 0 
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Table S3. Inhibition of NF-κB activity in hTLR8-HEK293 cells by compounds 17-41, 43.  

Data are mean ± SEM of three to four independent experiments (Figure S6). One-sample t-test 

against 100% NF-κB activity. *P ≤ 0.05, **P ≤ 0.01 ***P ≤ 0.001, ****P ≤ 0.0001. 

 

Compound % inhibition  

at 10 µM ± SEM 

17 52 ± 4*** 

18 61 ± 3*** 

19 89 ± 2**** 

20 63 ± 0.7**** 

21 75 ± 2**** 

22 54 ± 3**** 

23 57 ± 3*** 

24 96 ± 2** 

25 68 ± 6**** 

26 77 ± 4** 

27 84 ± 4*** 

28 97 ± 1**** 

29 72 ± 5*** 

30 24 ± 9 

31 98 ± 0.3**** 

32 77 ± 5*** 

33 94 ± 2 **** 

34 97 ± 0.9**** 

35 99 ± 0.2**** 

36 26 ± 2*** 

37 80 ± 2**** 

38 100 ± 0.1**** 

39 100 ± 0.2**** 

40 99 ± 0.4**** 

41 99 ± 0.7**** 

43 32 ± 2** 

Enpatoran 100 ± 0**** 
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Table S4. Chemical structures of synthesized compounds 17-41, 43. 

 

 
Compound R1 Amine (R2NH2) 

17  H 

 

18 H 
 

19 H 
 

20 H 
 

21 H 
 

22 OMe 

 

23 OMe 
 

24 OMe 
 

25 OMe 
 

26 OMe 
 

27 OMe 
 

28 OMe 
 

29 OMe 
 

30 OMe 

 

31 OMe 
 

32 OMe 
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33 OMe 
 

34 H 
 

35 H 
 

36 H 

 

37 H 
 

38 H 
 

39 H 
 

40 H 

 

41 H 
 

43 H 
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Table S5. Interaction frequencies of 10 with TLR8 homodimer during MD simulation. 

 

 
  

Ligand Moiety Interaction type Frequency 

Methyl 1 Hydrophobic 100.0% 

Isoxazole nitrogen 2 Hydrogen bond acceptor 60.1% 

Isoxazole oxygen 3 Hydrogen bond acceptor 80.2% 

Methyl 4 Hydrophobic 100.0% 

Isoxazole 5 Aromatic 43.5% 

Methoxy 6 Hydrogen bond acceptor 7.3% 

Phenyl 7 Hydrophobic 100.0% 

Carbamide oxygen 8 Hydrogen bond acceptor 20.5% 

Carbamide amide 9 Hydrogen bond donor 8.3% 

Amine 10 Hydrogen bond donor 84.4% 

Amine 10 Positive ionizable 91.6% 
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Table S6. Pharmacological parameters (EC50, Emax) of compound 10.  

Values were calculated from curves shown in Figure 6C.  

 
 

EC50 [µM] (95% CI) ECmax [%] (95% CI) 

TL8-506 0.19 (0.16-0.22) 97.6 (92.9-104.7) 

+ 10 (0.1 µM) 0.27 (0.24-030) 95.42 (91.6-99.8) 

+ 10 (0.5 µM) 0.33 (0.29-0.39) 94.8 (89.9-100.4) 

+ 10 (1 µM) 0.49 (0.40-0.60) 93.9 (86.9-102.1) 

+ 10 (5 µM) 0.93 (0.79-1.16) 94.26 (84.5-111.8) 

+ 10 (10 µM) 1.45 (1.39-1.58) 103.7 (95.5-114.2) 
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1. 1H NMR, 13C NMR spectra and HPLC traces for compounds 9–17, 20–23, 30–32, 35, 

38. 

 

1H NMR (400 MHz, CDCl3) 
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13C NMR (400 MHz, CDCl3) 

 

 

HPLC trace for 9 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (400 MHz, CDCl3) 

 

 

HPLC trace for 10 
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1H NMR (400 MHz, (CD3)2CO) 
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13C NMR (100 MHz, (CD3)2CO) 

 

 

HPLC trace for 11 
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1H NMR (400 MHz, (CD3)2CO) 
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13C NMR (100 MHz, (CD3)2CO) 

 

 

 

HPLC trace for 12 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (400 MHz, CDCl3) 

 

 

HPLC trace for 13 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 14 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 15 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 16 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 17 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 20 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 21
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

 

HPLC trace for 22 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 23 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 30 
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1H NMR (400 MHz, CDCl3) 

 

 

  



S32 
 

13C NMR (100 MHz, CDCl3) 

 

  

HPLC trace for 31 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 32 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 35 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

 

HPLC trace for 38 
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2. Supplementary Figures 

 

 

 

Figure S1. NF-κB activity and cell viability in hTLR8-HEK293 cells for 9–17, 20–23, 30–32, 

35, 38. 

(A) HEK-Blue hTLR8 cells were preincubated with the compounds (10 μM, 25 μM) for 1 h 

and then stimulated with TL8-506 (0.6 μM) for 24 h. Supernatants were analyzed for TLR8-

mediated NF-κB activation by SEAP reporter assay using QuantiBlue (OD620) and normalized 

to TL8-506 alone. (B) HEK-Blue hTLR8 cells were incubated with the compounds (25, 50 

μM) for 24 h. Cell viability was analyzed using the MTT assay and normalized to non-

stimulated cells (vehicle control). DMSO (10 %, v/v) was used as the cytotoxic control. Mean 

+ SEM (n=4). (C) Activation of TLR8-dependent NF-κB activity in cells. HEK-Blue hTLR8 

cells were stimulated with TL8-506 (0.6 μM) or the compounds (10 μM, 25 μM) for 24 h. 

Supernatants were analyzed for TLR8-mediated NF-κB activation by SEAP reporter assay 

using QuantiBlue (OD620). The TLR7/8 antagonist enpatoran and TLR8 antagonist CU-CPT9a 

served as control. Mean + SEM (n=3–4).  
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Figure S2. Concentration-response curves in hTLR8-HEK293 cells for 9, 13–17, 20–23, 30–

32, 35, 38 and CuCPT9a. 

HEK-Blue hTLR8 cells were preincubated with increasing concentrations of the compounds 

9, 13–17, 20–23, 30–32, 35, 38 and CuCPT9a for 1 h, and then stimulated with TL8-506 (0.6 

μM) for 24 h. Supernatants were analyzed for TLR8-mediated NF-κB activation by SEAP 

reporter assay using QuantiBlue (OD620). For the calculation of the concentration-response 

curve nonlinear regression with variable slope (four parameters) was used. Mean ± SEM (n=3–

4). 
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Figure S3. Cell viability of 16 in hTLR8-HEK293 cells. 

HEK Blue hTLR8 cells were incubated for 24 h with increasing concentrations of 16. Viability 

was analyzed using the MTT assay and normalized to non-stimulated cells (vehicle control, 

dashed line). DMSO (10% v/v) was used as the cytotoxic control. Mean + SEM (n=4). 
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Figure S4. RMSD plot of 15 in TLR8 binding interface. 

Compound 15 showed an average root mean square deviation (RMSD) of 2.78 Å during the 

simulation, indicating a stable binding mode of 15 in the binding pocket of the TLR8 

homodimer. 
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Figure S5. RMSD plot of 16 in TLR8 binding interface. 

Compound 16 showed an average root mean square deviation (RMSD) of 2.54 Å during the 

simulation, indicating a stable binding mode of 16 in the binding pocket of the TLR8 

homodimer. 
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Figure S6. RMSD plot of 23 in TLR8 binding interface. 

Compound 23 showed an average root mean square deviation (RMSD) of 3.58 Å during the 

simulation, indicating a stable binding mode of 23 in the binding pocket of the TLR8 

homodimer. 
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Figure S7. RMSD plot of 35 in TLR8 binding interface. 

Compound 35 showed an average root mean square deviation (RMSD) of 3.48 Å during the 

simulation, indicating a stable binding mode of 35 in the binding pocket of the TLR8 

homodimer.  
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Figure S8. RMSD plot of 38 in TLR8 binding interface. 

Compound 38 showed an average root mean square deviation (RMSD) of 3.16 Å during the 

simulation, indicating a stable binding mode of 38 in the binding pocket of the TLR8 

homodimer. During the simulation of Replica 3 an increase in the RMSD can be noticed, with 

the average RMSD of replica 3 consisting of 3.76 Å. This increase is related to the movement 

of the piperazine rest of 38 to maintain the positive ionizable interaction. 
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Figure S9. Concentration-response curve in hTLR7-HEK293 cells for 16 and 35. 

HEK-Blue hTLR7 cells were preincubated with increasing concentrations of compound 16 (A) 

or 35 (B) for 1 h and then stimulated with CL307 (1.7 μM) for 24 h. Supernatants were analyzed 

for TLR7-mediated NF-κB activation by SEAP reporter assay using QuantiBlue (OD620). For 

the calculation of the concentration-response curve nonlinear regression with variable slope 

(four parameters) was used. Mean ± SEM (n=4). 
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Figure S10. Cell viability of 16, 35 and CU-CPT9a in PBMCs and THP-1 macrophages. 

THP-1 macrophages or PBMCs were incubated with 0.6 µM TL8-506 or increasing 

concentrations of compound 16, 35 and CU-CPT9a for 4 h. LDH release was determined in 

cell culture supernatants. Results are shown as percentage of the maximum LDH release. Mean 

+ SEM (n=3–4). 
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3. Supplementary Tables 

Table S1. Molecular docking scores of compounds 9–17 and 20–23. 
 

 
Compound Amine (R1NH2) ChemPLP Fitness Score 

9  
 

74.32 

10 
 

75.58 

11 

  
74.68 

12 

  
74.45 

13 

 

86.06 

14 
 

76.26 

15 
 

75.62 

16 
 

73.42 

17 
 

75.94 

20 

 

70.65 

21 

 

76.17 

22 

 

79.56 

23 
 

80.00 
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Table S2. Interaction frequencies of 15 with TLR8 homodimer during MD simulation. 

 

 

Ligand Moiety Interaction type Frequency 

Methyl 1 Hydrophobic 93.8% 

Pyrimidine 2 Hydrophobic 39.7% 

Pyrimidine 2 Aromatic 5.9% 

Pyrimidine nitrogen 3 Hydrogen bond acceptor 99.0% 

Methyl 4 Hydrophobic 73.0% 

Phenyl 5 Hydrophobic 96.8% 

Carbamide oxygen 6 Hydrogen bond acceptor 22.8% 

Carbamide amide 7 Hydrogen bond donor 3.1% 

Amine 8 Positive ionizable  97.9% 

Propyl 9 Hydrophobic 46.0% 
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Table S3. Interaction frequencies of 16 with TLR8 homodimer during MD simulation. 

 

 

Ligand Moiety Interaction type Frequency 

Methyl 1  Hydrophobic 91.8% 

Pyrimidine 2 Hydrophobic 43.9% 

Pyrimidine 2 Aromatic 3.3% 

Pyrimidine nitrogen 3  Hydrogen bond acceptor 98.9% 

Methyl 4 Hydrophobic 74.4% 

Phenyl 5 Hydrophobic 97.8% 

Carbamide oxygen 6 Hydrogen bond acceptor 29.6% 

Carbamide amide 7 Hydrogen bond donor 8.6% 

Amine 8 Positive ionizable  88.8% 

Methyl 9 Hydrophobic 34.8% 

Methyl 10 Hydrophobic 23.1% 
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Table S4. Interaction frequencies of 23 with TLR8 homodimer during MD simulation. 

 

 

Ligand Moiety Interaction type Frequency 

Methyl 1  Hydrophobic 93.3% 

Pyrimidine 2 Hydrophobic 32.9% 

Pyrimidine 2 Aromatic 2.8% 

Pyrimidine nitrogen 3  Hydrogen bond acceptor 98.4% 

Methyl 4 Hydrophobic 76.0% 

Phenyl 5 Hydrophobic 98.3% 

Carbamide oxygen 6 Hydrogen bond acceptor 28.1 % 

Carbamide amide 7 Hydrogen bond donor 3.7% 

Amine 8 Positive ionizable  10.7% 

Ethyl 9 Hydrophobic 38.3% 
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Table S5. Interaction frequencies of 35 with TLR8 homodimer during MD simulation. 

 

 

Ligand Moiety Interaction type Frequency 

Methyl 1 Hydrophobic 95.7% 

Pyrimidine 2 Hydrophobic 52.4% 

Pyrimidine 2 Aromatic 65.9% 

Pyrimidine nitrogen 3  Hydrogen bond acceptor 94.7% 

Phenyl 4 Hydrophobic 98.1% 

Phenyl 5 Hydrophobic 97.6% 

Carbamide oxygen 6 Hydrogen bond acceptor 16.0% 

Carbamide amide 7 Hydrogen bond donor 0.3% 

Amine 8 Positive ionizable  91.6% 

Methyl 9 Hydrophobic 14.1% 

Methyl 10 Hydrophobic 27.5% 
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Table S6. Interaction frequencies of 38 with TLR8 homodimer during MD simulation. 

 

 

Ligand Moiety Interaction type Frequency 

Methyl 1 Hydrophobic 93.7% 

Pyrimidine 2 Hydrophobic 55.5% 

Pyrimidine 2 Aromatic 34.9% 

Pyrimidine nitrogen 3  Hydrogen bond acceptor 94.8% 

Cyclopentan 4 Hydrophobic 92.9% 

Phenyl 5 Hydrophobic 97.6% 

Carbamide oxygen 6 Hydrogen bond acceptor 20.4% 

Carbamide amide 7 Hydrogen bond donor 0.9% 

Amine 8 Positive ionizable  91.0% 

Methyl 9 Hydrophobic 16.3% 

Methyl 10 Hydrophobic 23.3% 
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