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Abstract 
 
 
Title of Dissertation: Inhibition of TLR2 Signaling by Small Molecule Inhibitors 
Targeting a Pocket Within the TLR2 TIR Domain 

Pragnesh Dilipkumar Mistry, Doctor of Philosophy, 2015 
 
Dissertation Directed By: Stefanie N. Vogel, Ph.D., Professor, Department of 
Microbiology and Immunology 
 

Toll-like receptor (TLR) signaling is initiated by dimerization of intracellular 

Toll-Interleukin-1 receptor resistance (TIR) domains. For all TLRs, except TLR3, 

recruitment of the adapter, MyD88, to the TIR domains results in downstream signaling 

that culminates in proinflammatory cytokine production. Therefore, blocking TLR TIR 

dimerization may ameliorate diseases caused by TLR-mediated hyperinflammatory 

states. The BB loop within the TLR TIR domain is critical for mediating certain protein-

protein interactions. Examination of the human TLR2 TIR domain crystal structure 

revealed a “pocket” adjacent to the highly conserved P681 and G682 residues of the BB 

loop. Using “Computer-Aided Drug Design” (CADD), we sought to identify a small 

molecule inhibitor(s) that would fit within this “BB loop pocket” and, potentially, disrupt 

TLR2 signaling. In silico screening identified 149 lead compounds and 20 FDA-approved 

drugs based on their predicted ability to bind in the BB loop pocket. These were screened 

in HEK293T-TLR2 transfectants for the ability to inhibit TLR2-mediated IL-8 mRNA. In 

this screen, C16H15NO4 (“C29”) was identified as a potential TLR2 inhibitor. C29, and a 

derivative, ortho-vanillin (o-vanillin), inhibited TLR2/1 and TLR2/6 signaling in human 

HEK-TLR2 and THP-1 cells, but only TLR2/1 signaling in murine macrophages induced 

by synthetic and bacterial TLR2 agonists. Mutagenesis of BB loop pocket residues 

revealed an indispensable role for TLR2/1, but not TLR2/6 signaling, suggesting 



divergent roles. Mice treated with o-vanillin exhibited reduced TLR2-induced 

inflammation. Our data provide proof of principle for this novel CADD approach for the 

identification of inhibitors of TLR signaling. 
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Chapter 1: Introduction 

Innate Immunity 

The innate immune system provides the first line of defense to recognize and 

eliminate foreign pathogens. Innate immunity is evolutionarily more primitive than 

adaptive immunity and utilizes external and internal defenses to protect the host from 

infectious agents [reviewed in [1]]. External defenses include physical, chemical, and 

microbial barriers, while internal defenses include complement, phagocytic cells, and 

non-phagocytic cells [reviewed in [1]]. One example of a physical barrier are epithelial 

cells linked by tight junctions that are found in the skin and linings of the gastrointestinal, 

respiratory, and urogenital tracts that prevent exposure to the extracellular environment 

[2, 3]. Importantly, the mucosal epithelia in the respiratory tract traps microbes in the 

mucus layer and expel them from the lungs using the beating motion of the cilia [4].  

Beneath the physical barrier is the presence of various chemical and microbial 

defenses. For example, tears and saliva contain lysozyme that attacks the peptidoglycan 

layer of Gram-positive bacteria [5]. In addition to lysozyme, saliva also contains 

histatins, which are antimicrobial peptides that target the mitochondria of fungal cells 

where they induce the loss of ATP resulting in cell death [6]. The acidic pH of the 

stomach, digestive enzymes, and bile salts prevent microbial entry into the gut [reviewed 

in [7]]. Within the small intestine, Paneth cells release granules containing antimicrobial 

agents including lysozyme, secretory phospholipase A2, and α-defensins, which disrupt 

the integrity of microbial membranes [8-10]. Also in the gut are commensal bacteria that 

compete with pathogenic bacteria for nutrients and attachment to epithelial surfaces 

[reviewed in [11]]. Commensal bacteria including Escherichia coli and Lactobacillales 
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produce antimicrobial toxins called bacteriocins, which kill closely related bacterial 

species by disrupting membrane permeability and nucleic acid degradation [reviewed in 

[12]], [13]. If the invading microbe bypasses the physical and chemical barriers of the 

innate immune response, internal defenses including complement and phagocytic cells 

promote detection, uptake, and clearance of these microorganisms.  

The complement system was originally described by Jules Bordet as the heat-

sensitive component of the serum that ‘complemented’ the bacteriolytic activity of 

antibodies [reviewed in [14]]. Later studies would reveal that complement plays a key 

role in both adaptive and innate immunity [reviewed in [14]]. Complement is a network 

of soluble and membrane-bound proteins that circulate in the serum and mediate the 

opsonization and clearance of various pathogens [reviewed in [14]]. Complement 

activation occurs after complement proteins interact with pathogen surfaces and there are 

three main pathways that lead to the activation of complement [reviewed in [15]]. The 

classical pathway of complement activation requires antibody and therefore is associated 

with the adaptive immune response, while the mannose-binding lectin (MBL) and 

alternative pathways of complement activation are antibody-independent and therefore 

are linked with the innate immune response [reviewed in [14]]. The classical pathway of 

complement activation is initiated after the initial protein in the pathway, C1q, interacts 

with the pathogen surface and this can occur in three different ways [reviewed in [15]]. 

First, C1q can interact directly with surface molecules on bacteria including bacterial cell 

wall proteins and lipoteichoic acid (LTA) expressed on Gram-positive bacteria [reviewed 

in [15]], [16, 17]. Secondly, C1q can interact with C-reactive protein, which is an acute 

phase protein present in the serum that recognizes phosphocholine residues in bacterial 
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polysaccharides [reviewed in [15]], [18]. Finally, C1q interacts with the Fc portion of 

complement-fixing antibodies (IgM and IgG) that are bound to antigen [reviewed in 

[14]]. In the case of the MBL pathway, the acute phase protein, MBL, recognizes 

mannose residues present on microbes leading to complement activation [19]. The 

alternative pathway of complement activation is initiated when the cleaved component of 

C3, C3b, binds to pathogen surfaces [reviewed in [15]]. Despite utilizing various proteins 

to initiate complement activation, activation of all pathways triggers a cascade of 

proteolytic events that converge to assemble the C3 convertase that cleaves C3 to C3b 

and C3a [reviewed in [15]]. C3b deposition on bacterial surfaces mediates opsonization 

and clearance of immune complexes by complement receptors on phagocytes and C3b 

also associates with the terminal components of the complement pathway to assemble the 

membrane-attack complex (MAC) resulting in the lysis of cells [20, 21]. The cleavage 

products, C3a and C5a, are anaphylatoxins and they interact with complement receptors 

on mast cells and basophils to induce degranulation and release of histamine [22-25]. 

These anaphylatoxins increase vascular permeability, which results in extravasation and 

chemotaxis of phagocytes and antibodies to further amplify the inflammatory response 

[22]. Interestingly, C5a enhances the expression of complement receptors CR1 and CR3 

on monocytes, which greatly enhances phagocytosis of opsonized bacteria [26]. 

Additional cleaved components of complement include C4b and iC3b, which opsonize 

bacteria and facilitate their uptake by phagocytes expressing complement receptors 

[reviewed in [14]], [27]. 

Macrophages behave as scavenger cells searching for various pathogens in 

different tissues and lymphoid organs [reviewed in [28]]. Upon pathogen recognition, 
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macrophages become activated and phagocytose the microbe and attempt to kill the 

engulfed microorganism using the toxic agents present in the phagolysosome [29]. If the 

macrophage is unable to kill the pathogen, it may process the microorganism into 

peptides that are presented in the context of major histocompatibility complex (MHC) 

class I or II [reviewed in [30]]. Activated macrophages also upregulate the expression of 

MHC class II molecules, costimulatory molecules CD80 (B7.1) and CD86 (B7.2), and 

proinflammatory cytokines and chemokines for neutrophil recruitment [reviewed in [31]]. 

Macrophages produce the chemoattractant, interleukin-8 (IL-8) that recruits large 

numbers of short-lived neutrophils to the site of inflammation [32]. Neutrophils eliminate 

pathogens by phagocytosis and activation of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, releasing antimicrobial molecules upon degranulation, and 

forming neutrophil extracellular traps (NETs) that are a web of chromatin fibers that trap 

and kill microbes [33-35]. Macrophages also generate IL-6 that acts on hepatocytes to 

produce additional acute phase proteins to further activate complement [36]. Complement 

activation results in increased vascular permeability and extravasation, opsonization, and 

MAC formation leading to lysis of the microbe [reviewed in [14]]. 

Adaptive Immunity 

In many cases, the innate immune response is sufficient to clear the infection 

without involvement of the adaptive immune response. The adaptive immune response is 

comprised of T cells (cell-mediated immunity) and B cells (humoral immunity) and is 

activated secondarily to the innate immune response [reviewed in [37]]. If the innate 

immune system is unable to eliminate the foreign pathogen, the adaptive immune 

response collaborates to eradicate the infectious agent [reviewed in [37]]. T cells are 
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unable to recognize naked antigen and need antigen processed and presented in the 

context of MHC for activation [38]. T cells expressing the cluster of differentiation 4 

(CD4) receptor detect antigen in the context of MHC class II and T cells bearing CD8 

recognize antigen complexed with MHC class I [39, 40]. CD4 T cells are highly critical 

for the activation of cytotoxic CD8 T cells, B cells, and macrophages [41-43]. All 

nucleated cells express MHC class I, but a subset of phagocytes (macrophages, dendritic 

cells, and B cells) termed professional antigen-presenting cells (APCs) express MHC 

class II [reviewed in [44]].  

Upon phagocytosis of a pathogen, macrophages assemble the NADPH oxidase 

complex and generate various intracellular toxic products to kill the microbe or process 

the microorganism into peptides that are presented in the context of MHC class I or II 

[45]. Once macrophages that present antigen-MHC class II encounter naïve T cells with 

T cell receptor specificity for that specific antigen-MHC II complex, the antigen-

presenting cell delivers three types of signals to the T cell [reviewed in [46]]. The first is 

the interaction between the antigen-MHC class II complex and the T-cell receptor (TCR) 

that informs the T cell that an antigen has been encountered [reviewed in [46]], [38]. The 

second signal is the interaction between the costimulatory B7 molecules on the 

macrophage and CD28 present on the T cells that results in increased survival and 

proliferation of the T cell [47, 48]. Finally, the third signal is the production of various 

cytokines by the macrophage to elicit the differentiation of naïve T cells into helper T 

cells and memory T cells that are specialized in eliminating the pathogen [reviewed in 

[49]], [50, 51]. In turn, the T cells can produce various cytokines to activate macrophages 

to enhance the ability to clear the inciting pathogen [reviewed in [31]]. For example, T 
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helper 1 (TH1) cells produce interferon-gamma (IFN-γ) that further activates 

macrophages, allowing them to eliminate intracellular pathogens better [43, 52-55]. 

Furthermore, B cells can present antigen-MHC class II to helper T cells triggering 

upregulation of CD40 ligand (CD40L) on the T cells [reviewed in [56]]. CD40L interacts 

with CD40 on the B cells and leads to B cell proliferation, somatic hypermutation, and 

immunoglobulin class switching resulting in the differentiation into antibody-producing 

plasma cells and memory B cells [57, 58]. 

A major difference between the innate and adaptive immune response is that 

activation of T cells and B cells can result in the production of memory cells that allow 

for an improved response in repeated infections and form the basis for vaccination 

[reviewed in [37]]. Innate immune cells are unable to form a memory response although 

it has been recently demonstrated that alternatively activated neutrophils produced 

soluble factors that “primed” a long-lived effector phenotype in macrophages that 

allowed for accelerated clearance of helminths [59]. In summary, the innate immune 

system plays a key role in providing a first line of defense against pathogenic microbes as 

well as initiating adaptive immunity, which can result in long-lasting immunological 

memory. 

Pattern-Recognition Receptors: Key sensors of Inflammatory Stimuli 

In addition to complement-mediated recognition of microbial components, 

phagocytes, including blood monocytes, dendritic cells, neutrophils, and macrophages, 

also express germ-line encoded pattern-recognition receptors (PRR) to detect conserved 

PAMPs from viruses, bacteria, protozoa, and fungi, as well as host-derived danger-
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associated molecular patterns (DAMPs) released from stressed or dying cells that lead to 

the production of proinflammatory mediators and type I IFN [reviewed in [60, 61]]. The 

purpose of the proinflammatory response is to eliminate the invading microbe and alert 

cells of the innate and adaptive immune response the presence of an infection [reviewed 

in [62]]. Type I IFN signals through the IFN-α/β receptor (IFNAR) and activates 

expression of hundreds of IFN-stimulated genes (ISGs) that induce an anti-viral state in 

non-infected cells to resist viral infection [63]. These innate immune receptors are non-

clonally distributed and identical receptors are expressed on all cells of the same lineage 

[reviewed in [64]]. PRRs on innate immune cells can be grouped into two main classes 

based on their localization: membrane-bound or cytosolic [reviewed in [65]]. 

Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) are examples of 

membrane-bound sensors, while cytoplasmic sensors include nucleotide-binding 

oligomerization domain (NOD) leucine-rich repeat (LRR)-containing receptors (NLRs), 

retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and cytosolic receptors for 

deoxyribonucleic acid (DNA) [reviewed in [65]] (Figure 1). TLRs are the main sensors 

for detection of PAMPs and host-derived DAMPs at the cell surface or in endosomes 

[reviewed in [65]], [66]. This results in downstream activation of nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) and interferon-regulatory factors 

(IRFs) allowing for the production of proinflammatory cytokines and type I IFN, 

respectively [reviewed in [65]]. CLRs belong to a superfamily of transmembrane and 

soluble proteins and they also induce an inflammatory response after recognition of 

carbohydrate moieties in fungal cell walls [reviewed in [67]].  
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Figure 1. Diagram of the major classes of membrane-bound and cytosolic pattern 
recognition receptors (PRRs). Membrane-bound PRRs include toll-like receptors (TLRs) 
and C-type lectin receptors (CLRs). Cytosolic PRRs include nucleotide-binding 
oligomerization domain (NOD) leucine-rich repeat (LRR)-containing receptors (NLRs) 
and retinoic acid-inducible gene I (RIG-I) helicase receptors. Reproduced from [72] with 
permission from Massachusetts Medical Society.  
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Among the cytoplasmic PRRs, the NLR family is the largest containing over 20 

members [reviewed in [68]]. NOD1 and NOD2 detect peptidoglycan breakdown products 

from Gram-negative and Gram-positive bacteria, respectively, leading to mitogen-

activated protein kinase (MAPK) and NF-κB activation [69-71]. NLR family, pyrin 

domain-containing 1 (NLRP1), NLRP3, and NLR family, caspase recruitment domain-

containing 4 (NLRC4) form the inflammasome and activate caspase-1, which results in 

the secretion of IL-1β and IL-18 and an inflammatory type of programmed cell death 

called pyroptosis [73-76]. RLRs include RIG-I, melanoma differentiation-associated 

protein 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) [reviewed in 

[77]]. RIG-I and MDA5 detect cytoplasmic viral double-strand ribonucleic acid (dsRNA) 

and mainly produce type I IFN using the adapter molecule mitochondrial antiviral-

signaling protein (MAVS) [78-80]. LGP2 is a negative regulator of RIG-I and MDA5 

because it lacks a caspase recruitment domain (CARD) that mediates interaction with 

MAVS [81, 82]]. Cytoplasmic dsDNA can lead to inflammasome formation and NF-κB 

activation via detection from absent in melanoma 2 (AIM2) [83-86]. Cytoplasmic DNA 

sensors that produce type I IFN include stimulator of interferon genes (STING) [87, 88], 

DEAD (Asp-Glu-Ala-Asp) box protein 41 (DDX41) [89], IFN-γ-inducible protein 16 

(IFI16) [90], and leucine-rich repeat flightless-interacting protein 1 (LRRFIP1) [91]. 

Among all the PRRs, TLRs are the best characterized and they serve a prominent role in 

antimicrobial defense.  

Toll-like Receptors (TLRs) 

TLRs are germline-encoded type I transmembrane receptors that were originally 
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discovered in Drosophila melanogaster. Thus far, 10 functional TLRs have been 

discovered in humans and 12 TLRs in mice with TLR1-9 conserved in both species 

[reviewed in [60]]. TLR10 is only expressed in humans and is a pseudogene in mice [92], 

whereas TLR11-13 are only expressed in mice [93-95]. Murine TLR8 was thought to be 

non-functional because dendritic cells from TLR7-deficient mice were unable to respond 

to guanosine (G)- and uridine (U)-rich single-stranded RNA (ssRNA) oligonucleotides 

from human immunodeficiency virus-1 (HIV-1) [96]. However, Gorden et al. recently 

demonstrated that human embryonic kidney 293T (HEK293T) cells overexpressing 

murine TLR8 activated NF-κB in response to imidazoquinoline immune response 

modifiers and polyT oligodeoxynucleotides suggesting that murine TLR8 is indeed 

functional [97]. Additionally, Demaria et al. demonstrated that TLR8-deficient mice 

expressed elevated TLR7 levels in dendritic cells and were hyper-responsive to TLR7 

ligands leading to autoimmunity, suggesting that TLR8 may play a negative regulatory 

role in this cell type [98].  

TLRs are essential for detection of conserved PAMPs from viruses, bacteria, 

protozoa, and fungi, as well as host-derived DAMPs that lead to the production of 

proinflammatory mediators, including, but not limited to, IL-1β, IL-6, IL-8, IL-12, tumor 

necrosis factor alpha (TNF-α), and many others [reviewed in [99]]. TLRs detect PAMPs 

and DAMPs from various cellular compartments including the plasma membrane and the 

endosome [reviewed in [68]]. Cell surface TLRs include TLR1, 2, 4, 5, and 6 and these 

receptors detect conserved molecular patterns from bacteria, viruses, protozoa, and fungi 

[reviewed in [68]]. For example, TLR2 forms heterodimers with TLR1 or TLR6 to 

recognize bacterial triacyl lipopeptides and diacyl lipopeptides, respectively [100, 101]. 
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Additionally, TLR5 senses bacterial flagellin [102]. In contrast to other TLRs, TLR4 

initiates distinct signaling pathways from two different cellular compartments [103, 104]. 

TLR4 detects lipopolysaccharide (LPS) from Gram-negative bacteria on the cell surface 

and initiates signaling leading to NF-κB activation and proinflammatory cytokine 

induction [105, 106]. Subsequently, TLR4 undergoes endocytosis and downstream 

signaling results in IRF3 activation and type I IFN production [103, 104].  

 TLR3, 7, 8, 9, 12, and 13 reside within endosomes and recognize nucleic acids 

derived from bacteria and viruses [93-95, 107-112]. TLR3 detects dsRNA derived from 

replicating viruses and TLR7/8 detects viral ssRNA and imidazoquinoline [96, 107, 108, 

110, 113]. TLR9 mediates the recognition of both bacterial and viral unmethylated CpG 

DNA [109, 114]. TLR12 detects Toxoplasma gondii profilin and TLR13 recognizes 

vesicular stomatitis virus and bacterial 23S ribosomal RNA [93, 94, 112]. Previous 

groups have demonstrated that TLR10 is expressed intracellularly and there is minimal or 

no detection on the surface of HT-29 intestinal epithelial cells, THP-1 cells, and Raji B 

cells [115, 116]. The localization of TLR11 is controversial as previous studies 

demonstrated that TLR11 recognized uropathogenic bacteria and Salmonella 

typhimurium flagellin [95, 117], suggesting cell surface expression. However, Pifer et al. 

demonstrated that TLR11 required the endoplasmic reticulum-resident protein Unc-93 

homolog B1 (UNC93B1) to localize in endolysosomal compartments [111].  

 All TLRs are structurally similar and are characterized by an extracellular 

ectodomain comprised of LRR that allows for recognition of PAMPs and DAMPs, a 

single transmembrane helix, and an intracellular Toll-IL-1 Receptor Resistance (TIR) 

domain. The latter mediates critical receptor-receptor, adapter-adapter, and receptor-
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adapter interactions required for signal transduction [118]. In addition to TLRs and 

adapter molecules, the TIR domain is also found within the interleukin-1 receptor (IL-

1R) [119, 120]. TIR domains contain 3 highly conserved regions termed Box 1 

(FDAFISY), Box 2 (GYKLC-RD-PG), and Box 3 (RFWXN where X is a basic residue) 

[121]. Slack et al. carried out alanine mutagenesis of the IL-1R TIR domain and found 

that only Box 1 and 2 were critical for signaling [121]. Slack et al. concluded that Box 1 

and 2 were involved in mediating interactions with downstream signaling molecules and 

Box 3 mediated trafficking of the receptor [121]. Upon ligand interaction with the TLR 

ectodomains, conformational changes occur that facilitate interaction of their intracellular 

TIR domains [122]. This TLR dimer serves as a scaffold for the recruitment of adapter 

proteins and downstream signaling molecules that lead to the activation of NF-κB, IRF3, 

and other transcription factors necessary for expression of numerous immune and 

inflammatory genes.  

 Five adapter proteins containing TIR domains function in TLR signaling. These 

include myeloid differentiation primary response gene 88 (MyD88), TIR domain-

containing adapter protein; MyD88 adapter-like (TIRAP/Mal), TIR domain-containing 

adapter inducing IFN-β (TRIF), TRIF-related adapter molecule (TRAM), and sterile 

alpha- and armadillo-motif-containing protein (SARM) [123-127]. Among the adapter 

proteins that function in TLR signaling, only MyD88 contains a N-terminal death domain 

that facilitates interactions with downstream IL-1 receptor-associated kinases (IRAKs) 

leading to NF-κB, activating protein 1 (AP-1), and IRF7 activation [128, 129]. TLRs 

produce distinct immune responses to specific PAMPS by utilizing various combinations 

of adapter proteins that, in turn, activate the appropriate group of transcription factors to 
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elicit TLR-specific gene expression [reviewed in [130]]. All TLRs except TLR3 recruit 

MyD88 to the activated receptor to initiate signal transduction of the MyD88-dependent 

pathway [reviewed in [131]] (Figure 2). Upon ligand recognition, conformational 

changes occur that allow for the dimerization of TLR TIR domains thus creating a 

scaffold for the recruitment of MyD88 [122]. IRAK4, IRAK1, IRAK2 and IRAK-M are 

recruited to MyD88 through their death domains [reviewed in [68]]. IRAK4 undergoes 

autophosphorylation and phosphorylates IRAK1 and IRAK2 [reviewed in [68]]. This 

leads to the recruitment of the E3 ubiquitin ligase, tumor necrosis factor receptor-

associated factor 6 (TRAF6), which associates with the E2 ubiquitin-conjugating 

enzymes Ubc13 and Uev1A to synthesize lysine 63 (K63)-linked polyubiquitin chains on 

TRAF6 and IRAK1 [reviewed in [68]]. The K63-polyubiquitin chains of TRAF6 interact 

with the novel zinc finger–type ubiquitin-binding domain of TGF-β activated kinase 1 

(TAK1)-binding protein 2 and 3 (TAB2 and TAB3) leading to TAK1 activation 

[reviewed in [68]]. TAK1 interacts with the IκB kinase (IKK) complex and 

phosphorylates IKKβ [reviewed in [68]]. IKKβ phosphorylates IκB proteins resulting in 

their proteosomal degradation and nuclear translocation of NF-κB [reviewed in [68]]. 

TAK1 also phosphorylates MAPKs including extracellular signal-related kinases 1/2 

(Erk1/2), c-Jun N-terminal kinase (Jnk), and p38 leading to the activation of AP-1 

[reviewed in [68]]. AP-1 and NF-κB induce the transcription of genes that promote the 

inflammatory response.       

In addition to cell surface TLRs, endosomal TLR7 and TLR9 also signal via the 

MyD88-dependent pathway to produce type I IFN and proinflammatory cytokines 

[reviewed in [133]] (Figure 2). Plasmacytoid dendritic cells are the only cells that 
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Figure 2. TLR signaling pathways. TLR1, 2, 5, and 6 are localized to the cell surface 
and detect surface-exposed microbial ligands from bacteria, viruses, protozoa, and fungi. 
TLR3, 7, 8, 9, and 13 recognize nucleic acids derived from bacteria and viruses and 
initiate signaling from the endosomes. TLR4 is localized to both the cell surface and 
endosomes. Upon ligand interaction with the ectodomains, conformational changes occur 
that facilitate interaction of their intracellular TIR domains. This TLR dimer serves as a 
scaffold for the recruitment of adapter proteins and downstream signaling molecules. All 
TLRs except TLR3 recruit MyD88 to the activated receptor to initiate signal transduction 
of the MyD88-dependent pathway. TLR3 activation leads to the recruitment of TRIF 
only and initiation of the MyD88-independent pathway. TLR4 is capable of utilizing 2 
pairs of adapter molecules, i.e., MyD88 and TIRAP, TRIF and TRAM, leading to signal 
transduction through the MyD88-dependent and MyD88-independent pathways, 
respectively. The MyD88-dependent pathway allows for the activation of the 
transcription factors NF-κB, cylic-AMP-responsive element-binding protein (CREB), 
AP1, and IRF7 favoring induction of proinflammatory cytokines and type I IFN, while 
the MyD88-independent pathway activates IRF3 resulting in type I IFN production. 
Reprinted from [132] with permission from Macmillan Publishers Ltd.  
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produce type I IFN in response to TLR7 or TLR9 activation [reviewed in [134]]. 

Activation of TLR7 or TLR9 in other cell types does not induce the production of type I 

IFN [reviewed in [135]]. In response to a stimulus, IRF7 interacts with MyD88 and forms 

a complex with IRAK4, TRAF6, TRAF3, IRAK1, IRAK2, and IKKα [reviewed in [68]]. 

IRAK1 and/or IKKα phosphorylate IRF7 promoting its dissociation from this complex 

and translocation to the nucleus where it induces the transcription of type I IFN genes 

[reviewed in [68]]. TLR7 and 9 induce NF-κB activation using the IRAK4-IRAK1-

TRAF6-TAK1 pathway mentioned previously [reviewed in [68]]. 

Unlike the aforementioned TLRs that utilize the MyD88-dependent pathway, 

TLR3 activation leads to the recruitment of TRIF only and initiation of the MyD88-

independent pathway [127] (Figure 2). The MyD88-independent pathway results in the 

activation of IRF3 and NF-κB and leads to the transcription of IRF3-responsive genes 

including IFN-β and proinflammatory cytokines, respectively [107, 127, 136, 137]. 

However, Yamamoto et al. demonstrated that TRIF-deficient peritoneal macrophages 

exhibited impaired proinflammatory cytokine production in response to LPS but not other 

MyD88-dependent ligands suggesting that the MyD88-independent pathway is not fully 

understood [126]. In response to a TLR3 ligand, TRIF associates with TRAF3, TANK-

binding kinase 1 (TBK1), and IKKε leading to the phosphorylation and nuclear 

translocation of IRF3 [reviewed in [68]]. Conversely, MyD88-independent NF-κB and 

MAPK activation occurs when TRIF forms a multi-protein complex with TRAF6, 

TNFR1-associated death domain (TRADD), Pellino-1, and receptor interacting protein 1 

(RIP1) that activates TAK1 and leads to the subsequent activation of NF-κB and MAPKs 

[reviewed in [68]]. In addition to TLR3, TLR4 also utilizes the MyD88-independent 
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pathway [136, 137]. TLR4 is capable of utilizing 2 pairs of adapter molecules, i.e., 

MyD88 and TIRAP, TRIF and TRAM, leading to signal transduction through the 

MyD88-dependent and MyD88-independent pathways, respectively [reviewed in [131]. 

TLR2 signaling utilizes the adapter molecules TIRAP and MyD88 to activate the 

MyD88-dependent pathway culminating in NF-κB, MAPK, and AP-1 activation [127, 

138].  

Toll-like Receptor 2 (TLR2) 

TLR2 detects a wide array of microbial ligands, in part because it is able to 

homodimerize and heterodimerize with TLRs 1, 4, 6, and 10 [92, 100, 101, 139-143]. 

The genes encoding for TLR1, 6, and 10 are found in a gene cluster on chromosome 4 

and they encode for proteins that have considerable conservation in their amino acid 

sequences [144, 145]. TLR2 is best known for forming heterodimers with TLR1 or TLR6 

[reviewed in [68]]. The TLR2/6 heterodimer recognizes diacyl lipopeptides [100], 

whereas TLR2 cooperates with TLR1 to recognize triacyl lipopeptides [101]. For 

example, TLR2/1 responds to the synthetic triacylated agonist N-Palmitoyl-S-[2,3-

bis(palmitoyloxy)-(2RS)-propyl]-(R)-cysteinyl-(S)-seryl-(S)-lysyl-(S)-lysyl-(S)-lysyl-(S)-

lysine (P3C), whereas TLR2/6 responds to the synthetic diacylated lipopeptide S-[2,3-

bis(palmitoyloxy)-(2RS)-propyl]-(R)-cysteinyl-(S)-seryl-(S)-lysyl-(S)-lysyl-(S)-lysyl-(S)-

lysine (P2C) [100, 101]. TLR2 also responds to lipoteichoic acid, other lipopeptides, and 

peptidoglycan derived from Gram-positive bacteria [146]. TLR2’s ability to dimerize 

with both TLR1 and TLR6 allows for recognition of lipoproteins and lipopeptides in both 

Gram-positive and certain Gram-negative bacteria [147-152]. Staphylococcus aureus, 

Streptococcus pneumoniae, Pseudomonas aeruginosa, Francisella tularensis, and 
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Mycobacterium tuberculosis are examples of microbial agents that signal through TLR2 

[147-150, 152-155]. Early work by the Tapping laboratory suggested that human TLR10 

dimerized with TLR2 and recognized triacylated lipoproteins; however, unlike the 

TLR2/1 and TLR2/6 heterodimers, TLR2/10 failed to induce NF-κB-luciferase and IL-8-

luciferase activity in response to receptor ligation [141]. Regan et al. identified Listeria 

monocytogenes as a ligand for TLR10 in intestinal epithelial cells and THP-1 human 

macrophage-like cell line, which required TLR2 for NF-κB activation [116]. Hasan et al. 

demonstrated that TLR10 is expressed by B cells and plasmacytoid dendritic cells from 

tonsils and requires MyD88 for NF-κB activation [92]. This group also showed that 

TLR10 undergoes homodimerization and also dimerizes with TLR2 and TLR1 [92]. 

Wang et al. recently reported that TLR2 may heterodimerize with TLR4 and this 

contributes to the inflammatory injury during intracerebral hemorrhage [142]. Buwitt-

Beckmann et al. suggested that TLR2 forms homodimers because murine spleen cells 

deficient for TLR1 and TLR6 were activated in response to P2C and the triacylated 

lipopeptide Pam3C-GNNDESNISFKEK [140]. However, TLR2 heterodimerization 

appears to be an absolute requirement for signaling [156]. Although TLR2 is best known 

for recognition of bacterial-derived PAMPs including lipoproteins and peptidoglycan, 

TLR2 has also been implicated in viral detection [157-164].  

 Previous studies have shown that TLR2 also senses certain DNA viruses 

including vaccinia virus, murine cytomegalovirus (MCMV), human cytomegalovirus 

(CMV), and Herpes simplex virus 1 and 2 (HSV-1/2) as well as ssRNA viruses including 

lymphocytic choriomeningitis virus (LCMV), measles virus, and hepatitis C virus [157-

164]. Barbalat et al. demonstrated that vaccinia virus- and MCMV-induced type I IFN by 



	  

 18 

Ly6ChiCD11b+CD11c-B220- inflammatory monocytes (IM) was TLR2- and MyD88-

dependent [157]. Interestingly, IM cells produced type I IFN in response to viral, but not 

bacterial ligands and TLR2-mediated production of type I IFN was dependent on TLR2 

internalization [157]. Stack et al. recently demonstrated that TRAM acts as a sorting 

adapter between TLR2 and MyD88 in the endosomes to induce type I IFN [165]. TRAM-

deficient immortalized bone marrow-derived macrophages (iBMDM) produced less IFN-

β in response to HSV-1 and HSV-2 compared to WT cells [165]. Compton et al. showed 

that CMV-mediated activation of NF-κB and induction of inflammatory cytokines 

required TLR2 and CD14 [160]. A previous study also showed that HSV-1-mediated 

TLR2 activation led to lethal encephalitis in mice [162]. Compared to wild-type (WT) 

C57BL/6J mice, HSV-1-infected TLR2-/- mice had reduced proinflammatory cytokine 

production, brain inflammation, and mortality [162]. Additionally, Zhou et al. 

demonstrated that LCMV-mediated production of monocyte chemoattractant protein-1 

(MCP-1), regulated on activation normal T cell expressed and secreted (RANTES), and 

TNF-α from murine astrocytes and microglial cells was dependent on TLR2, MyD88, 

and Mal [163]. A controlled inflammatory response allows for clearance of pathogens, 

but unchecked signaling through TLRs can result in inflammatory disease [reviewed in 

[68]]. 

Role of TLR2 in inflammatory diseases 

Ligand engagement of TLR2/1 or TLR2/6 activates the MyD88-dependent 

pathway, i.e., nuclear translocation of NF-κB and activation of MAPKs, resulting in 

production of proinflammatory cytokines [reviewed in [60]]. Dysregulated TLR2 

signaling has been implicated in numerous diseases including sepsis, 
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ischemia/reperfusion (I/R) injury, atherosclerosis, and tumor metastasis [166-169]. For 

example, WT C57BL/6J mice subjected to sepsis-induced acute kidney injury exhibited 

significantly more acute tubular necrosis in renal histological samples compared to 

TLR2-/- mice that presented with less severe injury and intact renal morphology [166]. 

Compared to WT mice, TLR2-/- mice subjected to cecal ligation and puncture (CLP) also 

exhibited significantly less neutrophil infiltration in the kidney, renal proinflammatory 

cytokine gene expression, and renal vascular permeability [166]. Additionally, renal 

histological samples from TLR2-/- mice revealed less tubular hypoxia and apoptosis 

compared to WT mice [166]. Collectively, these results suggest that TLR2 signaling 

contributes to acute kidney injury during sepsis [166]. In addition to sepsis, another 

inflammatory disease of the kidney that implicates TLR2 signaling is I/R injury. 

 I/R injury in the kidney is a major causative factor of acute and end-stage renal 

failure, renal transplant rejection, and delayed graft function [167, 170-173]. Upon renal 

I/R injury, TLR2 gene expression is upregulated on renal tubular epithelial cells (TECs) 

and epithelial cells from the Bowman capsule [174]. Leemans et al. demonstrated that 

primary murine TECs from TLR2-/- mice subjected to simulated I/R injury in vitro 

produced less keratinocyte chemoattractant (KC), macrophage inflammatory protein 2 

(MIP-2), MCP-1, and IL-6 compared to WT murine TECs [167]. Additionally, TLR2-/- 

mice with I/R injury exhibited reduced chemokine and cytokine protein levels in the 

kidney compared to WT mice that resulted in reduced granulocyte and macrophage 

infiltration into the kidneys [167]. Compared to TLR2-/- mice, WT mice subjected to I/R 

injury exhibited greater renal dysfunction with elevated levels of serum ureum and 

creatinine, increased apoptosis of TECs, and renal histology revealed increased renal 
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tubular damage [167]. Interestingly, WT mice treated with a TLR2 antisense 

oligonucleotide (ASON) before, during, and after I/R injury exhibited reduced renal 

dysfunction, TEC apoptosis, and granulocyte infiltration in the kidneys compared to mice 

treated with nonsense oligonucleotides (NSONs) [167]. These results indicate that 

blockade of TLR2 signaling could be a potential therapeutic approach to treating I/R 

injury in the kidney [167]. In addition to kidney injury induced by sepsis and I/R, TLR2 

signaling also plays a role in the development of atherosclerosis.    

It was once thought that atherosclerosis was a disease caused by a simple defect in 

lipid storage that led to obstruction of the arteries [reviewed in [175]]. Although lipid 

accumulation does lead to arterial obstruction, recent studies have revealed that 

inflammation is key to promoting the development of atherosclerotic lesions [176-179]. 

Atherosclerosis can be studied in mice using the low-density lipoprotein receptor-

deficient (Ldlr-/-) mouse, which contains a deletion in the gene encoding the low-density 

lipoprotein receptor (LDLr) resulting in human familial hypercholesterolemia [reviewed 

in [175]]. Mullick et al. showed that whole body deficiency of TLR2 in mice lacking the 

low-density lipoprotein receptor (Ldlr-/-Tlr2-/-) results in decreased atherosclerotic lesion 

burden compared to mice lacking only the low-density lipoprotein receptor (Ldlr-/-) after 

10 or 14 weeks of high fat diet consumption [168]. In addition to having fewer 

atherosclerotic lesions, these mice also had reduced total plasma cholesterol levels [168]. 

Having established that TLR2 plays a role in the development of atherosclerotic lesions 

in these mice, they next examined if activation of TLR2 by an exogenous agonist would 

promote atherosclerotic lesion development [168]. A dose-dependent increase in aortic 

atherosclerotic lesion area was observed in Ldlr-/- mice that received weekly 
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intraperitoneal (i.p.) injections of 25 µg and 50 µg of P3C [168]. As expected, Ldlr-/-Tlr2-

/- mice did not increase atherosclerotic lesion area after i.p. adminstration of P3C (50 µg), 

thus confirming the specificity of P3C for TLR2 activation [168]. In addition to 

contributing to the inflammatory response in sepsis, renal I/R injury, and atherosclerosis, 

TLR2 activation on tumor cells can lead to immunosuppressive effects in the tumor 

microenvironment [180].  

TLRs behave as double-edged swords because they promote the detection and 

clearance of tumor cells, thereby preventing tumor progression and metastasis, while 

TLR signaling on tumor cells permits immune evasion and tumor development [181, 

182]. Yang et al. recently demonstrated that mice treated intratracheally with the TLR2 

agonist, bleomycin, to induce lung injury resulted in an early influx of tissue-infiltrating 

proinflammatory cells followed by a later migration of tissue-infiltrating immune-

suppressive cells culminating in pulmonary fibrosis [180]. Interestingly, mice treated 

with a neutralizing antibody targeting TLR2 prevented the development of pulmonary 

fibrosis by reversing the immunosuppressive microenvironment induced by bleomycin 

[180]. Due to the immunosuppressive nature of the tumor microenvironment that 

promotes tumor growth and metastasis and the previous study demonstrating that TLR2 

signaling promotes an immunosuppressive environment in pulmonary fibrosis, Yang et 

al. sought to determine if TLR2 played a role in tumor metastasis in a murine model of 

B16 melanoma [169]. Knockdown of TLR2 using short-hairpin RNA (shRNA) in B16 

cells resulted in reduced invasive activity and P3C-mediated activation of TLR2 resulted 

in growth of B16 cells [169]. Intravenous (i.v.) administration of an anti-TLR2 

neutralizing antibody both prophylactically and therapeutically increased survival and 



	  

 22 

reduced pulmonary metastasis in C57BL/6J mice injected with B16 cells [169]. 

Additionally, lungs from these mice had reduced levels of the immunosuppressive 

cytokines including IL-10 and TGF-β [169]. Importantly, TLR2-deficient mice injected 

with B16 cells exhibited increased survival, reduced pulmonary metastasis, increased 

infiltrating tumoricidal CD8+ T cells, and fewer infiltrating forkhead box P3 (FoxP3+) 

regulatory T cells (Tregs) [169]. Based on this overwhelming evidence of a role for 

TLR2 in inflammatory disease and cancer, identification of inhibitors that dampen TLR2 

signaling may provide novel therapy for many diseases of differing etiologies.  

TLR2 Antagonists 

Many attempts have been made to develop inhibitors of TLR2 signaling due to 

the growing evidence supporting the notion that TLR2 may play a critical role in the 

pathogenesis of many inflammatory disorders. Meng et al. produced an antagonistic 

antibody, T2.5, against the extracellular domain of murine TLR2 [183]. T2.5 

immunoprecipitated both murine and human TLR2 from lysates of overexpressed 

HEK293T cells as well as endogenous mTLR2 from RAW264.7 cells [183]. Using 

surface plasmon resonance, T2.5 dose-dependently prevented the interaction between a 

recombinant murine TLR2 ectodomain (T2EC) and P3C [183]. Additionally, 

pretreatment of HEK293T cells overexpressing human or murine TLR2 with T2.5 (50 

µg/mL) reduced P3C- and heat-inactivated Bacillus subtilis-induced NF-κB activation 

[183]. T2.5 pretreatment also inhibited P3C- and heat-inactivated B. subtilis-induced 

TNF-α protein in RAW264.7 cell and primary murine macrophages [183]. T2.5 inhibited 

proinflammatory cytokine induction by blocking the activation of NF-κB, ERK1/2, p38, 

and Akt [183]. Additionally, mice pretreated with 1 mg of T2.5 and challenged with P3C 
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and D-galactosamine exhibited reduced serum protein concentration of TNF-α, KC, IL-6, 

and IL-12 p40 compared to WT mice [183]. Mice pretreated with T2.5 were protected in 

a septic shock model using IFN-γ and D-galactosamine sensitization and P3C challenge 

[183]. In another model of septic shock using a lethal dose of heat-inactivated B. subtilis, 

T2.5 delivered up to 4 hours before challenge and up to 3 hours post-challenge elicited a 

protective effect in mice [183]. In summary, T2.5 inhibits both murine and human TLR2 

signaling and is protective when administered prophylactically or therapeutically in 

multiple murine models of bacterial septic shock [183]. In addition to T2.5, a humanized 

anti-TLR2 antibody manufactured by Opsona Therapeutics, OPN-305, was shown to 

reduce myocardial I/R injury in pigs [184]. 

Arslan et al. previously demonstrated that systemic administration of a murine 

monoclonal antibody against human TLR2, OPN-301, reduced myocardial I/R injury in 

mice [185]. To determine the clinical relevance of this antibody for use in patients 

suffering from I/R injury, Arslan et al. examined the application of an anti-TLR2 

antibody in a porcine model of myocardial infarction [184]. To examine the effect of this 

antibody in this larger animal model, Arslan et al. engineered a clinical-grade humanized 

anti-TLR2 antibody, OPN-305, from the parent antibody OPN-301 [184]. Although 

OPN-305 has the same binding specificity as OPN-301, these two antibodies differ in that 

OPN-305 is a humanized IgG4 antibody that contains a stabilizing mutation in the hinge 

region [184]. Using flow cytometry, Arslan et al. demonstrated that OPN-305 interacted 

specifically with porcine TLR2 on porcine peripheral blood mononuclear cells [184]. 

Additionally, they determined that the half-life of OPN-305 in pigs was 8+2 days [184]. 

To examine the effect of OPN-305 on I/R injury in pigs, OPN-305 or saline control was 
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intravenously administered 15 minutes prior to reperfusion [184]. OPN-305 treatment 

dose-dependently reduced infarct size and myocardial necrosis [184]. Moreover, OPN-

305-treated pigs had reduced white blood cell count in the peripheral blood indicative of 

an improved clinical outcome [184]. When examining cardiac function, the systolic 

performance of the infarct area in OPN-305-treated pigs was preserved whereas the 

contractile performance of the myocardium in saline-treated pigs was reduced [184]. 

Based on these encouraging results and successful completion of Phase I clinical trials, 

OPN-305 is currently being tested in Phase II clinical trials in renal transplant patients for 

the prevention of delayed graft function.  

In addition to antagonistic antibodies targeting TLR2, Zhou et al. discovered a 

small molecule compound that inhibited virus-induced TLR2 activation [186]. Zhou et al. 

previously demonstrated that HEK293T cells stably expressing TLR2 and CD14 

produced IL-8 protein in response to LCMV, while IL-8 production was absent in 

HEK293T cells only overexpressing CD14 [164]. Additionally, peritoneal macrophages 

from TLR2-/- mice were unable to produce IL-6 in response to LCMV [164]. Using a 

HEK293T cell line (SZ10) that stably expressed hTLR2, hCD14, and a NF-κB-driven 

firefly luciferase, Zhou et al. screened >100,000 small molecule compounds from 

multiple libraries for those that could inhibit LCMV-induced NF-κB activation [186]. 

From that biological screen, Zhou et al. identified 10 compounds that inhibited LCMV-

induced NF-κB activation specifically by >50% and further characterized one of those 

compounds, E567 [186]. E567 dose-dependently reduced LCMV-induced but not TNF-

α-induced NF-κB activity and IL-8 protein in SZ10 cells [186]. Additionally, E567 

inhibited LCMV-mediated upregulation of cell surface TLR2 expression on SZ10 cells 
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[186]. In primary murine peritoneal macrophages, E567 blocked LCMV- and HSV-1-

induced MCP-1 and RANTES protein production [186]. In primary human monocytes, 

E567 dose-dependently blocked both LCMV- and HSV-1-induced IL-8 protein [186]. In 

response to synthetic TLR agonists, E567 inhibited both P2C- and LPS-induced MCP-1 

and IL-8 in murine peritoneal macrophages and primary human monocytes, respectively 

[186]. After establishing that E567 reduces LCMV-induced inflammatory cytokines in 

vitro, Zhou et al. determined the efficacy of E567 for blocking LCMV-mediated 

inflammation in vivo. C57BL/6J mice were pretreated intravenously with E567 (16 

mg/kg) or DMSO (vehicle) for 20 minutes and challenged with LCMV (2 x 105 pfu) 

[186]. E567-treated mice had reduced serum MCP-1 protein and virus titer in the spleen 

compared to DMSO control [186]. Additionally, E567-treated mice also had significantly 

less MCP-1 serum protein compared to DMSO control when challenged with P2C and 

LPS [186]. Collectively, these results suggest that E567 inhibits LCMV-induced 

inflammation both in vitro as well as in vivo [186].  

In addition to the previously mentioned TLR2 antagonists, additional inhibitors of 

TLR2 signaling have also been published including lipolanthionine peptides, 

hydroxyethyl starch 130/0.4, small molecule inhibitors targeting TLR2 lipopeptide 

binding site, TLR2 BB loop cell-penetrating decoy peptides, and TLR2-specific 

oligonucleotides [187-192]. Despite these many efforts, there is no TLR2 inhibitor 

licensed for human use. A better understanding of TIR domain interactions involved in 

TLR2 signaling could lead to discovery of novel therapeutic agents.  
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Structural and Functional Analysis of the TLR2 TIR domain (TIR2)  

Both TLRs and adapter proteins contain a cytoplasmic TIR domain that mediates 

homotypic and heterotypic interactions during TLR signaling [reviewed in [131]]. 

Despite the critical role of the TIR domain in mediating downstream signaling, it is still 

unclear how the TLR2/1 or TLR2/6 signaling complex is formed due to the lack of 

heterodimer structural data [193]. Despite this, the interface residues in the homodimeric 

interactions observed in the crystal structures of the TIR domains of TLR2 (TIR2), TLR1 

(TIR1), TLR6 (TIR6), TLR10 (TIR10), MyD88, and Mal combined with functional 

mutagenesis data has provided key insight into the structure-function relationship of 

TIR2 [118, 193-196]. Poltorak et al. and Qureshi et al. demonstrated that a P712H 

mutation in mTLR4 rendered C3H/HeJ mice hyporesponsive to LPS stimulation and the 

equivalent mutation in mTLR2 (P681H) resulted in deficient TLR2 signaling [106, 155, 

197, 198]. Xu et al. sought to determine the molecular basis for loss of signaling in TLR2 

and resolved the crystal structures of WT hTIR2 (Protein Data Bank (PDB) Identification 

(ID): 1FYW), hTIR2 (P681H) (PDB ID: 1FYX), and WT hTIR1 (PDB ID: 1FYV) [118]. 

The TIR fold contains a central five-stranded parallel β-sheet (βA-βE) that is surrounded 

by a total of five α-helices (αA-αE) [118]. Because all TLRs except TLR3 use MyD88 to 

mediate downstream signaling, these authors postulated that there must be a highly 

conserved region within the TIR domain of most TLRs that mediates this interaction 

[118]. After aligning the known TIR domain sequences, Xu et al. discovered a highly 

conserved surface patch within TIR2 [118] (Figure 3A). Making up most of the surface 

patch was the BB loop that contains the functionally important proline residue (P712 in 

mTLR4 and P681 in hTLR2) [118]. Additional contributing regions included helix αA,  
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Figure 3. Conserved surface patch of human TIR2. (A) Molecular diagram of hTIR2 
(PDB ID: 1FYW) with conserved surface patch highlighted. Conserved residues include 
β-strands (cyan), α-helices (yellow), BB loop (purple), other loops (green), and proline 
residue (red). (B) Drawing representation of (A) with same orientation and color labeling 
as described in panel A. Reprinted from [118] with permission from Macmillan 
Publishers Ltd. 
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strand βB, and the βA-2 residue [118]. The BB loop joins β-strand B with α-helix B 

[118] and is thought to mediate certain protein-protein interactions during TLR signaling 

[199]. Interestingly, the BB loop forms a protrusion on the surface of TIR2 and the 

conserved proline residue found at the outermost region of the BB loop is thought to 

mediate the docking of MyD88 [118] (Figure 3B). The crystal structure of hTIR2 

(P681H) revealed no significant differences compared to WT hTIR2 suggesting that  

interactions with downstream MyD88 could possibly be perturbed [118]. Xu et al. 

discovered that the P681H mutation disrupted the interaction between the TIR domains of 

TLR2 and MyD88 [118]. Interestingly, a G903V mutation in Drosophila Toll (G682V in 

hTLR2) did not affect the oligomerization of the receptor suggesting that the BB loop is 

not critical for receptor oligomerization but rather is needed for the interaction between 

TLR2 and MyD88 [118]. Verstak et al. further examined the role of the conserved proline 

residue in mediating MyD88-dependent signaling [200].  

All TLRs contain a conserved proline residue within the BB loop except for 

TLR3, which contains an alanine at that position [200]. Additionally, TLR3 is the only 

TLR to use TRIF exclusively, while all of the other TLRs use MyD88 [127]. Verstak et 

al. mutated the TLR3 alanine to proline (A795P) and observed that TLR3 now signaled 

through the MyD88-dependent pathway [200]. Compared to WT TLR3, poly(I:C)-

stimulated TLR3 (A795P) resulted in significantly less IFN-β, more NF-κB activation, 

less IRF3 and IRF7 activation, and more IRF5 activation [200]. Moreover, activation of 

TLR3 (A795P) but not WT TLR3 resulted in TRAF6 recruitment, which is an important 

signaling molecule in the MyD88-dependent pathway [200]. Interestingly, when proline 

was mutated to alanine in TLRs that signaled via the MyD88-dependent pathway, this 
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mutation did not confer TRIF-dependent signaling [200]. Collectively, Verstak et al. 

demonstrated that the BB loop A795 residue in TLR3 is highly critical for determining 

adapter specificity [200].  

Using a yeast two-hybrid method, Brown et al. further examined additional 

functional regions of TLR TIR domains required for MyD88 binding [201]. Although all 

TLRs except TLR3 require MyD88 for signaling, Brown et al. used a yeast two-hybrid 

assay to show that not all TLRs interact with MyD88 [201]. Unlike the hTLR2 TIR 

domain, the TIR domains of hTLR1, hTLR6, and hTLR10 did not bind to MyD88 [201]. 

Brown et al. also found that the P681H mutation abrogated the interaction between TLR2 

and MyD88 [201]. In addition to P681H, they also demonstrated that other conserved 

residues were critical for MyD88 binding including Y641 and D678, which are found 

within Box 1 and the BB loop, respectively [201]. Chimeric TLR1 and TLR6 constructs 

engineered to contain a 60-residue (641-700) segment from TLR2 conferred MyD88-

binding to both receptors [201]. Comparison of TIR sequences revealed that 3 amino 

acids were preserved in MyD88-binding TLRs (Y641, D642, and D678 in hTLR2) and 

not conserved in non-binding TLRs (F637, H638, and N672 in hTLR1) [201]. When 

these amino acids in hTLR1 were mutated to the corresponding residue in hTLR2, the 

N672D mutation conferred MyD88-binding ability to hTLR1 and the N672D/F637Y 

double mutation displayed greater MyD88-binding ability [201]. Although F637 is found 

distally in Box 1 of TIR1, the hTIR1 crystal structure revealed that folding of the TIR 

domain brings this residue in close proximity to the BB loop residues for potential 

engagement with downstream signaling proteins [201] (Figure 4). These results suggest  
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Figure 4. Co-varied residues F637, H638, and N672 are in close proximity within the 
human TIR1 structure. Using Pymol program, a coupling energy analysis was carried 
out onto the hTIR1 crystal structure (PDB ID: 1FYV) using hTLR1 N672 as the invariant 
residue. Pymol generated a heat map displaying relatively strong (red), moderate 
(yellow), or weak (blue) functional relationship to the designated hTLR1 N672 residue. 
Reprinted from [201] with permission from John Wiley and Sons. 
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that in addition to P681 in TLR2, Y641 (Box 1) and D678 (BB loop) also play a role in 

the recruitment of MyD88 to TLR2 [201].  

Having established that the BB loop plays a key role in MyD88 recruitment and 

TLR2 signaling, Toshchakov et al. designed cell-penetrating decoy peptides derived from 

the sequence of the BB loops (BBP) of TLR2, 1, and 6 and examined their effect on NF-

κB activation, MAPK activation, and proinflammatory cytokine induction [191]. TLR2 

BBP, but not TLR1/6 BBP, inhibited P3C- and P2C-induced NF-κB translocation and IL-  

1β mRNA [191]. Interestingly, TLR2 BBP blocked P3C- but not P2C-induced ERK1/2 

phosphorylation [191]. TLR1/6 BBP did not inhibit P3C-induced phosphorylation of 

ERK1/2 [191]. These results indicate the BB loops of TLR2 and that of TLR1/6 serve 

different roles in TLR2 signaling [191]. Moreover, the TLR2 BB loop appears to serve 

divergent roles in TLR2/1- and TLR2/6-mediated ERK1/2 activation [191].  

Qiu et al. recently showed that a certain residue within the TLR2 BB loop was 

critical for TLR2/1 signaling, but not for TLR2/6 signaling [202]. Comparison of the 

TLR2 TIR domain with TIR domains from other TLRs revealed that L663, N688, and 

P681 from TLR2 were conserved in all TLRs except TLR3 [202]. L663 and N688 are 

located outside of the BB loop and P681 is found within the BB loop [202]. When these 

three residues were mutated to the corresponding residue in TLR3 (L663E, P681A, and 

N688A), L663E and N688A were critical for both TLR2/1 and TLR2/6 signaling while 

P681A was only critical for TLR2/1 signaling with TLR2/6 signaling still intact [202]. 

The lack of signaling in these mutants was attributed to deficient MyD88 recruitment to 

TLR2 [202]. Computer modeling revealed that the P681A and N688A mutations altered 

the conformation of the BB loop and all three mutations changed the electrostatic charge 
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on the BB loop surface [202]. Because previous studies have revealed that the BB loop is 

a highly flexible region of the TIR domain [193], these authors speculated that ligand 

activation of the TLR2/1 or TLR2/6 heterodimer leads to different conformational 

changes in the BB loop and divergent responses for TLR2/1 and TLR2/6 signaling [202]. 

In addition to the findings by Qiu et al., Jiang et al. also found a site within the TLR2 TIR 

domain that regulates the stability of the BB loop and mutation leads to differential 

TLR2/1 and TLR2/6 signaling [203]. 

Using a random germ-line mutagen N-ethyl-N-nitrosourea, Jiang et al. generated a 

mutation in MyD88 (II79N) that they called Pococurante (Poc) [203]. Expression of the 

Poc protein failed to mediate all MyD88-dependent TLR signaling except for TLR2/6 

signaling [203]. Peritoneal macrophages from mice containing the Poc mutation were 

unresponsive to the TLR2/1 ligand, P3C, but were response to the TLR2/6 agonist, P2C 

[203]. The MyD88 Poc variant interacted with TLR2 in response to a TLR2/6 ligand, but 

not a TLR2/1 agonist [203]. When the Poc mutation was expressed in hTLR2 (V660N), it 

led to deficient TLR2/1 signaling but intact TLR2/6 signaling [203]. The Poc site in 

TLR2 is found outside of the BB loop and within the α-helix A [203]. Computational 

docking of the TLR2 and MyD88 TIR domains revealed that the BB loop and Poc site of 

TLR2 interacted with the same regions in MyD88 in an anti-parallel manner [203] 

(Figure 5). Using molecular dynamic simulations, Snyder et al. demonstrated that the 

wild-type Poc site stabilizes the MyD88 BB loop and the mutation potentiates the 

flexibility of the BB loop [204]. Having a mobile BB loop could potentially result in a 

greater entropic cost to obtain stable TIR:TIR interactions and thereby lead to deficient 

signaling [204]. In summary, Jiang et al. demonstrated that the Poc site is a potential  
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Figure 5. αA Helix (Poc site) and BB loop (conserved proline) are involved in the 
TLR2-MyD88 interface in the face-to-face model. Docking study of the MyD88 and 
TLR2 TIR domains. MyD88 is labeled in yellow and TLR2 is labeled in blue. The 
conserved proline residue (P200 in MyD88 and P681 in TLR2) is highlighted in red and 
the Poc site residue (V660 in TLR2 and I179 in MyD88) is labeled in green. Reprinted 
from [203] with permission from The National Academy of Sciences. 
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interface in the TLR2-MyD88 interaction and that MyD88 differentially interacts with 

TLR2 depending on which TLR2 heterodimer is being activated [203]. After gaining a 

better understanding of the different functional regions of the TLR2 TIR domain that 

mediate the interaction with MyD88, multiple studies have investigated the functional 

domains of TLR2 that regulate TLR2/1 and TLR2/6 heterodimerization.  

Tao et al. crystallized the structure of hTIR2 (C713S) (PDB ID: 1O77) and 

noticed the formation of an asymmetric dimer that resembled the TLR2/1 and TLR2/6  

heterodimers [205] (Figure 6A). The crystal structure of hTIR1 forms a tetramer that is 

stabilized by two disulfide linkages formed by C707 (C713 in hTLR2) on adjacent 

monomers [118]. Crystallization of hTIR2 results in a cacodylate modification in C713, 

which can potentially affect the natural oligomerization of the protein [118]. Tao et al. 

created a C713S mutation to circumvent the cacodylate-mediated modification of C713 

and discovered the formation of a tetramer (molecules A-D) containing two asymmetric 

dimers (A-B and C-D) [205] (Figure 6A). At the dimer interface, the αB helix, αC helix, 

αD helix, CD loop, and DD loop of molecule A made contact with the αB helix and BB 

loop of molecule B [205] (Figure 6B). The DD loop connects α-helix D and β-strand D 

and is located on the opposite side of the BB loop [205]. Interestingly, the conformation 

of the highly mobile BB loop was different in each of these molecules [205]. In molecule 

A, the BB loop is surface exposed and projects away from the TIR domain while in 

molecule B, the BB loop is closer to the TIR domain allowing for contact between the 

two molecules [205] (Figure 6A). Additionally, the BB loop in molecule A is still 

available for interaction with MyD88 [205]. The dimer interface residues were critical for 

signaling as the F679D (BB loop), L717E (αC helix), and R748E (DD loop) mutants  
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Figure 6.  Asymmetric dimers in the crystal structure of human TIR2 (C713S). (A) The 
crystal structure of hTIR2 (C713S) (PDB ID: 1O77) contains a tetramer with molecules 
A-D and forms asymmetric dimers AB and CD. (B) Residues in the dimeric interface of 
molecule A (green) and molecule B (cyan). The αB helix, αC’ helix, αD helix, CD loop, 
and DD loop from molecule A interact with the αB helix and BB loop from molecule B. 
Reprinted from [205] with permission from Elsevier.  
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were unable to activate NF-κB in response to peptidoglycan [205]. The residues in 

molecule A that are involved in the dimer interface are unique to TLR2 (L717 and R748), 

while interface residues in molecule B are highly conserved in all TLRs (BB loop) [205]. 

This suggests that molecule A most likely represents TLR2 and molecule B represents 

either TLR1 or TLR6 [205].  

Given the potential role of the DD loop in mediating TLR2 heterodimerization, 

Gautam et al. carried out structural and functional analysis to examine the role of the DD  

loop in TLR2/1 heterodimer formation [206]. Gautam et al. carried out random 

mutagenesis in hTIR2 and among the mutations that resulted in deficient signaling, 

RM30 (F701V and K743E) and RM67 (L762Q) mutants were not located within the BB 

loop and the molecular basis for lack of signaling was unclear [206]. K743 is located in 

the DD loop and L762Q is found in the adjoining αD region [206]. Because it was 

previously shown that the DD loop might play a role in TLR2 heterodimer formation and 

it was still unknown what residues within the DD loop mediated this interaction, they 

also carried out alanine scanning mutagenesis in the DD loop (E738-F749) and the 

neighboring αD region (C750-K754) [206]. Mutagenesis analysis revealed that R748, 

F749, L752, and R753 were critical for TLR2/1 signaling [206]. Interestingly, the 

naturally occurring single nucleotide polymorphism (SNP) R753Q predisposes 

individuals to M. tuberculosis infection [207]. Computer-assisted docking of hTIR2 and 

hTIR1 revealed 3 potential regions of interaction [206]. The first region involved 

interactions between the hTLR2 DD loop residues R748 and F749 with the hTLR1 BB 

loop residue G676 [206]. The second interface involved interactions between the hTLR2 

CD loop residue D730 and hTLR1 residues H646 and N700 [206]. Finally, the third 
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region involved the hTLR2 residue D730 and hTLR1 residue H646 [206]. To confirm the 

structural findings, Gautam et al. mutated hTLR1 G676 to a leucine or alanine and found 

that HEK293T cells cotransfected with WT hTLR2 and hTLR1 (G676L/A) resulted in 

decreased P3C-induced NF-κB activation compared to cells expressing both WT hTLR2 

and WT hTLR1 [206]. These results suggest that the DD loop of TLR2 and BB loop of 

TLR1 facilitate interactions between these two receptors [206].  

Given the critical role of the DD loop and αD region in mediating TLR2 

signaling, Xiong et al. determined the molecular basis for the lack of signaling and 

susceptibility to M. tuberculosis infection in patients with the R753Q polymorphism 

[208]. Compared to HEK293T cells that overexpress WT hTLR2, hTLR2 (R753Q)-

transfected HEK293T cells have decreased NF-κB activation in response to irradiated M. 

tuberculosis, heat-killed S. aureus, P3C, M. tuberculosis cell wall, M. tuberculosis culture 

filtrate, or M. smegmatis lipoarabinomannan (LAM) [208]. Additionally, hTLR2 

(R753Q)-expressing cells exhibited reduced phosphorylation of p38 and IκBα compared 

to WT TLR2 cells upon ligand stimulation [208]. Molecular modeling of hTIR2 (R753Q) 

revealed differences in the conformation and electrostatic charges of the DD loop and αD 

residues [208]. Compared to WT TLR2, the hTLR2 (R753Q) mutant exhibited a reduced 

capacity to recruit TLR6, MyD88, or Mal to TLR2 [208]. These results indicate that the 

R753Q mutation within the αD region of TIR2 impairs the recruitment of TLR6, Mal, 

and MyD88 resulting in deficient TLR2 signaling [208]. Although TIR1 and TIR6 share 

90% similarity in their amino acid sequences [209], the recent crystal structure of hTIR6 

suggests that the mode of interaction for the TLR2/1 and TLR2/6 heterodimers differs 

[193].  
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Jang et al. recently crystallized the structure of hTIR6 (PDB ID: 4OM7) and 

observed that the homodimerization interface did not require the BB loop [193] (Figures 

7 and 8A). The crystal structure of hTIR2 (C713S) suggested that the B helix, αC helix, 

αD helix, CD loop, and DD loop of TLR2 interacted with the αB helix and BB loop of 

TLR1 or TLR6 [205] (Figure 6B). Gautam et al. confirmed that the BB loop of TLR1 

was critical for TLR2/1 signaling [206]. However, the crystal structure of hTIR6 

suggested that the hTIR6 dimer interface only included the CD loop, DD loop, and αC 

helix [193] (Figures 7 and 8A). Mapping studies of hTIR6 resulted in the identification 

of residues that participated in the formation of the dimer interface (H713, K747, N746, 

Q708, L716, Y717, and C712) [193] (Figure 8A). Unlike hTIR6, the crystal structure of 

hTIR10 suggests that this receptor behaves similarly to TLR1 in homodimer formation 

[194] (Figures 8B and 9).  

 Human TLR10 was previously shown to undergo homodimerization and form 

heterodimers with TLR2 and TLR1 [92, 141]. Additionally, hTLR10 physically 

interacted with MyD88 and required MyD88 for NF-κB activation [92]. Nyman et al. 

resolved the crystal structure of hTIR10 (PDB ID: 2J67) and observed that it formed a 

symmetric dimer [194] (Figure 9A). The dimer interface included contributions from the 

BB loop, DD loop, and αC helix from each monomer [194] (Figure 9B). Previous crystal 

structures of both hTIR2 (C713S) and hTIR1 also involve the BB loop and αC helix in 

the dimer interface [118, 205]. Within the hTIR10 dimer interface, the BB loop residues 

Y668 (Y676 in hTLR2), F672 (F679 in hTLR2), P674 (P681 in hTLR2), and I678 (I685 

in hTLR2) formed a hydrophobic core that stabilized the BB loop [194] (Figure 9B). 

Interestingly, a surface-exposed pocket was formed by BB loop residues including E669   
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Figure 7. Cartoon representation of the homodimeric interactions observed in the 
crystal structures of TIR1 (PDB ID: 1FYV), TIR2 (PDB ID: 1FYW), and TIR6 (PDB 
ID: 4OM7) with interacting loops and helices. The dimeric interfaces of TIR1 and TIR2 
involve BB, CD, and DD loops along with either αC or αB helices to mediate 
dimerization. In contrast, the interface of the TIR6 dimer primarily uses the CD loop, DD 
loop, and αC helix to mediate dimerization and does not involve the BB loop.   
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Figure 8. Homo-dimerization interfaces from the crystal structures of human TIR6 
and TIR10. (A) Residues in the interface in chain A (blue) and chain B (pink) of hTIR6 
(PDB ID: 4OM7) are labeled in the right panel. (B) Residues in the dimeric interface of 
hTIR10 (PDB ID: 2J67) are labeled in the right panel. Reprinted from [193] with 
permission from Elsevier. 
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Figure 9. Dimeric interface from the crystal structure of human TIR10. (A) Ribbon 
diagram of the symmetric dimer from the crystal structure of hTIR10 (PDB ID: 2J67). 
(B) The BB loop, DD loop, and αC helix make contributions to dimer interface. 
Reprinted from [194] with permission from the American Society for Biochemistry and 
Molecular Biology. 
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(K676 in hTLR2), S670 (R677 in hTLR2), Y671 (D678 in hTLR2), D673 (I680 in 

hTLR2), P674 (P681 in hTLR2), and G675 (G682 in hTLR2) [194] (Figure 10). Because 

hTLR10 was previously shown to interact with MyD88 [92], this pocket might serve as 

docking site for MyD88 [194]. 

Visual examination of the crystal structure of human TLR2 TIR domain revealed 

a “BB loop pocket” (Y647, C673, D678, F679, I680, K683, D687, N688, D691, and 

S692) formed by residues on the adjoining β-B strand and αB helix that include the 

highly conserved proline and glycine residues of the BB loop (Figure 11). Due to the 

close proximity of the BB loop pocket to the critical signaling residues of the BB 

loop, we hypothesized that targeting the BB loop pocket with a small molecule using 

Computer-Aided Drug Design (CADD) might inhibit the interaction of TLR2 with 

MyD88 and, thereby, blunt the TLR2 signaling cascade.     

Computer-Aided Drug Design 

Protein-protein interactions are critical for various cellular processes and 

signaling pathways that rely on the formation of multi-protein complexes to carry out 

biological functions [reviewed in [210]], [211-214]. CADD is a high-throughput in silico 

approach utilizing database screening and docking algorithms to identify low-molecular 

weight organic compounds with biological activity that target the interface of interacting 

proteins [214]. Two aspects of CADD include structure-based drug design (SBDD) and 

ligand-based virtual screening [reviewed in [215, 216]]. SBDD utilizes the 3D structural 

data of the target protein to identify small molecules with a high probability for binding 

to the target site [reviewed in [215]]. Ligand-based virtual screening requires prior 

knowledge of known ligands or inhibitors for the target protein to manufacture lead  
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Figure 10. An extended patch of surface-exposed residues in the BB loop form a 
pocket in the human TIR10 dimer. A pocket (highlighted in red) is formed by residues 
of the BB loop and αC helix from the hTIR10 dimer (PDB ID: 2J67). Reprinted from 
[194] with permission from the American Society for Biochemistry and Molecular 
Biology. 
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Figure 11. Human TIR2 structure and alignment. (A) Molecular model of the hTIR2 
(PDB ID: 1FYW) (silver) with arrow indicating the CADD-targeted BB loop pocket 
(blue). Conserved P681 (red) and G682 (green) residues of the BB loop are found 
adjacent to the CADD-targeted pocket. Visual Molecular Dynamics program was used to 
generate this molecular model [217]. (B) Comparison of TIR domains from mouse (M) 
and human (H) TLRs based on amino acid alignment. Residues identical to the mouse 
TLR2 sequence are indicated with a dot. Yellow-highlight and bold type beneath 
asterisks (*) indicates residues that form the CADD-targeted pocket. Bold type in blue 
identifies the conserved P681-G682 residues of the BB loop. Percent protein identity 
across the entire TIR domain as well as the CADD-targeted pocket are given. 
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compounds with biological activity [reviewed in [216]]. A recent study by Murgueitio et 

al. used both approaches to maximize the identification of lead compounds that inhibited 

TLR2 signaling [189].  

The process to identify small molecule inhibitors using CADD begins with 

identifying a binding site on the 3D structure of the target protein [214]. Well-defined 

pockets or cavities in close proximity to protein-protein interaction sites are ideal binding 

sites for drug discovery [214]. Once a binding site has been identified, a primary docking 

procedure using an in silico screen of virtual databases is carried out to identify and score 

the top 20,000 to 50,000 compounds that have a high probability of binding to the target 

site [214]. The top scoring compounds undergo secondary docking using more rigorous 

and accurate docking parameters and the top scoring compounds are selected for 

experimental validation [214]. Once a lead compound with biological activity has been 

identified, structurally similar compounds are tested for biological activity to determine if 

the lead compound is a good candidate for lead optimization [218]. Candidate 

compounds are docked into the binding site and using quantitative structure activity 

relationship (QSAR) modeling, functional groups that maximize binding efficiency and 

bioavailability are identified for lead compound optimization [reviewed in [219]], [218].  

Previous groups have utilized CADD to identify inhibitors of protein-protein 

interactions that are critical for cancer progression [220-222]. B cell lymphoma 2 (Bcl-2) 

is an anti-apoptotic protein that is upregulated in cancer cells [223]. Bcl-2 contains a 

surface-exposed hydrophobic groove that binds the pro-apoptotic protein Bak BH3 and is 

critical for its anti-apoptotic activity [222]. The structure of Bcl-2 was constructed using 

the NMR structure of the related anti-apoptotic protein B-cell lymphoma-extra large 
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(Bcl-xl) [222]. In silico screening identified 28 compounds with the potential to bind in 

the Bcl-2 pocket and these were further tested in biological assays [222]. One of those 

compounds, HA14-1, physically interacted with the soluble Bcl-2 protein and induced 

apoptosis in HL-60 human acute myeloid leukemia cells, H1299 lung cancer cells, and 

NIH 3T3 murine embryonic fibroblast cells in a apoptotic protease activating factor 1 

(Apaf-1)-dependent manner [222]. In addition to Bcl-2, another protein that promotes 

cancer growth is S100B. 

S100B is a calcium-binding protein that interacts with the C-terminus of p53 to 

reduce its tumor suppressive activity thereby promoting cell proliferation [224, 225]. 

Markowitz et al. used CADD to identify small compounds that could inhibit the 

interaction between S100B and p53 and selected 60 compounds for biological testing 

[221]. Seven compounds interacted with S100B and five compounds blunted the 

proliferation of C8146A primary malignant melanoma cells [221]. In addition to S100B, 

previous studies have demonstrated that blocking ERK diminished the proliferation of 

cancer cells [226, 227]. Hancock et al. used CADD to identify small molecule 

compounds that target ERK docking domains, which are critical for ERK-mediated 

phosphorylation of substrate proteins [220]. CADD in silico screen of  >800,000 

compounds resulted in the identification of 80 compounds that had that the potential to 

bind in the ERK docking domains [220]. Compounds 76 and 81 reduced epidermal 

growth factor (EGF)-induced ribosomal s6 kinase 1(Rsk1) phosphorylation by >50% in 

HeLa cells [220]. Additionally, compound 76 dose-dependently reduced EGF-mediated 

ETS-domain containing protein (Elk-1) phosphorylation [220]. Compounds 76 and 81 

also inhibited cell proliferation in HeLa cells, A549 lung carcinoma cells, and SUM-159 
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estrogen-receptor negative breast cancer cells [220]. Using fluorescence quenching 

binding assay, Hancock et al. demonstrated that compounds 76 and 36 interacted with 

ERK2 [220]. Based on the identification of Bcl-2, S100B, and ERK inhibitors, CADD is 

a useful technique for the identification of small molecules that inhibit protein-protein 

interactions.   

Aims of this study 

Our decision to use CADD to identify small molecule inhibitors of TLR2 

signaling stemmed from its success in finding inhibitors of Bcl-2, S100B, and ERK 

described above [220-222]. Visual inspection of the hTLR2 TIR crystal structure 

revealed the presence of a pocket adjacent to the conserved and functionally important 

P681 and G682 residues of the TLR2 BB loop. Given the importance of the BB loop in 

mediating TLR signal transduction [118, 155, 198, 201], we hypothesized that targeting 

the BB loop pocket with a small molecule using CADD might inhibit the interaction of 

TLR2 with MyD88 and, thereby, blunt the TLR2 signaling cascade. In this study, we 

identified C16H15NO4 (“C29”), as well as a derivative, ortho-vanillin (o-vanillin), that 

inhibit both murine and human TLR2 signaling initiated by synthetic and bacterial 

agonists without cellular toxicity. In addition, mutation of the BB loop pocket residues 

revealed a differential requirement for TLR2/1 vs. TLR2/6 signaling. Our data indicate 

that CADD is a novel, effective approach for identifying small molecule inhibitors of 

TLR2 signaling and has the potential to identify inhibitors for other TLR signaling 

pathways. 
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Chapter 2: Experimental Procedures 

CADD In Silico Screening 

In silico screening using CADD followed a previously described protocol [220] 

adjusted for the present target, hTIR2. The 3D structure of hTIR2 was retrieved from the 

Protein DataBank (ID: 1FYW). Charges and hydrogens were added using SYBYL6.4 

(Tripos, Inc.). All docking calculations were carried out with DOCK [228] using flexible 

ligands based on the anchored search method [229]. The solvent accessible surface [230] 

was calculated with the program DMS [231] using a surface density of 2.76 surface 

points per Å2 and a probe radius of 1.4 Å2. Sphere sets were calculated with the DOCK-

associated program SPHGEN. From the full sphere set, sphere clusters in the hTIR2 

putative “pocket” were identified, where the pocket is adjacent to the BB loop with the 

conserved PG pair and is comprised of residues Y641, C673, D678, F679, I680, K683, 

D687, N688, D691, and S692. The selected sphere set acted as the basis for initial ligand 

placement during database searching. The GRID method [232] within DOCK was used to 

approximate the ligand-receptor interaction energy during ligand placement by the sum 

of the electrostatic and van der Waals (vdW) components. The GRID box dimensions 

were 41.2x41.7x41.6 Å3 centered around the sphere set to ensure that docked molecules 

were within the grid. 

 A database of more than 1 million low molecular weight, commercially available 

and FDA-approved compounds was used for the initial virtual screening. These databases 

were created by converting files obtained from the vendors in the 2D SDF format to the 

3D MOL2 format through a procedure that included geometry generation, addition of 



	  

 49 

hydrogens and charges, and force field optimization using SYBYL6.4 along with in-

house programs [233, 234]. The compounds screened in this manner had between 10 and 

40 heavy atoms and less than 10 rotatable bonds. During the docking procedure, each 

compound was divided into non-overlapping rigid segments connected by rotatable 

bonds. Segments with more than five heavy atoms were used as anchors, each of which 

was docked into the binding site in 250 orientations and minimized. The remainder of the 

molecule was built around the anchor in stepwise fashion by adding other segments 

connected through rotatable bonds. At each step, the dihedral of the rotatable bond was 

sampled in increments of 10o and the lowest energy conformation was selected. During 

primary docking, each rotatable bond was minimized as it was created without 

reminimizing the other bonds. Pruning of the conformational orientations ensured 

conformational diversity and more favorable energies [235, 236]. Energy scoring was 

performed with a distant-dependent dielectric, with a dielectric constant of 4, and using 

an all atom model. Once the whole molecule was built, then it was minimized. The 

conformation of each molecule with the most favorable interaction energy was selected 

and saved.  

 After the primary docking, compounds were chosen for the secondary screening 

based on their normalized vdW attractive interaction energy scores. Compound selection 

based on the DOCK energy score favors compounds with higher molecular weight (MW) 

since MW contributes to the energy score. To minimize this size bias, an efficient 

procedure by which the DOCK energies are normalized by the number of heavy atoms N 

or by a power of N was applied [234]. IEnorm,vdW = IEvdW/Nx. Normalization of the vdW 

attractive energies was done with x = 1, 0.33, 0.5, and 0.67 and the MW distributions of 
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the top 50,000 compounds in each category were analyzed, with x = 0.33 normalization 

used for the selection of compounds for secondary screening.  

 The top 50,000 compounds were subjected to a more rigorous and 

computationally expensive docking procedure, referred to as secondary database 

screening. The procedure described for primary docking was followed with the additional 

step of minimizing all rotatable bonds simultaneously during the stepwise building of the 

molecule. In addition, the docking was performed against the crystal conformation and 3 

additional conformations of TLR2 obtained from a molecular dynamics (MD) 

simulations of the protein. The MD simulation was performed with the program 

CHARMM [237] using the CHARMM22/CMAP force field [238-240] with the TIP3P 

water model [241] using periodic boundary conditions. The periodic system was a 

truncated octahedral of dimensions 86.2 Å with the protein centered in the simulation 

box. Two sodium ions were included to yield a neutral system. Electrostatic interactions 

were treated using particle mesh Ewald and the Lennard Jones (LJ) interactions were 

truncated over 8 to 10 Å using force switching [242]; non-bond interaction lists were 

updated heuristically out to 12 Å. Following overlay of the TLR2 protein with water the 

system was subjected to a 500 step Steepest Descent minimization following which the 5 

ns production MD simulation was performed at 298 K using the leap frog integrator with 

a time step of 2 fs, and SHAKE to constrain all covalent bonds involving hydrogen atoms 

[243]. Coordinates were saved every 1 ns for analysis. Final conformations for docking 

were selected by root-mean-square difference clustering with NMRCLUST [244] on 

structures from 2 to 5 ns of the MD simulations with representative structures from the 

three largest clusters selected for secondary docking. For each compound, the most 
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favorable total interaction energies from the four protein conformations was used for final 

ranking from which the top 1000 compounds were selected and subjected to chemical 

diversity analysis. Of these, we selected the 149 compounds based on chemical diversity 

and physicochemical properties appropriate for bioavailability [245] and 20 FDA-

approved drugs for the ability to block TLR2 signaling. 

Cell Culture  

Peritoneal exudate macrophages were obtained by peritoneal lavage from 6 – 8 

week old C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) 4 days after i.p. 

injection with sterile thioglycollate (Remel) as described [246]. Macrophages were 

washed and cultured in RPMI 1640 supplemented with 2% FBS, 2 mM glutamine, 1% 

penicillin and streptomycin, as described [246]. Macrophages were plated in 6-well tissue 

culture dishes (4 x 106 cells/well) or in 12-well tissue culture dishes (2 x 106 cells/well). 

After overnight incubation to allow for adherence of macrophages, cells were treated 

with the indicated stimuli. 

Non-transfected HEK293T cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% FBS, 2 mM glutamine, 1% penicillin and 

streptomycin. HEK293T cells stably transfected to express human TLR2-YFP (HEK-

TLR2), kindly provided by Dr. Douglas Golenbock (University of Massachusetts 

Medical School), were enriched in DMEM supplemented with 10% FBS, 2 mM 

glutamine, 10 µg/mL ciprofloxacin, and 5 mg/mL G418 Geneticin. THP-1 cells (ATCC, 

Manassas, VA) were cultured in RPMI 1640 medium modified to contain 2 mM L-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, 1500 mg/L 
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sodium bicarbonate and supplemented with 10% heat-inactivated FBS. THP-1 cells were 

plated in 6-well tissue culture dishes (4 x 106 cells/well) or in 12-well tissue culture 

dishes (2 x 106 cells/well). Cells were cultured with 20 ng/mL PMA for 24 hrs. Adherent 

cells were washed twice with THP-1 medium and then treated.    

Reagents 

Protein-free LPS from Escherichia coli K235 (< 0.008%) was prepared as a 

modification of McIntire et al. [247]. P3C and P2C were purchased from EMC 

Microcollections GmbH (Tuebingen, Germany). Recombinant mouse and human TNF-α 

were purchased from eBioscience (San Diego, CA). Francisella tularensis LVS and 

Streptococcus pneumoniae strain CIP 104225 (ATCC 6303) were grown as previously 

described [147, 248]. Heat-killed Streptococcus pneumoniae, heat-killed Pseudomonas 

aeruginosa, heat-killed Staphylococcus aureus, S. aureus lipoteichoic acid, zymosan, 

poly(I:C), R848, and CpG ODN 1668 were purchased from Invivogen (San Diego, CA). 

QuikChange Lightning Site-Directed Mutagenesis Kit was purchased from Agilent 

Technologies (Santa Clara, CA). Escherichia coli strain DH5α was purchased from Life 

Technologies (Carlsbad, CA) and heat-killed by heating at 60o C for 60 min. 3-[[2-

hydroxy-3-methoxyphenyl)methylene] amino]-2-methylbenzoic acid (C29) was 

purchased from ChemDiv (San Diego, CA). Ortho-vanillin and 3-amino-2-methylbenzoic 

acid were purchased from Oakwood (West Columbia, SC). Additional compounds were 

purchased from Chembridge (San Diego, CA), Ambinter (Orléans, France), and Ryan 

Scientific (Mount Pleasant, SC). Abs directed against phospho-ERK 1/2, phospho-p38, 

phospho-JNK 1/2, phospho-p65, phospho-IκBα, IκBα, β-actin, MyD88, and pan-

Cadherin were purchased from Cell Signaling Technology (Danvers, MA). Anti-human 
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TLR2 Ab was obtained from Abcam (Cambridge, MA). Anti-AU1 Ab was purchased 

from Covance (Princeton, NJ).  

Resuspending Compounds In Vehicle 

 Initially, all compounds were solubilized in 100% DMSO at a final concentration 

of 50 mM and were screened at a final concentration of 100 µM in 0.1% DMSO. To 

preclude cytotoxicity from DMSO, compounds were subsequently prepared as stock 

solutions (50 mM) in 65 mM NaOH in H2O and tested at a final concentration of 65 µM 

NaOH. 

Recombinant Plasmids and Site-directed Mutagenesis  

pcDNA3-YFP-hTLR2 was described previously [208]. The NF-κβ-responsive 

reporter plasmid, pELAM-Luc, was kindly provided by Dr. Douglas Golenbock 

(University of Massachusetts Medical School). pcDNA3-AU1-MyD88 vector encoding 

the AU1-tagged human MyD88 was a gift from Dr. Katherine Fitzgerald (University of 

Massachusetts Medical School). pRL-TK-Renilla luciferase was obtained from Promega 

(Madison, WI) and pcDNA3.1 was purchased from Invitrogen (Carlsbad, CA). pcDNA3-

CFP-hTLR6 and pFLAG-CMV1-hTLR1 were kind gifts from Dr. Andrei Medvedev 

(University of Connecticut Health Center). pcDNA3.1-mTLR2-CFP, pcDNA3.1-

mTLR1-YFP, and pcDNA3.1-mTLR6-CFP plasmids were provided by Dr. Vladimir 

Toshchakov (University of Maryland, School of Medicine).  

The TLR2 BB loop pocket mutations were introduced into the pcDNA3-YFP-

hTLR2 vector using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent 
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Technologies) according to the manufacturer’s instructions and the mutation was verified 

by sequencing. 

Quantitative real-time PCR (qRT-PCR)  

Total RNA was isolated using Tripure Isolation Reagent from Roche 

(Indianapolis, IN), according to the manufacturer’s protocol. cDNA was prepared from 

1.5 µg of RNA using Moloney Murine Leukemia Virus Reverse Transcriptase (Promega, 

Madison, WI). Cytokine gene expression was measured by qRT-PCR with transcript-

specific primers (Table 1) using SYBR Green in the ABI Prism 7900 Fast Real Time 

PCR system (Applied Biosystems, Foster City, CA) as described [147].  

Transient Transfection and NF-κB Reporter Assay 

HEK293T cells were cultured and plated overnight in 12-well tissue culture plates 

(2 x 105 cells/well). Transfection mixtures consisted of pcDNA3-YFP-hTLR2 or 

pcDNA3.1 control vector (1 µg/well each), pELAM (NF-κB)-luciferase (0.2 µg/well), 

and pRL-TK-Renilla luciferase (0.05 µg/well). Transfection was carried out using 

Superfect transfection reagent, cells were recovered for 48 h, and treated for 5 h with 

medium or stimuli in the presence/absence of C29. Cells were lysed in a passive lysis 

buffer (Promega, Madison, WI) and firefly luciferase and Renilla luciferase activities 

were measured using the dual luciferase reporter assay system (Promega, Madison, WI). 

Renilla luciferase was used for normalization and all values were further standardized to 

medium-treated pcDNA3-YFP-hTLR2 transfectants to determine relative luciferase units 

(RLU) [249].    
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 Sense (5’ – 3’) Antisense (5’ – 3’) 
hGAPDH CAAGATCATCACGAATGCCT

C 
GCATGGACTGTGGTCATGAGT
C 

hIL-1β  GATGCACCTGTACGATCACT
G 

ACAAAGGACATGGAGAACAC
C 

hTNF-α  CACTTTGGAGTGATCGGCC CTCAGCTTGAGGGTTTGCTAC
AAC 

hIL-8 AAACCACCGGAAGGAACCAT CCTTCACACAGAGCTGCAGAA 
hIL-6 AAATTCGGTACATCCTCGAC

G 
ACCTCAAACTCCAAAAGACCA
G 

hIL-12 p35 TCAGCAACATGCTCCAGAAG CCTCCACTGTGCTGGTTTTAT 
hIL-12 p40 GTTTCAGGGCCATTGGACT GAGATGCCAGAAAAACCAGG 
mHPRT GCTGACCTGCTGGATTACAT

TAA 
TGATCATTACAGTAGCTCTTC
AGTCTGA 

mIL-1β  ACAGAATATCAACCAACAAG
TGATATTCTC 

GATTCTTTCCTTTGAGGCCCA 

mTNF-α  GACCCTCACACTCAGATCAT
CTTCT 

CCACTTGGTGGTTTGCTACGA 

mKC TGTCAGTGCCTGCAGACCAT GCTATGACTTCGGTTTGGGTG 
mIL-6 TGTCTATACCACTTCACAAG

TCGGAG 
GCACAACTCTTTTCTCATTTCC
AC 

mIL-12 p40 TCTTTGTTCGAATCCAGCGC GGAACGCACCTTTCTGGTTAC
A 

 

Table 1. Human and murine quantitative real-time PCR (qRT-PCR) primer sequences. 
Human and primer primers were made using Primer Express 2.0 software (Waltham, 
MA) in conjunction with GenBank sequences, as described [147]. Primers were 
constructed to overlap neighboring exon boundaries to preclude recognition of genomic 
DNA.  
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 Cytokine protein measurements 

Cytokine levels in culture supernatants were analyzed by Multiplex beads in the 

Cytokine Core Laboratory (UMB).   

Co-immunoprecipitation and Immunoblotting   

Cells were treated and washed once with 1x PBS and lysed using buffer 

containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA (pH 

8.0), 50 mM NaF, 0.5% Triton X-100, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF, and 

protease inhibitor (Roche Applied Science, Indianapolis, IN). Cells were harvested and 

protein was quantified using BCA Protein assay reagents (Thermo Scientific/Pierce, 

Rockford, IL). Whole cell lysates (500 µg/500 µL) were precleared using 10 µL of pre-

washed Protein G Agarose (Roche Applied Science, Indianapolis, IN) for 2 hours at 4o C 

with rotation. Precleared samples were incubated with the respective antibody and rotated 

overnight at 4o C. Pre-washed Protein G (40 µL) was added to each sample and rotated 

for 4 h at 4o C. Beads were washed three times in lysis buffer (without protease inhibitor) 

and finally in complete lysis buffer. Beads were resuspended in 2x Laemmli Sample 

Buffer and boiled for 10 min. Immunoprecipitated proteins were separated by 10% SDS-

PAGE, transferred onto a polyvinylidene difluoride membrane, blocked, incubated with 

respective primary and secondary antibodies, and bands were visualized using ECL Plus 

reagents (Amersham Pharmacia Biotech, Piscataway, NJ), as described [250].  

Preparation of Cell Membrane Fractions 

Cell membrane fractions were prepared as described previously [251]. HEK293T 

cells were cultured and plated overnight in two 100 mm tissue culture plates (2.5 x 106 
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cells/plate). HEK293T cells were transiently transfected with pcDNA3.1 (10 µg/plate), 

pcDNA3-YFP-hTLR2 (10 µg/plate), or mutant TLR2 constructs in the same vector (10 

µg/plate). Forty-eight hours post-transfection cells were washed once with 1x PBS and 

resuspended at a concentration of 1 x 107 cell/mL in homogenization buffer containing 25 

mM HEPES, pH 7.3, 0.5 mM EGTA, 0.5 mM sodium orthovanadate, 0.1 mM sodium 

molybdate, 1 mM sodium fluoride, and protease inhibitor (Roche Applied Science, 

Indianapolis, IN). Using a dounce homogenizer (100 strokes), cells were lysed and 

centrifuged at 1000 x g for 10 min at 4o C to remove unlysed cells, nuclei, and cell 

fragments [252]. The resulting supernatant was centrifuged at 10,000 x g for 7 min at 4o 

C. The membrane pellet was collected after centrifugation of the resulting supernatant at 

417,000 x g (rav) for 2 h at 4o C. The membrane pellet was resuspended in 

homogenization buffer supplemented with 10 mM CHAPS.      

Evaluation of Cellular Cytotoxicity 

Cellular cytotoxicity was determined by measuring lactate dehydrogenase (LDH) 

activity released in the media after treatment with TLR agonist or TNF-α in the presence 

of media, vehicle (NaOH), or C29 using the CytoTox 96 nonradioactive cytotoxicity 

assay (Promega, Madison, WI) and quantified by measuring wavelength absorbance at 

490 nm. Treatment of cells with Triton X-100 served as the positive control.  

Thin-layer Chromatography 

 A TLC plate coated with silica was spotted with C29 dissolved in NaOH, C29 

dissolved in ethyl acetate, and a mixture of both. The plate was placed in solvent and 

visualized using a KMnO4 stain.  
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In Vivo Studies of TLR2 Inhibitor  

All animal studies were carried out with institutional approval. Female C57BL/6J 

mice (6-8 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, ME) 

and (n = 3 mice/group) received PBS, H2O, or C29L (in H2O) i.p. (1.314 mM/g). After 1 

h, mice received a second injection of PBS, H2O, or C29L i.p. (1.314 mM/g) and were 

subsequently challenged i.p. with PBS or P3C (100 µg) for 1 or 3 h. Mice were bled and 

sera was prepared. Livers were extracted from the mice and cDNA prepared for qRT-

PCR analysis.  

Statistical Analysis 

One-way ANOVA with Tukey’s multiple comparisons post-hoc test was used to 

determine statistical significance (p values < 0.05) using GraphPad Prism 6.0 (GraphPad 

Software Inc., San Diego, CA). Values are represented as the mean + SEM.   
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Chapter 3: Experimental Results 

Identification of small molecule inhibitors of TLR2 signaling in HEK-TLR2 cells. 

The crystal structure of hTIR2 (PDB ID: 1FYW) revealed the BB loop pocket 

(Y647, C673, D678, F679, I680, K683, D687, N688, D691, and S692) adjacent to the 

conserved P681 and G682 residues of the BB loop (Figure 11). Over one million 

commercially available small compounds, as well as FDA-approved drugs, were screened 

in silico for those that could potentially fit into the BB loop pocket. CADD analysis 

resulted in the selection of ~1000 compounds based on favorable interactions with the 

TLR2 BB loop pocket. Of these, 149 chemically-diverse small molecules with 

physiochemical properties that should maximize bioavailability were selected for 

biological evaluation. These, along with 20 FDA-approved drugs that ranked highest for 

their potential to fit into the BB loop pocket, were screened for their ability to inhibit 

TLR2-mediated signaling (Figure 12). 

After completion of the in silico screen, 34 compounds (C1-C34) were initially 

tested in HEK293T cells stably transfected with human TLR2 (HEK-hTLR2) for the 

ability to block P3C- and P2C-induced IL-8 mRNA. All compounds were solubilized in 

DMSO at 100% and tested at a final concentration of 100 µM in 0.1% DMSO. Four 

compounds, i.e., C10, C14, C29, and C32, consistently decreased P3C-induced IL-8 

mRNA by >50% (Figure 13A) and 8 compounds, i.e., C14, C29, and C32, as seen in 

P3C-induced signaling, as well as C24, C25, C26, C30, and C33, decreased P2C-induced 

IL-8 mRNA by >50% (Figure 13B). This data represents results of the first set of  
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Figure 12. Experimental model for the identification of small molecule inhibitors of 
TLR2 signaling. CADD analysis resulted in the identification of 149 commercially 
available small molecules and 20 FDA-approved drugs that had the potential to fit in the 
BB loop pocket. Of these, 99 compounds were ordered and examined for their ability to 
inhibit TLR2 signaling specifically in HEK293T cells stably expressing human TLR2, 
murine peritoneal macrophages, as well as the THP-1 human monocytic cell line. 
Compounds that failed to inhibit, were cytotoxic, or behaved as general inhibitors were 
excluded from further study. Compound C29 was identified as the most consistent 
inhibitor of TLR2 signaling that did not cause toxicity or act as a general inhibitor. 
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Figure 13. Initial in vitro screening of potential TLR2 inhibitors. (A, B) Total RNA 
was extracted from HEK-TLR2 cells pretreated for 1 hr with 100 µM of the indicated 
compound and then stimulated with P3C (100 ng/mL) (A) or P2C (5 ng/mL) (B) for 1 hr 
in the presence of the compound. IL-8 mRNA was measured by qRT-PCR and was 
normalized to the expression of GAPDH housekeeping gene. Arrow indicates C29. 
Quantitative real-time results shown are the mean + SEM from at least 3 independent 
experiments carried out in duplicate. 
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compounds analyzed. In all, 99 compounds identified from the CADD in silico screen 

were screened in HEK-TLR2 cells and 24 blocked TLR2/1, TLR2/6, or both signaling 

pathways to varying extents (Figure 12 and data not shown). These results suggest that 

CADD is an effective first step for the identification of potential small molecule 

inhibitors of TLR2 signaling.   

C29 blunts human TLR2/1 and TLR2/6 signaling in HEK-TLR2 stable transfectants and 

THP-1 cells. 

Having identified potential TLR2 inhibitors, we repeated our assay to assess dose-

dependency, specificity, and cytotoxicity. In the HEK-TLR2 cells and murine peritoneal 

macrophages, C14 and C32 were cytotoxic as assessed by LDH and behaved as general 

inhibitors (data not shown) and, therefore, excluded from further study. To prevent 

cytotoxicity from DMSO, we dissolved C29 (C16H15NO4; Figure 14A) in 65 µM NaOH 

in H2O. C29 blocked P3C- and P2C-induced IL-8 mRNA dose-dependently in HEK-

TLR2 stable transfectants, while having no effect on TNF-α-induced signaling or 

cytotoxicity (Figures 14B and C). Interestingly, C29 had a proportionately greater 

inhibitory effect on P3C-induced IL-8 mRNA compared to P2C-induced IL-8 mRNA 

(Figure 14B). Additionally, dissolving C29 in NaOH did not alter its ability to inhibit the 

TLR2/1 and TLR2/6 signaling pathways as observed when C29 was dissolved in DMSO 

(Figures 13 and 14). To confirm our findings in a more physiologic cell type, we next 

investigated the effect of C29 on TLR2 signaling in the human THP-1 macrophage-like 

cell line [253]. C29 significantly inhibited P3C- and P2C-induced cytokine expression at 

both 1 and 4 hr following stimulation (Figure 15). Inhibition was dose-dependent over 
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Figure 14. C29 inhibits both TLR2/1 and TLR2/6 signaling in HEK-TLR2 cells. (A) 
Structure of C29. (B) Total RNA was extracted from HEK-TLR2 cells pretreated for 1 hr 
with media, vehicle (65 µM NaOH), or C29 (10 µM or 50 µM) and then stimulated with 
P3C (200 ng/mL), P2C (200 ng/mL), or hTNF-α (300 ng/mL) for 1 hr in the presence of 
media, vehicle, or C29. IL-8 mRNA was measured as described in Figure 13. 
Comparable results were seen in experiments using C29 in 0.1% DMSO (Figure 13). (C) 
Supernatants of cell cultures were collected and analyzed for LDH release as a measure 
of cell cytotoxicity with Triton X-lysed cells serving as the positive control. Quantitative 
RT-PCR results are the mean + SEM from 2 independent experiments carried out in 
duplicate and LDH release is representative of one of those experiments carried out in 
duplicate. (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 15. C29 blunts TLR2/1 and TLR2/6 signaling in the human THP-1 
macrophage-like cell line. (A-F) The THP-1 human macrophage-like cell line was 
cultured in the presence of PMA (20 ng/mL) for 24 hrs and washed twice in media. Total 
RNA was extracted from cell cultures pretreated for 1 hr with media, vehicle (260 µM 
NaOH), or C29 (50 µM, 100 µM, or 200 µM) and then stimulated with P3C (50 ng/mL) 
(A-C) or P2C (50 ng/mL) (D-F) for 1 or 4 hrs in the presence of media, vehicle, or C29. 
Cytokine mRNA expression was measured as described in Figure 13. Results are the 
mean + SEM from 2 independent experiments carried out in duplicate. (*, p < 0.05; **, p 
< 0.01; ***, p < 0.001). 
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 a range of 50 to 200 µM for all cytokine genes examined including IL-1β, IL-12 p35, 

and IL-8 (Figure 15). TLR2 signaling results in the activation of the MyD88-dependent 

pathway leading to NF-κB activation and induction of proinflammatory cytokines and 

chemokines [reviewed in [68]]. To determine if C29 also blocked NF-κB activity, we 

established a transient transfection system in the HEK293T cell line in which we 

expressed a human TLR2 construct and an NF-κB-sensitive luciferase-reporter construct 

(ELAM) [254] to measure NF-κB-luciferase activity in the absence or presence of C29. 

C29 significantly blocked both P3C- and P2C-induced NF-κB-luciferase activity (Figure 

16). Consistent with our findings in Figure 14B, C29 had a somewhat greater inhibitory 

effect on human TLR2/1 signaling compared to TLR2/6 signaling (Figure 16). Thus, 

C29 inhibits both TLR2/1 and TLR2/6 signaling in human cell lines.  

C29 preferentially inhibits TLR2/1 signaling in primary murine macrophages. 

Based on the amino acid sequence identity between human and murine TLR2 TIR 

domains (88.9%), and particularly within the BB loop pocket (90%) (Figure 11B), we 

hypothesized that C29 would also block TLR2 signaling in primary murine macrophages. 

Because these compounds were selected based on their predicted ability to fit in a pocket 

identified within the TIR domain of TLR2, we sought to determine if they would also 

inhibit TLR4 signaling (60% homology within the pocket) (Figure 11B) or the TNF-α 

receptor that lacks a TIR domain. Interestingly, C29 significantly reduced P3C-, but not 

P2C-induced TNF-α and KC gene expression in a dose-dependent manner (Figure 17), 

in contrast to the human HEK-TLR2 transfectants and the THP-1 cells where C29  
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Figure 16. C29 inhibits hTLR2/1- and hTLR2/6-induced NF-κB activation. (A, B) 
HEK293T cells were transiently transfected with reporter constructs for ELAM-
luciferase, Renilla-luciferase, and either pcDNA3.1 or pcDNA3-YFP-hTLR2. Cells were 
pretreated for 1 hr with media, vehicle (65 µM NaOH), or C29 (50 µM) and treated with 
P3C (A) or P2C (50 ng/mL) (B) for 5 hrs in the presence of media, vehicle, or C29. 
Lysates were prepared and the dual-luciferase assay performed. Results are representative 
of 3 independent experiments carried out in duplicate (**, p < 0.01; ***, p < 0.001). 
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Figure 17. C29 preferentially inhibits TLR2/1 signaling in primary murine 
macrophages. (A-C) Total RNA was extracted from murine peritoneal macrophages that 
had been pretreated for 1 hr with media, vehicle (130 µM NaOH), or C29 (25 µM or 50 
µM) and then stimulated with P3C (50 ng/mL), P2C (100 ng/mL), LPS (100 ng/mL), or 
mTNF-α (300 ng/mL) for 1 hr in the presence of media, vehicle, or C29. TNF-α and KC 
mRNA was measured by qRT-PCR and was normalized to the expression of HPRT 
housekeeping gene. Comparable results were seen in experiments using C29 in 0.1% 
DMSO (Figure 18). Results are the mean + SEM from 2 independent experiments 
carried out in duplicate (*, p < 0.05; **, p < 0.01). 
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inhibited both TLR2/1 and TLR2/6 signaling pathways (Figures 14-16). Furthermore, 

C29 had no effect on LPS- or TNF-α-mediated signaling in murine macrophages (Figure 

17). To confirm that the vehicle, 65 µM NaOH in H2O, did not alter the specificity or 

potency of C29 in murine macrophages, we examined the effect of C29 dissolved in 0.1% 

DMSO. In murine peritoneal macrophages, C29 dissolved in DMSO significantly 

inhibited P3C-, but not P2C-, LPS-, or TNF-α-induced TNF-α gene expression in a dose-

dependent manner (Figure 18). To determine whether this was a species-specific or a 

cell-specific effect, HEK293T cells were transfected with plasmids encoding either 

human or murine TLR2 and either TLR1 or TLR6 and the effect of C29 on TLR2/1 and 

TLR2/6 signaling was assessed using our NF-κB reporter assay. C29 significantly 

reduced both hTLR2/1- and hTLR2/6- induced NF-κB-luciferase activity and that is 

consistent with previous findings using human HEK-TLR2 cells and THP-1 cells 

(Figures 14, 15, and 19). C29 also significantly inhibited mTLR2/1-, but not mTLR2/6-

induced NF-κB-luciferase activity and that is in agreement with previous data using 

murine peritoneal macrophages (Figures 17-19). These results suggest that the difference 

observed in the ability of C29 to block human TLR2/6 signaling and not murine TLR2/6 

signaling is species-specific.   

To bolster the notion that C29 is a TLR2-specific inhibitor, we tested additional 

TLR2 agonists including S. aureus lipoteichoic acid  (LTA SA) [151] and zymosan, 

shown in previous studies to activate the TLR2/6 pathway [156], as well as agonists for 

other TLRs. C29 specifically blocked P3C- and LTA SA-induced IL-1β mRNA in 

murine macrophages (Figure 20A). As observed with P2C in murine macrophages 

(Figures 17 and 18), C29 did not inhibit zymosan-induced IL-1β mRNA (Figure 20A). 
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Figure 18. C29 dissolved in DMSO specifically inhibits TLR2/1 signaling in murine 
macrophages. Total RNA was extracted from murine peritoneal macrophages that had 
been pretreated for 1 hr with media, 0.1% DMSO (vehicle), or C29 (1 µM, 10 µM or 100 
µM) and then stimulated with P3C (200 ng/mL), P2C (200 ng/mL), LPS (50 ng/mL), or 
mTNF-α (50 ng/mL) for 1 hr in the presence of media, 0.1% DMSO, or C29. TNF-
α mRNA was measured as described in Figure 17. Comparable results were seen in 
experiments using C29 in 65 µM NaOH (Figure 17). qRT-PCR results are the mean + 
SEM from 2 independent experiments carried out in duplicate (*, p < 0.05; **, p < 0.01). 



	  

 70 

 

Figure 19. C29 is species-specific and blocks human TLR2/6 signaling, but not murine 
TLR2/6 signaling. (A–D) HEK293T cells were transiently transfected with reporter 
constructs for ELAM-luciferase, Renilla-luciferase, and pcDNA3.1 in combination 
with/without pcDNA3-YFP-hTLR2, pFLAG-CMV1-hTLR1, pcDNA3-CFP-hTLR6, 
pcDNA3.1-mTLR2-CFP, pcDNA3.1-mTLR1-YFP, or pcDNA3.1-mTLR6-CFP. Cells 
were pretreated for 1 hr with media, vehicle (65 µM NaOH), or C29 (50 µM) and then 
treated with P3C or P2C (50 ng/mL) for 5 hrs in the presence of media, vehicle, or C29. 
Lysates were prepared and the dual-luciferase assay performed. Panels A and B represent 
the mean + SEM from 3 independent experiments carried out in duplicate and panels C 
and D represent the mean + SEM from 2 independent experiments carried out in 
duplicate (*, p < 0.05; **, p < 0.01). 



	  

 71 

 

Figure 20. Examining the broader specificity of C29 for TLR2 signaling. (A, B) Total 
RNA was extracted from murine macrophages that had been pretreated for 1 hr with 
vehicle (65 µM NaOH) or C29 (50 µM) and then stimulated with P3C (50 ng/mL), P2C 
(100 ng/mL), zymosan (10 µg/mL), S. aureus LTA (1 µg/mL), poly(I:C) (10 µg/mL), 
LPS (100 ng/mL), R848 (10 µg/mL), or CpG ODN 1668 (5 µM) for 3 hrs in the presence 
of vehicle or C29. IL-1β and IFN-β mRNA were measured as described in Figure 17. 
qRT-PCR results represent the mean + SEM from 2 independent experiments carried out 
in duplicate (*, p < 0.05; **, p < 0.01). 
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 C29 exhibited an inhibitory effect on TLR2-induced MyD88-dependent pathway but had 

no significant effect on the MyD88-independent pathway (Figure 20), indicating that 

C29 exhibits specificity for TLR2. Having established that C29 blocks proinflammatory 

cytokine mRNA in human and murine cells, we sought to confirm its ability to block 

TLR2-mediated proinflammatory cytokine induction at the protein level. C29 

significantly inhibited P3C-induced IL-6 and IL-12 p40 protein at both 4 and 6 hours 

post-treatment in primary murine macrophages (Figure 21). In summary, C29 blocks 

both P3C- and P2C-induced proinflammatory cytokine mRNA in human cell lines, while 

blocking only TLR2/1-mediated cytokine mRNA and protein in primary murine 

macrophages. 

C29 blocks TLR2 bacterial agonist-induced proinflammatory gene expression in HEK-

TLR2 cells and murine macrophages.  

TLR2 dimerization with TLR1 or TLR6 allows for recognition of both Gram-

positive and certain Gram-negative bacteria, e.g., S. aureus, S. pneumoniae, Ps. 

aeruginosa, and F. tularensis [147, 149, 150, 152]. C29 significantly inhibited heat-killed 

Ps. aeruginosa (HKPA)- and S. aureus (HKSA)-induced IL-8 mRNA in HEK-TLR2 

cells (Figure 22A). C29 also significantly inhibited IL-8 mRNA in HEK-TLR2 cells 

induced by live F. tularensis (Figure 22B), a known TLR2/6 agonist [147, 148, 255]. In 

primary murine macrophages (PEC), C29 significantly blocked heat-killed S. 

pneumoniae (HKSP)- and HKSA-mediated IL-1β mRNA (Figure 22C). As a control, we 

examined the ability of C29 to reduce heat-killed Escherichia coli (HKEC)- induced 

cytokines, which signals predominately through TLR4. C29 did not block HKEC-induced 
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Figure 21. C29 blocks TLR2/1-induced cytokine protein in murine macrophages. (A, 
B) Murine peritoneal macrophages were pretreated for 1 hr with media, vehicle (65 µM 
NaOH), or C29 (50 µM) and then stimulated with P3C (50 ng/mL) for 4 or 6 hrs in the 
presence of media, vehicle, or C29. Supernatants were analyzed by ELISA for IL-12 p40 
and IL-6 protein. Results are the mean + SEM from 3 independent experiments carried 
out in duplicate (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 22. C29 blocks TLR2 bacterial agonist-induced proinflammatory gene 
expression in HEK-TLR2 cells and murine macrophages. (A, B) HEK-TLR2 stable 
transfectants and (C-F) murine peritoneal macrophages (PEC). Total RNA was extracted 
from cell cultures pretreated for 1 hr with media, vehicle (65 µM NaOH) or C29 (50 µM) 
and then stimulated with HKPA (MOI = 50), HKSA (MOI = 50), HKSP (MOI = 50), 
P3C (50 ng/mL), HKEC (MOI = 0.1), live F. tularensis LVS (MOI = 10) or live S. 
pneumoniae (MOI = 0.7) for 4 hrs in the presence of media, vehicle, or C29. RNA was 
analyzed by qRT-PCR for the expression of the indicated gene products. qRT-PCR 
results are the mean + SEM from 2 independent experiments carried out in duplicate (*, p 
< 0.05; **, p < 0.01).  
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IL-6 mRNA, but did inhibit P3C-induced IL-6 mRNA (Figure 22D). Moreover, C29 

decreased IL-1β and IL-12 p40 mRNA from murine macrophages stimulated with live S. 

pneumoniae (Figures 22E and F). Thus, C29 blocks cytokine gene expression induced 

by bacterial TLR2 agonists derived from heat-killed or live, Gram-positive or Gram-

negative microbes in human HEK-TLR2 transfectants and in murine macrophages.     

C29 inhibits ligand-induced interaction of TLR2 with MyD88 and blocks MAPK and NF-

κB activation. 

Previous studies demonstrated that the P681H mutation within the BB loop of 

human TLR2 abolishes MyD88 recruitment and thereby blunts signaling [118, 201]. In 

THP-1 cells, C29 treatment diminished the interaction between endogenous TLR2 and 

MyD88 at 15 and 30 minutes post-stimulation with P3C compared to vehicle control and 

achieved statistical significance at 30 minutes after densitometry analysis (Figure 23A). 

TLR2 recruitment of MyD88 initiates downstream signaling that leads to activation of 

NF-κB and MAPKs. Upon P3C stimulation, C29 blocked robust MAPK activation at 30 

min and reduced NF-κB activation from 5 to 30 min (Figure 23B). C29 precluded P3C-

induced degradation of IκBα at 15 and 30 min (Figure 23B). Thus, C29 reduced 

proinflammatory gene expression in response to TLR2 agonists by preventing the 

recruitment of MyD88 and subsequent activation of NF-κB and MAPK. 

C29 derivative, ortho-vanillin, reproduces the TLR2 inhibitory activity of C29. 

Further examination of the structure of C29 (Figure 14A) suggested that the 
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Figure 23. C29 inhibits ligand-induced interaction of TLR2 with MyD88 and blocks 
MAPK and NF-κB activation. (A) THP-1 cells were cultured in the presence of PMA 
(20 ng/mL) for 24 hrs and washed twice in media. THP-1 human monocytes were 
pretreated with media, vehicle (195 µM NaOH), or C29 (150 µM) for 1 hr and treated 
with P3C (50 ng/mL) in the presence of media, vehicle, or C29 for 15 or 30 min. Co-
immunoprecipitation (IP) was carried out using anti-MyD88 antibody and Western 
analysis (IB) using whole cell lysates. Densitometry analysis of the TLR2 protein 
expression relative to MyD88 protein levels. (B) Murine peritoneal macrophages were 
pretreated for 1 hr with media, vehicle (65 µM NaOH), or C29 (50 µM) and treated with 
P3C (50 ng/mL) for 5-30 min in the presence of media, vehicle, or C29. IB was 
performed using whole cell lysates and antibodies directed against the signaling 
intermediates indicated. β-actin was probed as a loading protein. Panel A is 
representative of 3 independent experiments and densitometry analysis is the mean + 
SEM from three independent experiments (*, p < 0.05). Panel B is representative of two 
independent experiments. 
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imine linkage would likely be highly susceptible to nucleophilic cleavage. We 

hypothesized that when C29 is dissolved in NaOH, C29 is cleaved into two species, 

consisting of 3-amino-2-methylbenzoic acid (“C29R”) and ortho-vanillin (“C29L”) 

(Figure 24A). Thin layer chromatography confirmed that C29 is cleaved into these two 

species when dissolved in 65 µM NaOH, but not when dissolved in organic solvent 

(Figure 24B).	  Because the imine linkage was highly susceptible to nucleophilic cleavage, 

we hypothesized that synthesizing an analog of C29 (C29’) that contains a NèC 

substitution in the imine linkage would prevent C29 from being cleaved under NaOH 

conditions and inhibit TLR2 signaling similarly to C29 dissolved in 0.1% DMSO (Figure 

25A). The two cleavage products, C29L and C29R, as well as C29’ were tested to 

determine if they could reproduce the TLR2 inhibitory activity of C29. C29L, but not 

C29R, dose-dependently inhibited TLR2/1-induced TNF-α and KC gene expression in 

murine macrophages (Figure 25B). The non-hydrolysable C29 analog, C29’, 

significantly inhibited TNF-α mRNA at 25 µM but not at 50 µM, and did not 

significantly diminish KC gene expression at either concentration (Figure 25B). The 

inability of C29’ to inhibit TLR2/1 signaling dose-dependently is strikingly different 

compared to C29 dissolved in DMSO, which inhibits P3C-induced TNF-α mRNA dose-

dependently in murine peritoneal macrophages (Figure 18). Having established that 

C29L inhibits TLR2/1 signaling comparably to C29 in murine macrophages, we 

investigated the specificity of C29L for TLR2 signaling in murine peritoneal 

macrophages. C29L dose-dependently inhibited TLR2/1-induced proinflammatory  
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Figure 24. C29 undergoes cleavage in NaOH. (A) C29 dissolved in NaOH generates 
ortho-vanillin (“C29L”) and 3-amino-2-methylbenzoic acid (“C29R”). (B) TLC plate 
coated with silica was spotted with C29 dissolved in 65 µM NaOH, C29 dissolved in 
ethyl acetate, and a mixture of both. The plate was placed in solvent and visualized using 
a KMnO4 stain. 
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Figure 25. C29L reproduces the TLR2 inhibitory activity observed with C29. (A) 
Compound C29 is cleaved to form C29L and C29R. C29’ is the non-hydrolysable analog 
of C29 under vehicle conditions. (B) Total RNA was extracted from murine peritoneal 
macrophages that had been pretreated for 1 hr with vehicle (65 µM NaOH), C29 (25 µM 
or 50 µM), C29L (25 µM or 50 µM), C29R (25 µM or 50 µM), or C29’ (25 µM or 50 
µM) and then stimulated with P3C (50 ng/mL) for 1 hr in the presence of vehicle, C29, 
C29L, C29R, or C29’. KC and TNF-α mRNA were measured as described in Figure 17. 
qRT-PCR results are the mean + SEM from 2 independent experiments carried out in 
duplicate (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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cytokine gene expression in murine macrophages while having no effect on TLR2/6 or 

TLR4 signaling pathways (Figure 26A). We also examined the kinetics of TLR2 

inhibition for C29 and C29L and both compounds significantly reduced P3C-induced IL-

1β and IL-12 p40 mRNA from 1-6 hours in primary murine macrophages (Figure 26B). 

Furthermore, C29L significantly inhibited IL-12 p40 and IL-6 protein similar to C29 

(Figure 26C).  

Having demonstrated that C29L blocks TLR2/1 signaling comparably to C29 in 

murine macrophages, we next sought to determine if C29L blocks human TLR2 signaling 

with similar potency and specificity. Using the NF-κB reporter assay in HEK293T cells, 

we quantified the 50% inhibitory concentration (IC50) of C29 and C29L for human 

TLR2/1 and TLR2/6 signaling. C29L blocked hTLR2/1 (IC50 = 24. 2 µM) and hTLR2/6 

signaling (IC50 = 37.2 µM) comparable to C29 (IC50 = 19.7 µM and 37.6 µM, 

respectively) (Figure 27). Together, these results suggest that C29L is comparable to C29 

for inhibiting human and murine TLR2 signaling.  

C29L inhibits TLR2/1-induced inflammation in vivo. 

 A major advantage of using C29L rather than C29 in vivo is that C29L is soluble 

in water up to 4 mg/mL, while C29, due to its hydrophobicity, is essentially insoluble in 

water (data not shown). We next examined if C29L could inhibit TLR2/1-induced 

proinflammatory cytokine in vivo. Mice treated twice with C29L (1.314 mM/g) i.p. 1 

hour apart and subsequently challenged with P3C (100 µg) i.p. for 1 or 3 hrs significantly 

decreased IL-12 p40 and TNF-α liver cytokine mRNA and serum protein (Figure 28). 

Importantly, C29L had a significant inhibitory effect at the later time point for IL-12 p40. 
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Figure 26. C29L specifically inhibits TLR2/1-induced proinflammatory cytokine 
mRNA and protein in primary murine macrophages. (A) Total RNA was extracted from 
murine peritoneal macrophages that had been pretreated for 1 hr with vehicle (65 µM 
NaOH), C29 (25 µM or 50 µM), or C29L (25 µM or 50 µM) and then stimulated with 
P3C (50 ng/mL), P2C (100 ng/mL), or LPS (100 ng/mL) for 1 hr in the presence of 
vehicle, C29, or C29L. KC and TNF-α mRNA were measured as described in Figure 17. 
(B, C) Murine peritoneal macrophages were pretreated for 1 hr with media, vehicle (65 
µM NaOH), C29 (50 µM), or C29L (50 µM) and then stimulated with P3C (50 ng/mL) 
for 1-6 hrs in the presence of media, vehicle, or C29. (B) Total RNA was extracted and 
IL-1β and IL-12 p40 mRNA were measured as described in Figure 17. (C) Supernatants 
were analyzed by ELISA for IL-12 p40 and IL-6 protein. Panel A represents the mean + 
SEM from 2 independent experiments carried out in duplicate and panels B and C 
represent the mean + SEM from 3 independent experiments carried out in duplicate (*, p 
< 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 27. C29L blocks human TLR2/1 and TLR2/6 signaling comparably to C29 in 
HEK293T cells. (A-D) HEK293T cells were transiently transfected with reporter 
constructs for ELAM-luciferase, Renilla-luciferase, and pcDNA3-YFP-hTLR2. Cells 
were pretreated for 1 hr with C29 or C29L (1 µM - 250 µM) and treated with P3C or P2C 
(50 ng/mL) for 5 hrs in the presence of C29 or C29L. Lysates were prepared and dual-
luciferase assay performed. Data is representative of 2 independent experiments carried 
out in duplicate. 
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Figure 28. C29L inhibits TLR2/1-induced inflammation in vivo. (A, B) C57BL/6J mice 
were pretreated i.p. with vehicle (water) or C29L (1.314 mM/g) for 1 hr. Mice received a 
second pretreatment i.p. with vehicle (water) or C29L (1.314 mM/g) and subsequently 
were challenged i.p. with PBS or P3C (100 µg) and sacrificed 1 hr or 3 hrs later. Liver 
RNA (A) was analyzed by qRT-PCR and serum concentrations (B) were analyzed by 
Multiplex (*, p < 0.05; ***, p < 0.001; ****, p < 0.0001). Panels A and B n = 6 (the 
combined data from two separate experiments) for each treatment group. 
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Collectively, C29L blocks TLR2/1 signaling both in vitro and in vivo. 

TLR2 BB loop pocket mutants reveal divergent roles in TLR2/1 and TLR2/6 signaling. 

We sought to find BB loop pocket residues that, when mutated, would no longer 

allow C29 to inhibit TLR2 signaling and, thus, suggest a role in possible small molecule-

protein interactions. We carried out alanine scanning mutagenesis of all 10 BB loop 

pocket residues including three additional mutations Y641A, P681H, and Q747A and 

examined their effect on TLR2/1 and TLR2/6 signaling in the absence or presence of C29 

using our NF-κB reporter assay. Y641A and P681H were shown previously to play a role 

in the TLR2-MyD88 interaction [118, 201] and Gautam et al. reported that Q747A was 

nonessential for TLR2 signaling, and therefore, served as a control mutation [206]. All 10 

BB loop pocket mutants, i.e., including Y647A and P681H, were critical for TLR2/1 

signaling (Figure 29A). Interestingly, the C673A, I680A, K683A, and S692A BB loop 

pocket mutants retained the ability to signal through TLR2/6 suggesting divergent roles 

for these amino acids in TLR2/1 and TLR2/6 responsiveness (Figure 29B). However, 

Y647A, F679A, N688A, and P681H mutants were deficient for both TLR2/1 and TLR2/6 

signaling (Figure 29). These results suggest that human TLR2 BB loop pocket residues 

are critical for TLR2/1 signaling, but only some of these residues are necessary for 

TLR2/6 signaling. Additionally, the BB loop pocket mutants can be categorized into 

those that inhibit both TLR2/1 and TLR2/6 signaling (Y647A, F679A, N688A, and 

P681H) and those that only block TLR2/1, but not TLR2/6 signaling (C673A, I680A, 

K683A, and S692A).   
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Figure 29. TLR2 BB loop pocket mutants reveal divergent roles in TLR2/1 and TLR2/6 
signaling. (A, B) HEK293T cells were transiently transfected with reporter constructs for 
ELAM-luciferase, Renilla-luciferase, and either pcDNA3.1, WT pcDNA3-YFP-hTLR2, 
or mutant TLR2 constructs in the same vector. Cells were pretreated for 1 hr with media, 
vehicle (65 µM NaOH), or C29 (50 µM) and treated with P3C or P2C (50 ng/mL) for 5 
hrs in the presence of media, vehicle, or C29. Lysates were prepared and the dual-
luciferase assay performed. Results represent the mean + SEM from 2 independent 
experiments carried out in duplicate. 
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TLR2 BB loop pocket mutants have equivalent membrane TLR2 expression and are 

unresponsive to high dose of synthetic or bacterial agonist.  

 Previous studies revealed that mutation of certain residues in TLR TIR domains 

can lead to decreased cell surface expression, protein-protein interactions, and 

downstream signaling [121, 202, 256]. Having established that all of the human TLR2 

BB loop pocket mutants are critical for TLR2/1 signaling, we next determined if the lack 

of signaling was due to the absence of protein expression. Western analysis revealed that 

total protein expression of each TLR2 mutant was comparable to that of WT TLR2 

(Figure 30A). Importantly, BB loop pocket mutants deficient for signaling had similar 

levels of membrane protein expression compared to WT TLR2 (Figure 30B). The total 

protein expression of P681H was reduced compared to WT TLR2, however the 

membrane TLR2 expression was comparable (Figure 30). These results indicate that the 

impaired signaling of BB loop pocket mutants is not due to the lack of TLR2 protein 

expression. 

We next focused on the BB loop pocket mutants that were deficient for both 

TLR2/1 and TLR2/6 signaling (Y647A, F679A, N688A, and P681H) and examined if 

increasing the dose of agonist would overcome the lack of signaling using the NF-κB 

reporter assay. HEK293T cells that overexpress WT hTLR2 dose-dependently increased 

NF-κB-luciferase activity in response to increasing dose of P3C and P2C (Figure 31). 

Surprisingly, the high dose of agonist (1 µg/mL) was unable to overcome the signaling 

deficiencies of Y647A, F679A, N688A, and P681H (Figure 31). Having established that 

the signaling-deficient BB loop pocket mutants are unresponsive to a high dose of 

synthetic TLR2 agonist, we next examined if the BB loop pocket mutants were  
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Figure 30. Membrane TLR2 expression of BB loop pocket mutants is comparable to 
that of wild-type TLR2. (A, B) HEK293T cells were transiently transfected with 
pcDNA3.1, WT pcDNA3-YFP-hTLR2, or mutant TLR2 constructs in the same vector. 
Western analysis was performed using whole cell lysates (WCL) (A) or membrane 
extracts (B) to insure comparable expression of each TLR2 mutant. Pan-Cadherin was 
probed as a loading protein for membrane extracts. Results are representative of 2 
independent experiments.  
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Figure 31. TLR2 signaling-deficient BB loop pocket mutants fail to respond to a high 
dose of agonist. (A, B) HEK293T cells were transiently transfected with reporter 
constructs for ELAM-luciferase, Renilla-luciferase, and either pcDNA3.1, WT pcDNA3-
YFP-hTLR2, or mutant TLR2 constructs in the same vector. Cells were left unstimulated 
or treated with P3C or P2C (50 ng/mL, 500 ng/mL, or 1 µg/mL) for 5 hrs. Lysates were 
prepared and the dual-luciferase assay performed. Results represent the mean + SEM 
from 2 independent experiments carried out in duplicate. 
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responsive to heat-killed bacterial TLR2 agonists. Previous studies have demonstrated 

that the P681H mutation in mTLR2 abrogates TNF-α production in response to bacterial 

TLR2 agonists [155, 198]. Using our NF-κB reporter assay, we sought to determine if 

TLR2/1 signaling, TLR2/6 signaling, or both signaling pathways are required to activate 

NF-κB induced by HKPA or HKSA. HEK293T cells overexpressing WT hTLR2 induced 

NF-κB-luciferase activity after stimulation with HKPA or HKSA (Figure 32). As 

observed with synthetic TLR2 agonists, BB loop pocket mutants that were deficient for 

both TLR2/1 and TLR2/6 were significantly impaired in their ability to activate NF-κB in 

response to HKPA and HKSA (Figures 32A & B). BB loop pocket mutants that only 

retained TLR2/6 signaling also failed to induce NF-κB-luciferase activity efficiently in 

response to these agonists suggesting the critical role of TLR2/1 signaling in HKPA- and 

HKSA-induced NF-κB activation (Figures 32C & D). Collectively, BB loop pocket 

mutants had comparable membrane TLR2 expression to WT hTLR2, yet were unable to 

respond efficiently to high dose of synthetic or bacterial TLR2 agonist.   

N688A and P681H TLR2 mutants do not behave as dominant-negative mutants for 

TLR2/1 and TLR2/6 signaling.   

 It has been previously reported that the P681H mutation in murine TLR2 behaves 

as a dominant-negative mutant [198]. Both N688A and P681H TLR2 mutants are unable 

to respond to synthetic or bacterial TLR2 agonists (Figures 29, 31, and 32). We sought 

to determine if the signaling-deficient BB loop pocket mutant, N688A, also behaved as a 

dominant-negative mutation. Using our NF-κB reporter assay, HEK293T cells were 
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Figure 32. Signaling-deficient TLR2 mutants are unable to respond to heat-killed 
bacterial TLR2 agonists. (A-D) HEK293T cells were transiently transfected with 
reporter constructs for ELAM-luciferase, Renilla-luciferase, and either pcDNA3.1, WT 
pcDNA3-YFP-hTLR2, or mutant TLR2 constructs in the same vector. Cells were 
stimulated with HKPA (A, C) or HKSA (B, D) (MOI = 63) for 5 hrs. Lysates were 
prepared and the dual-luciferase assay performed. Results represent the mean + SEM 
from 2 independent experiments carried out in duplicate (**, p < 0.01; ***, p < 0.001; 
****, p < 0.0001). 
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 co-transfected with a constant amount of WT hTLR2 DNA (0.4 µg/well) and increasing 

amounts of N688A and P681H DNA (0 µg/well – 0.6 µg/well) and NF-κB-luciferase 

activity was measured in response to an excess of P3C and P2C (500 ng/mL). A 

dominant-negative mutant would be expected to reduce the WT hTLR2-induced NF-κB 

activation in a dose-dependent fashion with increasing amounts of transfected mutant 

hTLR2 DNA. Additionally, using an excess of TLR2 agonist prevents inhibition 

mediated by competitive binding of TLR2 ligand. Transfecting increasing amounts of 

N688A and P681H DNA failed to reduce WT hTLR2-induced NF-κB activation (Figure 

33). Surprisingly, this was also true when we co-transfected a greater quantity of mutant 

hTLR2 DNA (0.6 µg/well) than wild-type hTLR2 DNA (0.4 µg/well) (Figure 33). These 

results suggest that unlike the previous report of P681H behaving as a dominant-negative 

mutant, our studies indicate that N688A and P681H hTLR2 mutants do not behave as 

dominant-negative mutants.      

Transfected N688A, but not S692A, exhibit deficient IκBα and JNK1/2 phosphorylation 

in response to P2C. 

 Xiong et al. previously reported that the hTLR2 (R753Q) mutation abrogates the 

phosphorylation of p38 and ΙκBα after TLR2 stimulation [208]. Having established that 

N688A lacks TLR2/1 and TLR2/6 signaling and S692A retains TLR2/6 signaling only 

(Figure 29), we sought to investigate what effect, if any, these mutations had on 

downstream MAPK and NF-κB signaling in response to P2C. Upon P2C stimulation, 

HEK293T cells overexpressing WT hTLR2 exhibited JNK1/2 phosphorylation from 5 to 

30 min (Figure 34). This was also observed in cells expressing the S692A mutation, 
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Figure 33. N688A and P681H TLR2 mutants do not behave as dominant-negative 
mutants for TLR2/1 and TLR2/6 signaling. (A-D) HEK293T cells were transiently 
transfected with reporter constructs for ELAM-luciferase, Renilla-luciferase, and varying 
doses of either pcDNA3.1, WT pcDNA3-YFP-hTLR2, or mutant TLR2 constructs in the 
same vector. Cells were stimulated with P3C (500 ng/mL) or P2C (500 ng/mL) for 5 hrs. 
Lysates were prepared and the dual-luciferase assay performed. Results represent the 
mean + SEM from 2 independent experiments carried out in duplicate. 
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although there is slightly greater JNK1/2 phosphorylation at 5 and 30 min (Figure 34). 

Interestingly, the TLR2 signaling-deficient mutant, N688A, exhibited comparable 

JNK1/2 phosphorylation at 5 min to WT TLR2 and S692A, but failed to exhibit increased 

JNK1/2 phosphorylation at 30 min (Figure 34). Upon TLR2 activation, IκBα becomes 

phosphorylated and ubiquitinated, dissociates from NF-κB, and is degraded resulting in 

NF-κB activation. HEK293T cells overexpressing WT hTLR2 or S692A both exhibited 

IκBα phosphorylation at 15 and 30 min after P2C stimulation (Figure 34). IκBα was not 

phosphorylated in cells expressing N688A and that confirms the previous findings that 

N688A is unable to activate NF-κB in response to synthetic or bacterial TLR2 agonists 

(Figures 29, 31, 32, and 34). Together, these results suggest that the S692A mutation 

retains the ability to phosphorylate JNK1/2 and IκBα leading to NF-κB and MAPK 

activation in response to P2C, while the N688A mutant exhibits reduced phosphorylation 

of JNK1/2 and IκBα, that likely results in deficient TLR2/6 signaling.  
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Figure 34. Transfected N688A, but not S692A, exhibit deficient IκBα  and JNK1/2 
phosphorylation in response to P2C. HEK293T cells were transiently transfected with 
WT pcDNA3-YFP-hTLR2 or mutant TLR2 constructs in the same vector. Western 
analysis was performed using whole cell lysates and antibodies directed against the 
signaling intermediates and TLR2 species indicated. β-actin was probed as a loading 
protein. Results are representative of 2 independent experiments. 
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Chapter 4: Discussion 

TLR activation triggers a signal transduction cascade involving multifaceted 

interactions of cytoplasmic TIR domain-containing proteins. The BB loop has long been 

established as central for mediating TIR domain interactions. Mutagenesis of TLR2 BB 

loop residues and cell-permeating decoy peptides that target this region have revealed the 

functional importance of the BB loop in mediating downstream signaling [118, 155, 191, 

198, 201]. Despite intense interest, there is no TLR2 inhibitor licensed for human use and 

further research is needed in this field. In this study, we combined in silico screening 

targeting a novel TLR2 BB loop pocket with biological screening in various cell types to 

identify C29 and its substructure, o-vanillin, as inhibitors of both murine and human 

TLR2 signaling in response to synthetic or bacterial agonists.  

C29 and o-vanillin are species-specific and differentially inhibit human and murine TLR2 

signaling.  

Although we have shown that C29 and o-vanillin block TLR2 signaling in both 

human and murine cells, both of these compounds differentially inhibit TLR2 signaling 

in each of these species. In human cells, C29 and o-vanillin blocked both the TLR2/1 and 

TLR2/6 pathway (Figures 14-16, 19, 27, and 29), although the percent inhibition in 

HEK-TLR2 cells was consistently greater when TLR2/1 is stimulated (Figures 14, 16, 

19, 27, and 29). In murine cells, C29 and o-vanillin blocked only the TLR2/1 pathway 

significantly (Figures 17, 18, 20, 25, and 26). This was confirmed using S. aureus LTA, 

a TLR2/1 ligand [257, 258], while C29 failed to block proinflammatory gene expression 

induced by zymosan (Figure 20A), a TLR2/6 agonist [156]. These results support a 
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previous study showing that cell-permeating decoy peptides derived from the BB loop of 

the TLR2 TIR domain inhibited ERK activation induced by P3C, but not P2C, in murine 

macrophages [191]. Overexpression studies in HEK293T cells transfected with human or 

murine TLR2 and either TLR1 or TLR6 revealed that C29 inhibited hTLR2/6- but not 

mTLR2/6-induced NF-κB-luciferase activity suggesting a species-specific effect (Figure 

19). Previous literature has not examined differences in the human and murine TIR2 

structure and function.  

A possible explanation for the differences in C29-mediated inhibition for human 

versus murine TLR2 signaling could be that the BB loops of murine and human TLR2 

play distinct roles in heterodimer formation and MyD88 recruitment. The highly flexible 

BB loop is central to many molecular interactions involving TIR domains and adopts 

different conformations as observed in functional and structural studies of TIR1, TIR2, 

TIR10, and recently, TIR6 [118, 193, 194, 205, 206]. Homodimeric molecular 

interactions observed in structural studies of human TIR1, TIR2, and TIR10 are largely 

mediated by residues found on the BB loop, DD loop, and αC-helix [118, 194, 205, 206] 

(Figures 6, 7, 8B, and 9). In contrast, homodimeric molecular interactions observed in 

the recent crystal structure of TIR6 are reported to not include BB loop interactions and, 

instead, involve residues found on the CD loop, DD loop, and the αC-helix, mediated in 

large part by a disulfide bond involving C712 [193] (Figures 7 and 8A). Comparison of 

the dimeric interfaces of hTIR6 and hTIR10 reveals that only the conserved proline 

residue of hTIR10 (P674) is located in the dimeric interface (Figure 8B) [193]. The 

proline residue in the hTIR6 homodimer (P680) is not found within the dimeric interface 

and is available for interactions with additional proteins (Figure 8A) [193]. This may 



	  

 97 

explain why we observed a proportionally greater inhibitory effect of C29 or o-vanillin 

on hTLR2/1 signaling compared to hTLR2/6 signaling and a minimal effect on mTLR2/6 

signaling. Additionally, analysis of the BB loop pocket mutants further supports that the 

BB loop pocket residues were highly critical for TLR2/1 signaling, while only some 

residues (C673, I680, K683, S692) were indispensable for TLR2/6 signaling (Figure 29).  

Based on our functional mutagenesis data, C29 and o-vanillin may function by 

targeting the BB loop pocket of TIR2 specifically, altering its function and/or position. 

After observing divergent responses of the Poc mutant for TLR2/1 and TLR2/6 signaling, 

Jiang et al. postulated that binding of various ligands to the ectodomains of TLR2/1 and 

TLR2/6 heterodimers induces different conformations in their TIR domains especially 

within the flexible BB loop permitting distinct interactions with MyD88 [203]. 

Interestingly, computational docking of the TIR domains of MyD88 and TLR2 revealed 

that the Poc site of TLR2 interacted with the Poc site of MyD88 and the BB loop of 

TLR2 interacted with the BB loop of MyD88 [203] (Figure 5). The BB loop and Poc site 

were found on opposite ends of the interaction interface [203] (Figure 5). Using 

molecular dynamics simulation, Snyder et al. demonstrated that the Poc mutation in 

MyD88 potentiates the mobility of the BB loop [204]. Having a flexible BB loop could 

potentially prevent the formation of stable TIR:TIR interactions and lead to deficient 

signaling [204]. Because P681 is located at the outermost region of the protruding BB 

loop and is thought to mediate the docking of MyD88 (Figure 3B) [118, 199], it is 

possible that mutating this residue disrupts the stability of the BB loop, resulting in 

altered MyD88 recruitment and deficient signaling [202]. Recently, Qiu et al. discovered 

that the P681A mutation resulted in deficient TLR2/1 signaling, but intact TLR2/6 
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signaling [202]. Additionally, mutating P681 changed the conformation and surface 

electrostatic charge of the BB loop and impaired the recruitment of MyD88 after TLR2/1 

stimulation [202]. TLR2/6 signaling would still be intact because the BB loop is not 

involved in the dimeric interface of TIR6 [193]. Differences observed in C29- and o-

vanillin-mediated inhibition of human and murine TLR2 signaling and mutagenesis 

studies of BB loop pocket residues may reflect differential use of the BB loop involving 

TIR1, TIR2, TIR6, and MyD88 molecular interactions. Future structural studies 

involving bona fide heterodimers of TIR1/2 and TIR2/6 would be very helpful in 

understanding the differences in TLR2/1 and TLR2/6 signaling.  

Consistencies and inconsistencies of TLR2 BB loop pocket mutagenesis analyses with 

previous literature.  

Our mutagenesis studies are consistent with previous structural and functional 

analyses of the TLR TIR domains. The BB loop pocket mutants can be grouped into 

those that inhibit both TLR2/1 and TLR2/6 signaling (Y647A, F679A, N688A, and 

P681H) and those that only block TLR2/1, but not TLR2/6 signaling (C673A, I680A, 

K683A, and S692A) (Figure 29). Consistent with our findings, Qiu et al. also 

demonstrated that N688, which is conserved in all TLRs except TLR3, is critical for 

MyD88 recruitment and both TLR2/1 and TLR2/6 signaling [202]. Brown et al. showed 

that mutation of the highly conserved D678 (BB loop pocket) and Y641 residues of TIR2 

prevented MyD88 recruitment [201]. Our mutagenesis analysis further supports their 

findings because mutation of either residue to an alanine reduced both TLR2/1 and 

TLR2/6 signaling (Figure 29). Interestingly, Y641 and Y647 (BB loop pocket) are both 

located within Box 1 of TIR2 (Figure 11B). Mutagenesis of either residue resulted in 
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deficient TLR2/1 and TLR2/6 signaling (Figure 29). Although Y641 is found distally in 

Box 1 of TIR2, the hTIR1 crystal structure revealed that folding of the TIR domain 

brings the corresponding residue in hTIR1 (F637) in close proximity to the BB loop 

residues for potential engagement with downstream signaling proteins [201] (Figure 4). 

Interestingly, Tao et al. discovered that Y641 was one of the residues involved in the 

dimeric interface of the TIR2 (C713S) crystal structure [205]. It is also possible that the 

residues in Box 1 of TIR2 serve to stabilize the conformation of the BB loop. As 

previously reported by Xu et al. [118], Brown et al. also demonstrated that the TLR2 

(P681H) mutation is unable to recruit MyD88 [201]. Consistent with their findings, our 

functional studies reveal that P681H is unable to activate the TLR2/1 and TLR2/6 

signaling pathways (Figure 29).  

The crystal structure of hTIR10 exhibits a high degree of similarity to the hTIR2 

structure [118, 194]. Similar to hTIR2, the hTIR10 BB loop is also surface-exposed and 

contains a BB loop pocket comprised of E669 (K676 in TLR2), S670 (R677 in TLR2), 

Y671 (D678 in TLR2), D673 (I680 in TLR2), P674 (P681 in TLR2), and G675 (G682 in 

TLR2) [194] (Figure 10). I680 and D678 are residues located in the TLR2 BB loop 

pocket. Given the previous report that TLR10 recruits MyD88 [92] and that the TLR10 

BB loop pocket is exposed to the surrounding solvent, these authors predicted that this 

site might be involved in the docking of MyD88 [194]. Surprisingly, mutation of the 

conserved proline (P674) residue in the hTIR10 BB loop pocket results in impaired 

MyD88 recruitment and signaling [92]. Our co-immunoprecipitation studies reveal that 

targeting the TLR2 BB loop pocket with C29 results in impaired MyD88 recruitment 

(Figure 23A). Nyman et al. also found that the hydrophobic core of the BB loop 
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comprised of Y668 (H675 in hTLR2), F672 (F679 in hTLR2), P674 (P681 in hTLR2), 

and I678 (I685) not only participated in the dimer interface, but also stabilized the 

conformation of the BB loop [194] (Figure 9B). Mutation of the F679 TLR2 BB loop 

pocket residue resulted in deficient TLR2/1 and TLR2/6 signaling (Figures 29 and 31). 

The lack of signaling could possibly be due to the altered conformation of the TLR2 BB 

loop in response to mutagenesis. Tao et al. found that Y641 (previously described by 

[201]), C673 (BB loop pocket), D678 (BB loop pocket) and F679 (BB loop pocket) were 

located in the interface of the asymmetric dimer in the hTIR2 (C713S) crystal structure 

[205] (Figure 6B). Similar to our findings, the F679D mutation resulted in deficient 

peptidoglycan-induced NF-κB activation [205].  

Our mutagenesis data also suggested that the BB loop pocket residues were highly 

critical for TLR2 signaling in response to bacterial TLR2 agonists (Figure 32). As 

expected, mutation of residues critical for both TLR2/1 and TLR2/6 signaling (Y647, 

F679, N688, and P681) failed to induce NF-κB-luciferase activity after stimulation with 

HKPA or HKSA (Figures 32A and B). Surprisingly, BB loop pocket residues that still 

retained TLR2/6 signaling in response to P2C were also significantly impaired in their 

ability to activate NF-κB in response to these bacterial TLR2 agonists (Figures 32C and 

D). Consistent with our findings, Underhill et al. also demonstrated that RAW-TT10 cells 

overexpressing mTLR2 (P681H) were unable to produce TNF-α induced by S. aureus or 

M. tuberculosis [155, 198].  

While much of our mutagenesis analysis was consistent with and supportive of 

previous findings, we identified a few inconsistencies with the previous literature. For 
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example, Underhill et al. co-transfected Chinese hamster ovary cells with mTLR2 

(P681H) and WT mTLR2 at a ratio of 10:1 and measured NF-κB-luciferase activity after 

stimulation with zymosan [198]. They suggested that this mutation behaved in a 

dominant-negative manner [198]. Due to the excess amount of transfected mTLR2 

(P681H) DNA compared to WT mTLR2, it is possible that the observed reduction in 

TLR2 signaling could be a result of the P681H mutant competing for ligand from the WT 

mTLR2 receptor, rather than dimerizing with TLR1 or TLR6, or a failure to recruit 

MyD88, thereby blocking TLR2 signaling. In our studies, we used an excess of P3C and 

P2C (500 ng/mL) to eliminate the possibility that N688A or P681H was acting by 

competing for agonist with WT hTLR2. In our experimental design, HEK293T cells were 

co-transfected with a constant amount of WT hTLR2 DNA (0.4 µg/well) and increasing 

amounts of N688A and P681H DNA (0 µg/well – 0.6 µg/well). In contrast to Underhill et 

al. [198], we observed that transfecting increasing amounts of N688A and P681H DNA 

failed to reduce WT hTLR2-induced NF-κB activation (Figure 33). Surprisingly, this 

was also true when we co-transfected an even greater quantity of mutant hTLR2 DNA 

(0.6 µg/well) than wild-type hTLR2 DNA (0.4 µg/well) (Figure 33). Together, our 

results indicate that P681H and N688A do not behave as dominant-negative mutations. 

P681H and N688A most likely fail to interact with TLR1, TLR6, or MyD88, resulting in 

deficient TLR2/1 and TLR2/6 signaling in response to synthetic and bacterial TLR2 

agonists.  

In addition to mTLR2 (P681H) behaving as a dominant-negative mutant, in 

contrast to our work, a previous group also demonstrated that mTLR2 (P681H) 

responded to a TLR2/6 agonist [203]. Mouse embryonic fibroblasts from TLR2-/- or 
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MyD88-/- mice overexpressing mTLR2 (P681H) or mMyD88 (P200H), respectively, 

induced NF-κB-luciferase activity in response to the TLR2/6 agonist MALP-2 [138], but 

not the TLR2/1 agonists P3C or LTA [203]. Our mutagenesis studies revealed that 

hTLR2 (P681H) was unable to activate the hTLR2/1 or hTLR2/6 signaling pathways 

(Figures 29 and 31). Due to the previously observed differences in C29 ability to block 

hTLR2/6-, but not mTLR2/6-mediated signaling (Figure 19), it is possible that mTLR2/6 

signaling is unaffected by the P681H mutation and might explain why MALP-2 (a 

TLR2/6 agonist), but not P3C or LTA, can activate NF-κB. 

C29 and o-vanillin inhibit TLR2 comparably to published TLR2 antagonists. 

Murgueitio et al. used structure-based and ligand-based drug design to identify 

small molecule inhibitors of TLR2/1 and TLR2/6 signaling targeting the ligand 

(lipopeptide) binding site of TLR2 [189]. Murgueitio et al. combined a structure-based 

virtual screen for compounds that could theoretically fit in the ligand binding site with a 

ligand-based in silico screen for compounds that were structurally similar to known 

TLR2 agonists and the TLR2 antagonist with anti-viral activity E567 [141, 186, 189]. 

This is in contrast to our CADD approach where we only performed an in silico screen 

for compounds targeting the BB loop pocket. Of the 66 compounds that were identified 

from the virtual screen, 8 compounds that were tested at 200 µM inhibited P3C- or P2C-

induced NF-κB-luciferase activity by >33% for a hit rate of 12% [189]. Murgueitio et al. 

demonstrated that the compounds were specific for TLR2 signaling and did not inhibit 

the TLR3 or TLR4 signaling pathways in RAW 264.7 murine macrophages [189]. By 

comparison, 99 compounds identified from the CADD in silico screen in our study were 
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screened in HEK-TLR2 cells at 100 µM and 24 blocked TLR2/1, TLR2/6, or both 

signaling pathways by >50% for an initial hit rate of 24% (Figure 12 and data not 

shown). C29 was the only one that was not toxic and consistently inhibited P3C- and 

LTA SA-induced IL-1β in murine macrophages, but had no inhibitory effect on the other 

TLR signaling pathways (Figure 20). When the compounds were tested in human 

monocytes, the IC50 for TLR2/1 signaling ranged from 3.33 µM to 39.95 µM and the IC50 

for TLR2/6 signaling ranged from 4.49 µM to 48.18 µM [189]. In our study, the IC50 

values of C29 for hTLR2/1 and hTLR2/6 signaling were 19.7 µM and 37.6 µM, 

respectively (Figure 27). Thus, virtual screening to identify small molecule inhibitors of 

TLR2 signaling that target the intracellular TLR2 BB loop pocket is fairly comparable to 

using structure-based and ligand-based drug approaches to identify small molecules that 

target the TLR2 lipopeptide binding site.  

Cheng et al. also used a high-throughput approach to identify small molecule 

inhibitors of TLR2/1 signaling [188]. Using the NCI-2 Diversity small molecule library, 

Cheng et al. biologically screened 1363 compounds in RAW 264.7 cells to identify those 

that could inhibit P3C-induced nitric oxide (NO) production [188]. Nine compounds 

inhibited P3C-induced NO by >70% at 3 µM, but only one of these compounds, 

NCI35676, specifically inhibited TLR2/1 signaling with an IC50 of 2.45 µM [188]. A 

structure-activity relationship analysis was carried out to optimize the potency of this 

compound and a structural analog, CU-CPT22, inhibited TLR2/1 signaling with an IC50 

of 0.58 µM and competed with P3C for binding to the TLR2/1 ectodomain with an 

inhibition constant (Ki) of 0.41 µM [188]. Although we have not directly demonstrated 

binding of C29/o-vanillin to the TLR2 BB loop pocket, C29 and o-vanillin also inhibited 



	  

 104 

TLR2/1 signaling in the micromolar range, 19.7 µM and 24.2 µM, respectively (Figure 

27).  

Meng et al. produced an antagonistic antibody, T2.5, against the extracellular 

domain of murine TLR2 [183]. T2.5 inhibited both P3C- and B. subtilis-induced NF-κB 

luciferase activity and TNF-α protein in TLR2-expressing HEK293T cells and murine 

primary macrophages, respectively [183]. Additionally, T2.5 inhibited nuclear 

translocation of NF-κB and activation of ERK1/2, p38, and Akt [183]. T2.5 significantly 

reduced P3C- and D-galactosamine-induced serum proinflammatory cytokine in mice 

[183]. In our experiments, C29 inhibited both synthetic and bacterial agonist-induced 

proinflammatory cytokine mRNA in HEK293T cells and murine peritoneal macrophages 

(Figure 22). C29 also reduced NF-κB and MAPK activation in murine macrophages 

(Figure 23B). O-vanillin-treated mice challenged with P3C had significantly lower 

serum cytokine protein and liver cytokine mRNA compared to control-treated mice 

(Figure 28).  

In summary, targeting the TLR2 BB loop pocket with a small molecule using 

CADD is an effective approach to identify compounds that can inhibit TLR2 signaling 

with comparable potency and specificity to already published TLR2 antagonists that 

target the ectodomain of TLR2. 

Examining the potential interaction between C29/o-vanillin and the TLR2 BB loop pocket 

Our analysis of the effects of C29 on intracellular signaling further revealed that 

the mechanism for inhibition occurred very early in the signaling cascade, as evidenced 

by inhibition of both MyD88 recruitment to TLR2, as well as the inhibition of NF-κB and 
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MAPK activation within minutes of stimulation (Figure 23). While we have no direct 

evidence that C29 or o-vanillin physically interact with the TLR2 BB loop pocket, our 

observation that the earliest TLR2 signaling events are blocked support this concept. We 

were hoping to find BB loop pocket residues that when mutated, would prevent C29-

mediated inhibition of TLR2 signaling. One drawback of this strategy is that the alanine 

mutation of all 10 single BB loop pocket residues ablated TLR2/1 signaling, preventing 

any detection of C29 effect on TLR2 signal transduction (Figure 29A).   

Initial efforts to co-crystalize the TIR2 recombinant protein [259] and C29 

resulted in the appearance of partial electron density in close proximity to the BB loop at 

I685 at a resolution of 3.2 Å that was absent in the native TIR2 crystals, but 

unfortunately, this data was not reproducible and higher resolution was not achievable 

(data not shown). However, when C29 was placed in the location of this positive 

electron density, only half of the compound (corresponding to o-vanillin) fit into this 

density without interfering with neighboring crystallographic molecules. Based on this 

observation and the previous TLC results demonstrating that C29 undergoes cleavage 

when dissolved in NaOH (Figure 24B), we speculated whether this substructure could be 

o-vanillin. Interestingly, modeling of the BB loop pocket and o-vanillin revealed that o-

vanillin does fit within the BB loop pocket (Figure 35). One drawback to crystallizing 

TIR2 is that the crystallization conditions contained sodium cacodylate and DMSO that 

covalently modified cysteine residues potentially affecting natural oligomerization of the 

TIR2 protein and small molecule-protein interactions [205]. This further complicated 

analysis of any observed density resulting from possible C29 binding. Tao et al. created a  
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Figure 35. Surface representation of the BB loop pocket modeled with o-vanillin. (A) 
Surface representation of the BB loop pocket. Residues Y647, C673, D678, F679, I680, 
K683, D687, N688, D691, and S692 that comprise the BB loop pocket are highlighted in 
blue. (B) Close-up depiction of the BB loop pocket showing both surface representation 
and underlying secondary structure and the BB loop pocket residues (highlighted in 
blue). (C, D) Surface representation of the solvent accessible BB loop pocket with o-
vanillin modeled into this pocket (Lower right depicts o-vanillin with carbon (yellow) 
oxygen (red) and hydrogen (grey) atoms.  

  



	  

 107 

C713S mutant form of hTIR2 that was crystallized in buffer conditions containing only 

1.4 M (NH4)2HPO4 and 0.1 M MES (pH 6.5), thus preventing cacodylate modification of 

this residue and allowed for the hTIR2 protein to form an asymmetric dimer that might 

resemble the TLR2/1 or TLR2/6 heterodimers [205] (Figure 6). Furthermore, o-vanillin 

has increased solubility in water compared to C29 that allows for crystallization without 

the confounding effects of DMSO. We evaluated o-vanillin binding to hTIR2 (C713S) by 

resolving the crystal structure of hTIR2 (C713S) to 3.4 Å in the presence or absence of o-

vanillin (Figure 36). Co-crystallization of hTIR2 (C713S) and o-vanillin revealed three 

regions (Sites 1, 2, and 3) of positive electron density that may indicate o-vanillin binding 

compared with the native hTIR2 (C713S) (Figure 36). These potential o-vanillin binding 

sites are located in and around the BB loop (K676, P681, and I685) and the CADD-

targeted pocket (CADD Site 1) (Figure 36). When o-vanillin is modeled into these 

density and refined at 0.8 occupancy, sites 1 and 3 exhibit minimal model electron 

density for o-vanillin suggesting that o-vanillin may be binding with low affinity, low 

occupancy, or simply not binding in these locations (Figures 36B and D). In contrast, 

site 2 exhibits both model and positive electron density indicating potential occupancy of 

o-vanillin at this location (Figure 36C). Interestingly, we observed clear additional loop 

density for the DD loop that was not previously determined in the original report of this 

crystal structure [205] (Figure 36). We are encouraged by these preliminary results and 

are currently working to verify the binding of o-vanillin to hTIR2 (C713S). Additionally, 

we are ruling out other small molecules present in the crystallization conditions that may 

contribute to the observed electron density present in the co-crystals that is absent in 

native hTIR2 (C713S). Unfortunately, we were unable to demonstrate the presence of  
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Figure 36. Density maps of the BB loop region of hTIR2 (C713S) structure at 3.4Å co-
crystallized in the presence of 1 mM o-vanillin showing 3 sites of positive electron 
density.	  (A) 2Fo-Fc density maps showing BB loop region (yellow) and positive density 
(green) sites 1, 2 and 3. Side chains of residues predicted by CADD studies (site 1) are 
shown as yellow sticks.	  (B) Fo-Fc (blue) and 2Fo-Fc (green) maps of BB loop region 
(yellow) with o-vanillin (grey) modeled into sites 2 and 3.	  (C) 2Fo-Fc density map 
showing BB loop symmetry mates (yellow and cyan) with o-vanillin in site 2.	  (D)	  2Fo-Fc 
density map showing o-vanillin (grey) in site 3. Side chains observed coordinating site 3 
are shown as yellow sticks with exception of Trp residue.	  Only site 2 refines with model 
density (blue) indicating occupancy of this site. 
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density at a higher resolution and it is difficult to model or refine such a small molecule 

with confidence at a resolution of 3.4 Å. Although we have demonstrated electron density 

in the co-crystals of o-vanillin and hTIR2 (C713S) that is not accounted for in the native 

hTIR2 (C713S) (Figure 36), the potential low affinity interaction between o-vanillin and 

hTIR2 (C713S) possibly results in binding that is not strong enough to show definitive 

electron density using this crystallographic technique. Despite this, the fact that electron 

density appeared in the same region (I685) as previously observed in C29/hTIR2 co-

crystals suggests that there might be interaction between C29/o-vanillin and the BB loop 

pocket, albeit a weak one. A recent study by Murakami et al. indicated that the octanol-

water partition coefficient, log P, of vanillin was 1.28 [260]. Vanillin is an isomer of o-

vanillin and log P is a measure of the lipophilicity of a given organic compound 

[reviewed in [261]]. Given the relatively “high” log P value suggesting lipophilic nature 

of this compound, vanillin can readily cross the cell membrane [260]. Given the 

structural similarity between vanillin and o-vanillin, except for the hydroxyl moiety in the 

ortho-position in o-vanillin, it is possible that o-vanillin can also penetrate the cellular 

membrane and interact with the intracellular TIR2. 

O-vanillin inhibits TLR2-induced inflammation in vitro and in vivo. 

To preclude cytotoxicity from DMSO, we dissolved C29 in H2O, but had to 

alkalinize it slightly in 65 µM NaOH to attain complete solubilization. In murine 

macrophages, C29 specifically inhibited TLR2/1 signaling in a dose-dependent manner 

regardless of the vehicle (0.1% DMSO or 65 µM NaOH) (Figures 17 and 18). A closer 

inspection of the structure of C29 revealed the presence of an imine linkage that is highly 

susceptible to nucleophilic cleavage (Figure 14A). Under NaOH conditions, we observed 
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that C29 undergoes cleavage and generates 3-amino-2-methylbenzoic acid (C29R) and o-

vanillin (C29L) (Figure 24B). We predicted that an analog of C29, C29’, that contains a 

NèC substitution in the imine linkage would prevent C29 from being cleaved under 

NaOH conditions and inhibit TLR2 signaling analogously to C29 dissolved in 0.1% 

DMSO (Figure 25A). When 3-amino-2-methylbenzoic acid, o-vanillin, and C29’ were 

tested in murine macrophages for the ability to reproduce the biological activity of C29, 

only o-vanillin inhibited P3C-induced proinflammatory cytokine mRNA in a dose-

dependent fashion (Figure 25B). Surprisingly, C29’ failed to inhibit P3C-induced 

cytokine mRNA, suggesting that the imine linkage is critical for the ability of C29 to 

inhibit TLR2 signaling (Figure 25B).   

We sought to determine if o-vanillin could inhibit TLR2-mediated induction of 

proinflammatory cytokines in vivo. O-vanillin is more soluble in water than C29 and, 

therefore, was used in our animal studies. Mice pretreated twice with o-vanillin and 

challenged with P3C showed reduced IL-12 p40 and TNF-α liver mRNA and serum 

protein compared to mice pretreated with vehicle control (H2O) (Figure 28). One of the 

limitations of using o-vanillin in vivo is its poor bioavailability, as has been reported 

previously for its isomer, vanillin [262]. Due to this challenge, we administered a high 

dose twice to achieve an appreciable inhibitory effect in vivo. Despite this drawback, we 

were still able to measure a significant inhibitory effect for IL-12 p40 at the later time 

point tested (Figure 28). Future studies will focus on carrying out a structure-activity 

relationship for o-vanillin to optimize bioavailability and TLR2 inhibition. Additionally, 

o-vanillin could be delivered with a carrier to reduce rapid clearance and enhance its 

therapeutic efficiency. A polymeric pro-drug of vanillin was found to reduce 
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acetaminophen-induced liver injury in mice [263]. Vanillin was previously shown to have 

antioxidant properties [264, 265]. Kwon et al. designed the pro-drug such that it included 

a backbone consisting of H2O2-reactive peroxalate ester bonds, vanillin, and acid-

cleavable ester linkages [263]. After exposure to an oxidatively stressed environment, 

characterized by an acidic pH and presence of reactive oxygen species (ROS) including 

H2O2 [266], the polymeric pro-drug of vanillin is degraded and releases the biologically 

active vanillin into the surrounding environment [263]. A previous study reported by 

Santosh Kumar et al. suggested that o-vanillin has a greater radical scavenging ability and 

is a stronger antioxidant compared to vanillin [267]. Future studies will examine the 

applicability of a pro-drug of o-vanillin consisting of H2O2-reactive peroxalate ester 

bonds and acid-cleavable ester linkages in the context of inflammatory diseases involving 

ROS production. With the increasing knowledge we have of the crystal structures of the 

different TLR family members and sites of protein-protein interactions, CADD could 

potentially lead to targeted therapeutics against other TLR family members. 

Project Challenges 

 During my dissertation experiments, one of the most significant challenges I faced 

was to prove that C29 or o-vanillin interacted with the TIR2 recombinant protein. After 

attempting numerous binding studies including isothermal titration calorimetry, nuclear 

magnetic resonance, x-ray crystallography, fluorescence anisotropy, and differential 

scanning fluorimetry, we were still unable to definitively show that either C29 or o-

vanillin interacted with the targeted site on hTIR2. Examination of crystals of hTIR2 and 

C29 resulted in the appearance of electron density at I685 at a resolution of 3.2 Å that 

was absent in the native hTIR2 crystals, but unfortunately, this data was not reproducible. 
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When we co-crystallized hTIR2 (C713S) with o-vanillin, we also observed the presence 

of electron density at K676, P681, and I685 at a resolution of 3.4 Å (Figure 36). 

Unfortunately, electron density was absent at a higher resolution. In retrospect, after 

performing the CADD in silico analysis and generating a relatively small list of small 

molecules that could theoretically interact with the TLR2 BB loop pocket, I should have, 

instead, carried out binding studies to identify compounds that interact with the hTIR2 

protein. After identifying compounds that bind hTIR2 in a dose-dependent manner at a 

micromolar to nanomolar range, I would then examine if they could also block TLR2 

signaling.  

 In addition to binding studies, I also encountered difficulties examining the effect 

of C29 or o-vanillin in vivo. Due to the highly hydrophobic nature of C29, C29 was 

initially dissolved in DMSO. However, the concentration of DMSO present in the volume 

of C29 required for treating mice was toxic and thereby limited the quantity of C29 that 

could be administered. Additionally, in vitro studies indicated that the IC50 of C29 was in 

the micromolar range, suggesting that C29 was not as potent an inhibitor as we had hoped 

to identify. Since o-vanillin was soluble in water up to 4 mg/ml, and after discovering 

that o-vanillin reproduced the biological activity of C29 in vitro, we were able to carry 

out studies in mice using higher concentrations. However, the maximum dose of o-

vanillin we could deliver per i.p. injection was 1.314 mM/g. Mice pretreated i.p. with a 

single dose of o-vanillin (1.314 mM/g) exhibited suboptimal inhibition of serum protein 

and liver cytokine mRNA. By delivering two doses of o-vanillin (1.314 mM/g) i.p. 1 hour 

apart prior to challenge with P3C (100 µg), a statistically significant inhibition of 

proinflammatory cytokines induced by P3C was observed.   
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Future Directions 

 Although we have demonstrated that o-vanillin inhibits P3C-induced cytokine 

induction in vivo (Figure 28), we have yet to examine its effect in a bacterial infection 

model. Previous experiments revealed that C29 inhibits live S. pneumoniae-induced 

proinflammatory cytokine mRNA in murine macrophages (Figure 22). We would like to 

extend these observations by examining if a pro-drug consisting of C29 or o-vanillin can 

reduce lung inflammation in mice induced by S. pneumoniae infection. Among all the 

organs, the lungs have the greatest expression of TLR2 receptors [268]. Recent studies in 

our laboratory show that optimal cytokine expression in response to S. pneumoniae 

infection is seen at 48 h after i.n. challenge [248]. Mice would be pretreated i.n. with a 

pro-drug of C29/o-vanillin for 1 h prior to i.n. challenge with live S. pneumoniae and 

lung cytokine mRNA will be measured 48 h later. We could also prolong the treatment 

time and look for the capacity of the pro-drug of C29/o-vanillin to block S. pneumoniae-

induced lethality. Once C29 or o-vanillin is established as an effective prophylactic agent, 

we would test its effectiveness as a therapeutic agent. 

Secondly, we would like to determine the molecular basis for loss of signaling 

observed in the BB loop pocket mutants. Although we have demonstrated that the loss 

signaling is not due to lack of membrane TLR2 expression (Figure 30) or low dose of 

TLR2 ligand (Figure 31), we have yet to determine the molecular basis for why the BB 

loop pocket mutants failed to activate NF-κB in response to TLR2/1 or TLR2/6 agonist. 

Previous studies have revealed that mutating BB loop residues results in deficient MyD88 

recruitment [118, 201, 202]. To examine the ability of the TLR2 BB loop pocket mutants 

to recruit MyD88, we would carry out a co-immunoprecipitation in HEK293T cells 
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overexpressing pcDNA3-AU1-MyD88 and mutant TLR2 constructs in the pcDNA3-

YFP-hTLR2 vector. Previous studies have also suggested that certain residues within 

TIR2 regulate the mobility of the BB loop [194, 203]. We would like to carry out 

molecular dynamics simulation of the BB loop pocket mutants to determine if the lack of 

signaling observed is due to an increase in the flexibility of the BB loop.  

Concluding Remarks 

Excess TLR2 signaling has been implicated in numerous inflammatory diseases, 

yet there is no TLR2 inhibitor available for therapeutic use. Here, we present an 

innovative approach using CADD to identify small molecule inhibitors of TLR2 

signaling. We identified a compound, C29, as well as a derivative, o-vanillin, that inhibit 

TLR2 signaling in vitro and in vivo. Our findings also revealed unexpected differences 

between TLR2/1 and TLR2/6 signaling in mice vs. humans. Importantly, our data provide 

proof of principle that the CADD-targeted BB loop pocket residues are critical for TLR2 

signaling and may be targeted therapeutically.  
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