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SUMMARY

Toll-like receptors (TLRs) activate distinct, yet overlapping sets of signaling molecules, leading to
inflammatory responses to pathogens. Toll-IL-1R (TIR) domains, present in all TLRs and TLR
adapters, mediate protein interactions downstream of activated TLRs. A peptide library derived
from TLR2 TIR was screened for inhibition of TLR2 signaling. Cell-permeable peptides derived
from the D helix and the segment immediately N terminal to TLR2 TIR domain potently inhibited
TLR2-mediated cytokine production. The D helix peptide, 2R9, also potently inhibited TLR4,
TLR7, and TLRY, but not TLR3 or TNF-a signaling. Cell imaging, co-immunoprecipitation, and
in vitro studies demonstrated that 2R9 preferentially targets TIRAP. 2R9 diminished systemic
cytokine responses elicited in vivo by synthetic TLR2 and TLR7 agonists; it inhibited activation of
macrophages infected with influenza strain A/PR/8/34 (PR8) and significantly improved survival
of PR8-infected mice. Thus, 2R9 represents a TLR-targeting agent that blocks protein interactions
downstream of activated TLRs.
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INTRODUCTION

Toll-like receptors (TLR) recognize exogenous microbial and endogenous damage-
associated molecules to activate inflammatory responses critical for host recovery from
infection or sterile tissue injury (Chen and Nunez, 2010; Kawai and Akira, 2011). Ligand
interaction with TLR ectodomains induces dimerization of cytoplasmic Toll-Interleukin-1R
(TIR) domains of two receptor molecules (Jin and Lee, 2008). This creates composite
binding sites, to which adapter proteins are recruited through TIR domains present in each
TLR adapter, leading to activation of several signaling cascades (Gay et al., 2014). In
mammals, TIR domains are present in all TLRs, IL-1R family members and the adapters
that transduce signals from these receptors (Gay and Keith, 1991; Medzhitov et al., 1997;
O’Neill and Bowie, 2007). TIR domains are protein interaction domains that mediate
transient interactions of signaling proteins. TIR domains tend to interact with other TIR
domains; nevertheless, no common TIR:TIR binding motif has been identified (Pawson and
Nash, 2003; Toshchakov and Vogel, 2007). TLRs and the proteins that transduce TLR
signals are important therapeutic targets because excessive or prolonged TLR activation
underlies many chronic inflammatory diseases and may be lethal (Brandes et al., 2013;
Kawai and Akira, 2011; O’Neill et al., 2009).

TLR2 is activated by many ligands specific for Gram-positive bacteria, mycobacteria, or
fungi (Means et al., 1999; Takeuchi et al., 1999; Underhill et al., 1999; Werts et al., 2001).
TLR2 functions as a heterodimer with TLR1 or TLR6 and activates the MyD88-dependent
signaling leading to activation of NF-xB and production of proinflammatory cytokines
(Ozinsky et al., 2000). TLR2 utilizes two TIR domain-containing adapters: MyD88 and
TIRAP, also called Mal. MyD88 is an adapter common to all human TIR-containing
receptors, except TLR3, while TIRAP participates in fewer pathways (Kawai and Akira,
2010; Medzhitov et al., 1998). Early experiments demonstrated that cells obtained from
TIRAP-deficient mice are hyporesponsive to TLR4 and TLR2 ligands, while capable of
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mounting a potent response to TLR3, TLR5, TLR7, and TLR9 agonists (Horng et al., 2002;
Yamamoto et al., 2002). Later studies elaborated that the responsiveness of TIRAP-deficient
cells to TLR2 agonists could be partly restored by prolonged exposure to a pathogen or
increased agonist concentration (Cole et al., 2010; Kenny et al., 2009). Another study has
found that, analogously to its role in TLR2 signaling, TIRAP facilitates TLR9 signaling
because the TLR9 response is severely diminished by a targeted mutation of TIRAP gene in
some cell types, as is the response to several viral pathogens (Bonham et al., 2014).

Although the general mechanism by which TLR activation induces formation of cytoplasmic
signaling complexes has been determined, the specific location of sites that mediate the
interactions of TIR-containing proteins in a functional signaling complex, as well as the
composition and stoichiometry of components in the immediate receptor complexes, is still
debated ((Gay et al., 2014) for a recent review; (Piao et al., 2013a) and (Enokizono et al.,
2013) for an example of debate). Previously, we screened several libraries of peptides
derived from putative TIR:TIR interaction sites of TLR4 and TIR-containing TLR4 adapters
and identified several as potent TLR inhibitors that competitively block TIR:TIR
interactions required for signal transduction (Couture et al., 2012; Piao et al., 2013a; Piao et
al., 2013b; Toshchakov et al., 2011).

The present study extends our prior work by identification of a TLR2-derived peptide, 2R9,
which is a potent, multispecific TLR inhibitor that inhibits cytokine activation elicited by
TLR2, TLR4, TLR7, and TLR9 agonists. A cell-based FRET assay and co-
immunoprecipitation studies demonstrated that 2R9 primarily targets TIRAP; however, a
weak binding of 2R9 to TLR4 and TLR7 was also detected. Analysis of 2R9/TIRAP
interaction using recombinant TIRAP has revealed that 2R9 binds TIRAP with nanomolar
affinity due to a fast association rate coupled with slow dissociation of the complex. 2R9
binds albumin with micromolar affinity. 2R9 potently inhibits cytokine production by
cultured macrophages infected with the mouse-adapted influenza virus strain A/PR/8/34
(PR8) and protects mice from lethal PR8 challenge.

Screening of TLR2 peptide library

TLR2 activation leads to a direct interaction of TLR2 TIR domain with the TIR domain of
TLR1 or TLR®, followed by recruitment of TIRAP and MyD88, to the dimer, through TIR
domains of these adapters. Therefore, TLR2 TIR participates in several TIR:TIR
interactions, each of which might be competitively blocked by a peptide derived from a
TLR2 TIR interface, leading to diminished signaling (Toshchakov and Vogel, 2007). To
identify TLR2 inhibitors, we designed a library of cell-permeable TLR2-derived peptides
and tested individual peptides for the ability to block TLR2-mediated signaling in primary
mouse macrophages. All decoy peptide sequences were synthesized fused to the
translocating segment of Antennapedia homeodomain (RQIKIWFQNRRMKWAKK) at the N
terminus (Derossi et al., 1994). Eleven peptides, named 2R1 — 2R11, each of which
represents a separate patch of TLR2 TIR surface, were examined in the primary screening
(Figure S1).
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We first tested if the peptides inhibit cytokine mMRNA transcription induced by S-[2,3-
bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-Ser-Lyss-OH (P3C), a synthetic
lipopeptide that activates the TLR2/TLR1 heterodimer (Ozinsky et al., 2000), and by S-[2,3-
bis- (palmitoyloxy)-(2-RS)-propyl]-[R]-Cys-Ser-Lys4-OH (P2C) or Fibroblast-Stimulating
Lipopeptide-1 (FSL-1), two lipopeptides recognized by the TLR2/TLR6 heterodimer
(Takeuchi et al., 2001). Two peptides, 2R1 and 2R9, potently inhibited TNF-a and IL-18
mMRNA expression 1 h after macrophage stimulation with P3C, while the third peptide, 2R3,
inhibited suboptimally (Figure 1A). 2R1 and 2R9 also potently inhibited MRNA induced by
TLR2/TLRG6 agonists, P2C or FSL-1 (Figure 1B—C). Although 2R4 did not inhibit TLR2
significantly (Figure 1A-F), we confirmed our previous data (Toshchakov et al., 2007) that
2BB, a peptide that represents the extended BB loop of TLR2 and includes all 2R4 residues,
inhibits the P3C-induced cytokine production in macrophages (Figure S2).

In accordance with strong effects of 2R1 and 2R9 on cytokine expression, both peptides
potently inhibited phosphorylation of IKK-a/, kinases of the NF-xB activation pathway,
induced by all TLR2 agonists (Figure 1D-G). The inhibitory effect on MAPK activation,
however, was limited to TLR2/1 signaling: 2R1 and 2R9 inhibited ERK and JNK induced
by P3C, a TLR2/TLR1 agonist, but failed to inhibit activation of MAPKSs induced by P2C or
FSL-1, thus suggesting a distinct mechanism of MAPK activation via TLR2/1 and TLR2/6
(Figure 1D-G). 2R1 and 2R9 potently inhibited TNF-a and I1L-6 secretion measured in
macrophage supernatants 5 or 24 h after stimulation by all TLR2 agonists, indicating that
peptides exert a long-lasting inhibitory effect (Figure 1H-J). To determine effect of peptides
on cell viability, we conducted 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium
bromide (MTT) incorporation assay. Macrophage viability was consistently greater than
80% for all peptides, at all conditions, and in particular, 2R1 and 2R9 exerted a minimal
effect on cell viability that was comparable to the effect on cell viability caused by P3C
stimulation alone (Figure S3). The negative effect of TLR2 activation on cell viability,
particularly by P3C, has long been reported and is attributed to pro-apoptotic properties of
TLR2 agonists (Aliprantis et al., 1999).

We examined if inhibitory peptides derived from mouse TLR2 inhibit human TLR2 and
found that effects of both peptides are highly similar in human and mouse macrophages
(Figure S4). Thus, we identified two TLR2 inhibitory peptides that block TLR2-mediated
responses in vitro by 80-90% in human and mouse cells, with minimal effects on cell
viability.

Specificity of signaling inhibition by TLR2-derived peptides

TLR2-derived peptides that inhibited TLR2 were next examined for inhibition of signaling
induced by TNF-a, TLR4, TLR7, TLR9, and TLR3. 2R1, but not 2R9, inhibited TNF-a and
IL-1B mRNA expression induced by TNF-a (Figure 2A, B), suggesting that 2R1 may target
a protein that does not have a TIR domain. Peptides 2R9 and 2R1, but not Control Peptide
(CP), also potently decreased TLR4-induced TNF-a and IL-1f expression (data not shown)
and secretion (Figure 2C, D). R848, an imidazoquinoline compound that activates TLR7
(Diebold et al., 2004; Heil et al., 2004; Lund et al., 2004), and ODN1668, a class B CpG
oligonucleotide that activates murine TLR9, induced robust production of TNF-a and IL-6

Cell Rep. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piao et al. Page 5

by cultured murine macrophages (Figure 2E, F). Treatment of cells with 2R9 at 20 uM, the
lower effective dose used in Figure 1, decreased TLR7 and TLR9-activated cytokine
production by 75 — 80% (Figure 2E, F). 2R9 did not affect the IFN-p secretion and STAT-1
activation induced by the TLR3 agonist, poly(l:C) (Figure 2G—H). Thus, the inhibitory
effects of 2R1 are non-specific in contrast to 2R9 that does not block TNF-a- or TLR3-
mediated signaling, but blocks TLR2, TLR4, TLR7, and TLR9.

2R9 binds TIRAP and prevents adapter recruitment to TLR2 signaling complex

The specificity profile exhibited by 2R9 could either be a consequence of targeting several
distinct TIR domains or result from targeting one TIR-containing adapter, common to
several TLRs. To identify TIR domains targeted by 2R9, we used two approaches. The first
is that a panel of fluorescently labeled TIR-containing proteins, each a candidate binding
partner for 2R9, is expressed in a host cell line, and the resulting cell lines are treated with a
decoy peptide labeled with a fluorescent dye that can serve as a FRET acceptor for the TIR
label. If a peptide binds the TIR domain, it results in FRET and an associated decrease in
donor fluorescence lifetime. Cerulean- (Cer-) labeled TIR domains and Bodipy-TMR-X-
(BTX-) labeled decoy peptides were used as a FRET pair to study interactions of decoy
peptides with TIR domains (Toshchakov et al., 2011). We recently developed a
Fluorescence Lifetime IMaging- (FLIM-) based approach that enables quantitative
comparisons of TIR-peptide binding affinities directly in cells (Szmacinski et al., 2014).
This approach was used to analyze new FLIM images. The second approach that was
developed to analyze TIR-peptide binding is the dot blot immunoprecipitation assay, in
which labeled TIR domains are expressed in cells and then immunoprecipitated from cell
lysates spiked with decoy peptides. In this approach, the level of peptide-TIR binding is
estimated by quantifying peptides in immunoprecipitates (Piao et al., 2013a).

Upon TLR2 activation, TLR2 TIR dimerizes with the TIR domain of TLR1 or TLR6 and the
dimer recruits TIRAP and MyD88 through TIR domains of these adapters. Therefore, TLR1,
MyD88, and TIRAP TIR domains were selected as the primary candidate targets of TLR2-
derived decoy peptides, and mammalian expression vectors that encode these TIR domains
fused at the C terminus with Cer were generated. Figures 3A—C present results of analysis of
Cer fluorescence lifetime in images of HelLa cells transfected with Cer-fused, TIR-
containing proteins and incubated in the presence of different concentrations of BT X-labeled
2R9 (BTX-2R9) for 1 h. Images were analyzed using the bi-exponential fluorescence decay
model with the fixed components’ lifetimes of 2.96 ns (free donor) and 0.9 ns (donor-
acceptor pair), determined as described previously (Szmacinski et al., 2014). Figure 3A
demonstrates cell images in pseudocolor based on the fractional amplitude of the short
lifetime component, a; this parameter reflects the portion of acceptor-bound donor
molecules (Szmacinski et al., 2014). Incubation of TIRAP-Cer-expressing cells with
BTX-2R9 caused a significant, dose-dependent increase of a1, reflecting the higher
molecular fraction of donor-acceptor pairs. This finding indicates a direct interaction
between TIRAP and 2R9. The selective quenching of TIRAP-Cer fluorescence by BTX-2R9
is clearly visible in the a1 images of cells treated with 10 or 50 uM of 2R9 as shown by
pseudocolor (Figure 3A) and by the appearance of distinct peaks at high a4 values in
histograms of Figure 3B. Formation of donor-acceptor pairs in the presence of 2R9 was
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considerably less for the TLR1-expressing cells and less yet for the MyD88-expressing cells
(Figure 3A-C). Importantly, Cer not fused with a TIR domain was not quenched to a
comparable degree even by the highest concentration of BTX-2R9 used (Figure 3C),
indicating that 2R9 indeed targets TIRAP in the TIRAP-Cer fusion protein.

FLIM images of cells incubated at varied concentrations of 2R9 were used to estimate the
apparent TIR-2R9 binding affinities in cellular milieu. The titration plots (Figure 3C) were
constructed assuming that amplitude a4 corresponds to the molecular fraction of donor-
acceptor pairs as a;= [DA]/([D]+[DA]). At each acceptor concentration, the a4 values in
Figure 3C correspond to the predominant pixel frequency derived from several images using
histograms such as that in Figure 3B. Fitting the experimental points with logistic function
revealed that mid-points are at ~3.8, 109.2, and 1055.3 uM for TIRAP, TLR1, and MyD88,
respectively. The >10-fold higher affinity of 2R9 binding to TIRAP compared to binding to
TLR1 or MyD88 suggests that 2R9 selectively binds TIRAP. The apparent affinity of 2R9/
TIRAP binding in cells is in the low micromolar range and thus corresponds to the effective
2R9 dose for signaling inhibition and suggests that 2R9/TIRAP binding may account for
TLR inhibition by this peptide.

Co-immunoprecipitation studies confirmed the robust 2R9/TIRAP binding and indicated
that 2R9 binds TIRAP more strongly than other TLR2-derived inhibitory peptides (Figure
3D). The binding of 2R9 to MyD88 TIR domain, however, was much weaker compared to
that of 2R1 or TR6, a TIRAP C helix peptide, the strong binding of which to the MyD88
TIR domain was previously reported (Couture et al., 2012; Piao et al., 2013a). 2R9 binding
to TLR1 and TLR6 was weaker than that for two other TLR2 peptides (Figure SSA-B);
however, we noted considerable binding of 2R9 to TLR4 (Figure S5C). 2R9/TLR4 binding
was only slightly less than that of 4BB, a TLR4-derived peptide that strongly binds TLR4
(Szmacinski et al., 2014; Toshchakov et al., 2011). Interestingly, regions of TIR surface
represented by 2R1 and 2R3 peptides are juxtaposed (Figure S1B) and both peptides
preferentially interact with TLR2 co-receptors, TLR1 and TLR6. These observations may
indicate the TLR2 TIR interface that mediates interaction with co-receptors.

Dot blot analysis suggested a weak interaction of 2R9 with TLR4 TIR domain (Figure S5C);
therefore, we sought to evaluate binding of 2R9 to TIR domains of other TLRs inhibited by
2R9 and generated expression vectors encoding Cer-labeled TLR4, TLR7, and TLR9 TIR
domains. Analysis of 2R9 binding to these proteins was complicated by significant
differences in cellular abundance of these proteins after ectopic expression in HelLa or
HEK?293T cells. Particularly, the TLR7-TIR-Cer abundance 2 days post-transfection was not
sufficient for FLIM. Apparently, cells quickly eliminated the TLR7 TIR encoding vector
because shortening of time between transfection and treatment of cells with 2R9-BTX from
two to one day resulted in better Cer expression and fluorescent signals sufficient for FLIM
(Figure S5D-F). Analysis of several independently obtained images suggested that there
was detectable binding of 2R9 to TLR7 and TLR4 (Figure S5D, E), which was ~10 times
weaker than 2R9-TIRAP binding (Figure S5F). We detected no binding between 2R9 and
TLRO TIR (Figure S5D-G).
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In accordance with the strong effect of 2R9 on TLR2 signaling, 2R9 decreased agonist-
induced recruitment of both TIRAP and MyD88 to TLR2 in co-immunoprecipitation assay
(Figure 3E). Thus, our data suggest that 2R9 suppresses TLR signaling primarily through
direct binding to TIRAP and a consequent indirect effect on MyD88 recruitment; however,
2R9 may also affect TLR4 and TLRY7 signaling through weak binding to TIR domains of
these receptors.

Affinity and kinetics of 2R9/TIRAP binding in a binary system

Having identified TIRAP as the main target of the 2R9 peptide, we next studied this
interaction in vitro using recombinant mouse TIRAP. Two approaches were used. The first
is the fluorescence polarization assay (FP). In this assay, a fluorescently labeled ligand,
BTX-2R09, is incubated with TIRAP and the interaction between the two detected based on
increased polarization of ligand fluorescence due to decreased rotational mobility of the
protein-bound ligand. Figure 3F demonstrates that BTX-2R9 fluorescence polarization
(shown as fluorescence anisotropy, r = 3P/(3-P)) indeed increases dose-dependently in the
presence of recombinant TIRAP. The TIRAP-caused increase in anisotropy clearly indicates
direct 2R9/TIRAP binding in solution. Fitting the observed dependence of BTX-2R9
anisotropy on TIRAP concentration to the four parameter logistic function suggested the
apparent Kp of 2R9/TIRAP interaction is ~40 nM. Incubation of BTX-labeled 2R1 in the
presence of TIRAP did not change fluorescence anisotropy, indicating that 2R9/TIRAP
interaction is specific (Figure 3F). Interestingly, the FP experiments detected binding of 2R9
to bovine albumin (BSA), with apparent Kp in the low micromolar range (Figure 3F).

The 2R9/TIRAP interaction was studied further using the surface plasmon resonance (SPR)
single cycle kinetics analysis. The 2R9 peptide was immobilized on the surface of the flow
cell using amine coupling. As a control, the Antennapedia peptide that contained the cell-
permeating sequence of 2R9, but not its decoy sequence, was immobilized in the control
flow cell. The SPR analysis confirmed TIRAP/2R9 interaction (Figure 3G). The addition of
reducing agent B-mercaptoethanol (BME) to the sample buffer abolished TIRAP binding to
2R9, indicating that TIRAP tertiary structure is important for this interaction (Figure 3G). A
notable feature of the sensorgrams is that TIRAP binding to 2R9 has a fairly fast association
rate compared to apparently slow dissociation.

Thus, both FP and SPR analyses suggest that 2R9 specifically binds TIRAP with high
affinity. The FP experiments demonstrated 2R9 also binds albumin with low affinity.

TLR7 signaling is diminished in TIRAP-deficient cells

We discovered that 2R9 inhibits TLR2, TLR4, TLR7, and TLR9, but not TLR3 (Figure 2).
This specificity pattern may suggest that 2R9 targets MyD88 because MyD88 is involved in
each blocked pathway, whereas this adapter is dispensable for TLR3 signaling (Kawai and
Akira, 2010). However, our binding studies demonstrated that 2R9 binds TIRAP, not
MyD88 (Figure 3). The available literature only partly supports the notion that TIRAP is
involved in the pathways inhibited by 2R9. TIRAP has long been known to be important for
TLR4 and TLR2 signaling (Horng et al., 2002; Yamamoto et al., 2002). These studies,
however, suggested that TIRAP is not involved in all MyD88-dependent TLR signaling
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because TIRAP-deficient mice and cells from TIRAP-deficient mice remained capable of
responding through some TLRs, including TLR9 and TLR7. However, a more recent study
specified that, although the response to TLR9 agonists can occur in the absence of TIRAP,
TIRAP facilitates the MyD88-dependent response mediated by endosomal TLRs, especially
in cells that are less endocytic, such as immaortalized BMDM (iBMDM) (Bonham et al.,
2014). This study also showed that TLR9 signaling and the response to viruses that activate
TLR9 and TLRY7 is diminished in TIRAP-deficient cells (Bonham et al., 2014). However,
the authors did not study whether TLR7 signaling is TIRAP-dependent. We, therefore,
studied the effects of 2R9 on TLR-driven activation of wild-type (WT) iBMDM, TIRAP-
deficient iBMDMs (TIRAP KO iBMDM), and TIRAP KO iBMDM retrovirally transfected
with TIRAP (TIRAP rescue iBMDM).

Figure 4A confirms findings of Bonham et al. that TLR9-induced secretion of TNF-a and
IL-6 in iBMDM is TIRAP-dependent because TIRAP KO iBMDMs do not respond to
ODN1668 (Figure 4A). This figure also demonstrates that 2R9 potently blocks TLR9-
induced production of TNF-a and IL-6 in WT iBMDMs and in TIRAP rescue iBMDMs
(Figure 4A). Figure 4B expands these findings to TLR7-mediated activation of iBMDMs.

Unlike TLR2, TLR7, or TLR9, TLR4 activates two signaling pathways resulting in
activation of a subset of genes in MyD88- and TIRAP-independent manner (Kawai and
Akira, 2010). Surprisingly, the TLR4-driven activation of a MyD88- and TIRAP-
independent cytokine, RANTES, was sensitive to 2R9 in iBMDM (Figure 4C) and in
peritoneal macrophages (Figure 4D), albeit less sensitive than the genes that are completely
MyD88- and TIRAP-dependent (Figure 4E). Confirming the latter observation, the MyD88-
independent activation of STAT1, shown previously to be the consequence of LPS-induced
IFN-B acting back on the macrophages through the IFNAR (Toshchakov et al., 2002), was
also diminished in the presence of 2R9, albeit less potently than in WT macrophages (Figure
4E). These findings likely indicate that direct binding of 2R9 to TLR4 demonstrated by the
dot blot assays and FLIM (Figure S5C-F) constitutes an additional mechanism of TLR4
inhibition by this peptide. Our data also confirm that unlike TLR4-mediated activation of
STAT1, TLR7-mediated activation of STAT1 and TNF-a is completely MyD88-dependent
(Figure 4E, F).

Thus, TIRAP is important for endosomal TLR signaling through TLR7 and TLR9, and,
therefore, targeting of TIRAP may account for the observed pattern of TLR inhibition by
2R9. Yet, binding to additional TIR domains may also be a part of 2R9 functionality as it is
likely the case for 2R9/TLR4 and 2R9/TLR7 binding. It is noteworthy that we previously
observed that some highly inhibitory TLR-targeting decoy peptides demonstrate similar,
‘multispecific’ binding behavior. One peptide that binds several TIR domains is TF5, a
TRIF-derived TLR4 inhibitor that binds TRAM strongly and TLR4 less strongly, while it
does not bind MyD88 or TIRAP TIRs (Piao et al., 2013a).

2R9 blocks TLR2- and TLR7-mediated systemic cytokine response in mice

We next examined whether 2R9 is effective in vivo. C57BL/6J mice were pretreated i.p.
with 2R9, or 2R8, a cell-permeating peptide that does not inhibit TLRs, or TR6, a TIRAP-
derived peptide that inhibits TLR4 and TLR2 (Couture et al., 2012), and challenged with
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P3C (3.3 nmol/g). Peptides were administered at a dose of 10 nmol/g of mouse weight 1 h
before P3C. TNF-a. IL-12 p40, and IL-6 were measured in plasma samples collected
immediately before and after stimulation. 2R9 pretreatment decreased the P3C-induced
systemic TNF-a levels below the limit of detection (Figure 5A). IL-12 p40 was also
significantly decreased (Figure 5B). Although the 2R9-mediated IL-6 decrease was not
statistically significant at the peak time point, i.e., 2 h after administration of P3C, the
tendency was there and the P3C-induced IL-6 augmentation was significantly lower at 4, 6,
and 8 h post-stimulation in the 2R9-treated group (Figure 5C). TR6, a TIRAP-derived
peptide that binds MyD88 (Couture et al., 2012; Piao et al., 2013a), also decreased the P3C-
induced cytokine levels; however, the effect of TR6 was less than that of 2R9 (Figure 5A-
C).

The effect of 2R8 and 2R9 on TLR7-induced systemic cytokines was also studied. 2R9, but
not the inert peptide, significantly decreased cytokine induction by R848 (Figure 5D-E).
These data establish 2R9 as a potent inhibitor of TLR2 and TLR7 in vivo.

2R9 suppresses PR8-induced macrophage activation and protects mice from lethal PR8

challenge

A broad TLR inhibitory specificity of a candidate therapeutic, such as that demonstrated by
2R9, may provide a distinct advantage clinically because such a compound may be expected
to modulate TLR response to pathogens, which elicit inflammatory responses through
multiple TLRs. Influenza virus is sensed by several innate receptors, including TLR7,
TLR8, TLR10, and also by RIG-I, although TLR8 and TLR10 are not functional genes in
mice (Diebold et al., 2004; Heil et al., 2004; Iwasaki and Pillai, 2014; Kawai and Akira,
2011; Lee et al., 2014; Lund et al., 2004). Secondary TLR4 activation by endogenous
ligands associated with tissue damage also plays a significant role in influenza pathogenesis
by promoting injurious inflammation (Shirey et al., 2013). Therefore, we hypothesized that
2R9 can modulate the innate immune response to influenza. Cultured mouse peritoneal
macrophages were challenged in vitro with the mouse-adapted H1N1 influenza PR8 strain at
a multiplicity of infection (MOI) = 1 for 2 h, then the virus was removed, and cells washed
with PBS and mock-treated or treated with 2R9. Cytokine levels were measured in
supernatants 24 h later. 2R9, but not a control peptide, potently inhibited PR8-induced
secretion of TNF-qa, IL-6, and IFN-B (Figure 6A-C).

MyD88-deficient macrophages infected with PR8 induced TNF-a and IL-6 poorly (Figure
6A, B), indicating a critical contribution of TLRs to viral induction of these genes. In
contrast, the PR8-induced production of IFN-p was less dependent on MyD88 (Figure 6C),
reflecting an important contribution of RIG-I-like receptors (RLRs) to viral induction of
type | IFNs reported for a variety of cell types (Kato et al., 2005). Accordingly, the MyD88-
independent IFN-f induction was only slightly suppressed by 2R9 (Figure 6C). The residual
sensitivity of IFN- expression to 2R9 reflects complexity of immune response to live
pathogens and also might be explained by indirect secondary activation of TLR4 by
endogenous ligands produced in response to influenza virus (Imai et al., 2008; Shirey et al.,
2013).
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We next examined if 2R9 would improve survival of mice infected with an LDgq of PRS.
Groups of PR8-infected C57BL/6J mice received a control cell-permeating peptide, or 2R9
(200 nmol/mouse), or vehicle i.p. once daily for 5 days, starting 48 h after PR8 infection. In
the 2R9-treated group, 78% of mice survived, whereas only 12.5% and 10% survived in the
CP and vehicle control groups, respectively (p < 0.02 for both control groups; Mantel-Cox
test) (Figure 6D).

DISCUSSION

TLRs are important therapeutic targets because excessive or prolonged TLR activation leads
to inflammation that can cause disease or lethality (O’Neill et al., 2009). Due to a more
significant effort expended in the past on the development of TLR antagonists that
antagonize the agonist binding sites of TLR ectodomains, the currently available pool of
TLR inhibitors that block interactions of cytoplasmic proteins is less advanced (Connolly
and O’Neill, 2012; Wang et al., 2013). Although targeting the transient protein interactions
of signaling proteins is challenging (Smith and Gestwicki, 2012), this approach may be
advantageous because some intracellular signaling molecules participate in several pathways
or participate in a pathway in a stoichiometrically higher quantity. Thus, broader specificity
and/or higher potency of signaling inhibition might be anticipated as a result of targeting a
cytoplasmic signaling protein compared to agonist antagonism.

To develop TLR inhibitors that act intracellularly by blocking the protein interactions
downstream of activated TLRs, we designed and screened a library of peptides derived from
putative interaction sites of the TLR2 TIR domain, for inhibition of TLR2. The TLR2
library is the second library derived from a receptor TIR domain that we have examined.
Originally, TLR4 peptides were designed analogously and screened for TLR4 inhibition
(Toshchakov et al., 2011). The screening of the TLR2 library revealed two peptides that
potently inhibit TLR2: 2R1 corresponds to the region that connects the TIR domain to
transmembrane region, while 2R9 represents the D helix of the TIR. Regions represented by
these inhibitory peptides are located at opposite sides of TIR domain (Figure 7A). Two other
TLR2 peptides weakly suppressed TLR2, i.e., the AB loop peptide, 2R3, and the BB loop
peptide (2BB), previously shown to inhibit TLR2 and TLR4 moderately (Toshchakov et al.,
2007).

Interestingly, peptides derived from structurally homologous regions of TLR4 also inhibited
signaling mediated by parent receptor (Toshchakov et al., 2011). The sequence similarity of
TLR4 and TLR2 inhibitory peptides from structurally homologous regions is, however,
rather limited. Thus, regions 1 in TLR4 and TLR2 have only 4 of 14 amino acids conserved,
whereas regions 9 are completely dissimilar and have only one amino acid positioned
similarly, which is the central leucine, a residue that is completely buried in the TLR2 TIR
(Figure 7B). Peptides 3 and 4 (BB) are ~50% conserved in TLR2 and TLRA4.

We previously reported that TLR4 peptides 4R1, 4R3, and 4BB inhibit TLR4, bind TLR4
TIR domain, and together form a cluster on the TIR surface (Toshchakov et al., 2011). We
proposed that this cluster forms the TLR4 dimerization interface. Interestingly, peptides
from structurally homologous regions of TLR2, i.e., 2R1, 2R3 and 2BB, also inhibit cognate
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receptor, albeit 2R3 and 2BB are less potent. 2R1 binds TLR2 co-receptors TLR1 and TLR6
(Figure S5A-B). 2R1, however, inhibited not only TLR2, but multiple signaling pathways,
i.e., it suppressed all TLRs tested and also TNF-a-induced signaling. This finding might
suggest that 2R1 binds several proteins with similar affinity. Co-immunoprecipitation
studies confirmed a certain lack of specificity of 2R1 interaction with TIR domains because
significant binding of this peptide to MyD88 and both TLR2 co-receptors was observed
(Figures 3D and S5A-B). Interestingly, 4R1, the 2R1 homolog from TLR4, unlike other
TLR4 inhibitory peptides, also demonstrated ‘multispecific’ binding in a cell-based FRET
assay and bound both TLR4 and TLR2 TIRs (Toshchakov et al., 2011). The BB loop is the
most conserved surface-exposed region of TIR domains (Slack et al., 2000); e.g., BB loops
of murine TLR4 and TLR2 are ~50% conserved. Therefore, peptides derived from BB loop
of different proteins might be predicted to demonstrate similar properties. Along this line,
TLR4 and TLR2 BB loop peptides were found to cross-react as each peptide suppresses
both TLR4 and TLR2 signaling (Toshchakov et al., 2007).

New and published findings suggest that TLR4 and TLR2 peptides from regions 1, 3, and 4
interact with TIR domains of corresponding dimerization partners; yet each peptide may
have additional binding partners among TIR domains. Less specific binding to the
dimerization interface compared to the region that mediates the recruitment of a specific
protein from cytosol may be anticipated because dimerization of receptor TIR domains is, in
a sense, a ‘forced’ interaction driven by the agonist-induced conformational change in the
ectodomains. In contrast, the adapter recruitment site has to be specific to function properly
because binding of unrelated proteins to this site would slow down the formation of receptor
complexes. Although the extent to which these speculations are applicable to peptides
derived from TIR:TIR interfaces is not certain at this time, the available study suggests that
the bound conformation of protein-derived peptides is often highly similar to the
conformation of the peptides in folded proteins (Vanhee et al., 2009).

Based on observation that the D helix peptide from TLR4 inhibits TLR4, but does not bind
TLR4 TIR, we proposed that TLR4 D helix mediates adapter recruitment (Toshchakov et
al., 2011). Our current study finds that, analogously to TLR4, the TLR2 D helix is an
adapter recruitment site too; we further specify that this site binds TIRAP. Another
interesting analogy is that for both TLR4 and TLR2, one TIR of the dimer seems to interact
with the other TIR via a large surface formed by AB and BB loops with an important
contribution of the region that is immediately N-terminal to the TIR domain (Figure 7B).
We previously proposed that, in the case of TLR4, this region interacts with E helix of the
other TIR of the dimer (Toshchakov et al., 2011). At this time, it is not known whether the
mode of interaction of TLR2 co-receptors with TLR2 is similar.

Available mutagenesis data support the importance of TLR2 BB loop and the D helix for
TLR2 function (Gautam et al., 2006; Xiong et al., 2012). A rare SNP allele (rs5743708), that
results in R753Q replacement in the middle of D helix of TLR2 TIR (Figure 7A), is
associated with higher susceptibility to infections caused by several bacterial and viral
pathogens (Lorenz et al., 2000; Ogus et al., 2004; Schroder et al., 2005).
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Studies of 2R9 binding to putative components of the primary TLR2 signaling complex
indicated this peptide specifically binds TIRAP (Figure 3). FLIM measurements suggested
that the apparent 2R9/TIRAP binding affinity measured directly in cells is >10 times higher
than that for the 2R9/TLR1 or 2R9/MyD88 pairs (Figure 3C). The FP experiments using
recombinant TIRAP confirmed the high binding affinity with Kp of ~40 nM for the 2R9/
TIRAP pair. Although the FP studies also detected binding of 2R9 to BSA (Figure 3F), 2R9
binds albumin with the affinity that is ~40 times lower than TIRAP (Figure 3F). Albumin is
the most abundant serum protein that has several multifaceted binding sites capable of
binding a range of small and medium size molecules (Ghuman et al., 2005). Binding to
albumin significantly improves circulatory half-life of protein- and peptide-based drugs
(Kratz, 2008; Sleep et al., 2013). Improving the pharmaceutical properties of drug
candidates through engineering of molecules with enhanced binding to albumin has become
an established strategy in drug development (Larsen et al., 2001; Sleep et al., 2013). The
observed ratio of affinities of 2R9 binding to TIRAP versus albumin together with the high
2R9 dose required for TLR inhibitory effect in cells and in vivo suggest that a significant
portion of total 2R9 in the system is likely bound to albumin under conditions of our in vitro
and in vivo experiments and is thus protected from proteolysis. Although additional studies
are required to elucidate if reversible binding to albumin is critical for the observed in vivo
efficacy of 2R9, it is likely so. The observed 2R9/TIRAP binding affinity is very high
compared to previously reported interaction of TIRAP with the viral Bcl-like protein A46
(apparent Kp of 1.5 uM) (Oda et al., 2011). This study, however, failed to measure TIRAP
binding with the TLR4-inhibitory peptide VIPER that is derived from A46 (Lysakova-
Devine et al., 2010; Oda et al., 2011). A separate SPR study of IL-17RA binding to the CC
loop decoy peptide from SEFIR domain of NF-«xB activator 1 reported a very high Kp value
of 117 uM (Liu et al., 2011).

2R9 blocked TLR2, TLR4, TLR7, and TLR9, but not TLR3 or TNF-a-mediated signaling.
Such a specificity profile agrees with the notion that this peptide binds TIRAP and precludes
TIRAP interactions with TLR TIR domains. Although TIRAP-dependency of TLR7
signaling was not reported previously, our data suggest that, analogously to TLR9-mediated
response, the TLR7-mediated activation of iBMDM strongly depends on TIRAP (Figure 4A
and 4B). In accordance with these data, the TIRAP-targeting peptide, 2R9, potently
inhibited TLR7 in cells and in vivo (Figures 4 and 5). The possibility that, in addition to
TIRAP, 2R9 binds other TIR domain proteins, so that the observed functionality of this
peptide is due to targeting of several TIR domains, cannot be excluded at this time.
Particularly, the binding of 2R9 to TLR4 (Figure S5C-F) likely accounts for inhibition of
LPS-induced cytokines in MyD88- and TIRAP-deficient cells (Figure 4C, D) and, also,
increases the potency of TLR4 inhibition by 2R9 in WT cells. A similar mechanism of
targeting several TIR domains may also play a role in inhibition of TLR7 by 2R9 because
our data suggest that, in addition to strong binding to TIRAP, 2R9 directly binds the TIR of
TLRY7, albeit with apparent TLR7 binding affinity that is ~10 times less. Whether or not this
secondary binding to TLR7 TIR is important for 2R9 activity in vivo remains to be
elucidated.
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2R9 also potently suppressed systemic cytokine activation induced in live animals by a
synthetic TLR2 agonist. 2R9 blocked TLR2-mediated cytokine production more potently
than TR6, a TIRAP-derived peptide that inhibits TLR4 and TLR2 and binds MyD88
(Couture et al., 2012; Piao et al., 2013a). The in vivo efficacy of 2R9 is confirmed by its
effect on TLR7-induced systemic cytokine levels (Figure 5D—F).

Influenza virus, a single-stranded RNA virus, is sensed by a number of pattern recognition
receptors, although TLR7 appears to play the primary role in mice (Diebold et al., 2004;
Kawai and Akira, 2011; Lund et al., 2004). Accordingly, 2R9 that potently blocks TLR7
significantly inhibited the MyD88-dependent cytokine production by PR8-infected
macrophages in cell culture experiments (Figure 6A-C). 2R9 less potently affected the PR8-
induced IFN-p because of significant contribution of RLRs to induction of this gene.

TLR4 and TLR2 activation by endogenous, damage-associated molecules secondary to
acute lung injury, caused by a pathogen or chemically induced, significantly contributes to
severity of influenza (Imai et al., 2008; Shirey et al., 2013). The potent TLR4 antagonist,
Eritoran, protected mice from PR8 infection; however, TLR2™~ mice could not be protected
with Eritoran, indicating complexity of TLR roles in influenza and Eritoran-mediated
protection. Therefore, a TLR antagonist that is multispecific and blocks a set of TLRs,
including TLR2 and TLR4, may have distinct advantages for treatment of systemic
inflammation in infectious disease, compared to a monospecific TLR antagonist. Our data
demonstrate that 2R9, a cell-permeating decoy peptide, that inhibits TLR7, TLR4, and
TLR2, indeed provided robust protection against PR8-induced lethality in mice, equivalently
to Eritoran (Figure 6D). The broad specificity of TLR inhibition by 2R9 also suggests this
peptide might be effective for modulation of inflammation caused by bacterial/viral co-
infections.

Excessive inflammatory response elicited by lethal pathogens is the prevailing mechanistic
cause of lethality in acute infections. Nonetheless, therapeutic interventions to reduce
inflammatory response to pathogens, so that the injurious component is mitigated, yet the
remaining response is adequate to activate anti-microbial defenses, are not developed
sufficiently, despite significant efforts. Our study has resulted in the identification of a
peptide that blocks several TLRs. We have demonstrated that this D helix peptide, 2R9,
predominantly targets TIRAP, is effective in vivo, and protects mice from deadly PR8
infection. Importantly, potency and biological stability of the inhibitor is amenable to
improvement in a number of rational approaches, including peptidomimicry, to develop
more effective therapeutics. Although the screening of peptide library derived from an
interaction domain of TLR2 has resulted in identification of a potent TLR inhibitor in this
study; further studies will be necessary to determine if this decoy peptide approach is
generally applicable to targeting the intracellular signaling events downstream of activated
receptors and search for signaling inhibitors and therapeutic leads.
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EXPERIMENTAL PROCEDURES

Animals, cells, and cell culture

C57BL/6J WT and MyD88-deficient mice were obtained from the Jackson Laboratory (Bar
Harbor, Maine). Harvesting, culturing, and stimulation of peritoneal macrophages were
described previously (Toshchakov et al., 2005). THP-1 cells were differentiated by
incubation in the presence of 10 nM PMA in 10% FCS RPMI-1640 for 3 days. TLR
agonists, P3C, P2C, FSL-1, R848, ODN1668, and high molecular weight poly (I:C) were
purchased from InvivoGen (San Diego, CA). Escherichia coli K235 LPS was phenol-
purified. Mouse rTNF was purchased from Biolegend, Inc.

PR8 Infection

The mouse-adapted HIN1 A/PR/8/34 strain of influenza virus (PR8) was obtained from
ATCC (Manassas, VA) and propagated as previously described (Shirey et al., 2013).
Peritoneal macrophages were infected at MOI=1. After a 2 h incubation in the presence of
PR8, cells were washed with PBS and incubated in RPMI supplemented with 2% FCS,
without or with a decoy peptide. C57BL/6J female mice were infected with 7500 TCIDsgq
(LDgg) of PR8 intranasally. Two days post-inoculation, mice received a 5 day course of 2R9
or 2R8 as a single i.p. administration daily at the dose of 200 nmol. Eritoran (200 pg/
mouse), administered i.v. daily for 5 days starting on day 2, was included as a positive
control (Shirey et al., 2013). Survival was monitored for 14 days. All animal experiments
were conducted with approval from the UMB IACUC.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Peptides 2R1 and 2R9 inhibit TLR2-mediated macrophage activation
(A-C) Effect of TLR2 decoy peptides on cytokine mRNA expression. Mouse peritoneal

macrophages were treated with 20 or 40 uM of indicated peptides for 30 min prior to
stimulation with P3C (500 ng/ml) (A), P2C (50 ng/ml) (B), or FSL-1 (50 ng/ml) (C).
Cytokine mRNA was measured 1 h after cell stimulation and is normalized to the expression
of HPRT.

(D-G) IKKa/p and MAPK phosphorylation was measured by western blot in lysates of
macrophages stimulated with a TLR2 agonist for indicated duration.

(H-J) TNF-a and IL-6 contents in macrophage supernatants 5 (open columns, scaled by left
Y axes) or 24 h (black columns, right Y axes) after P3C (1), P2C (H), or FSL-1 (J)
stimulation of mock- or peptide-treated macrophages. Peptides (40 uM) were added 30
minutes before TLR2 stimulation. BD, below detection limit. Data in each panel represent at
least three independent experiments. See also Figures S1-3.
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Figure 2. Specificity of TLR inhibition by TLR2-derived peptides

(A-B) Effect of TLR2 peptides on TNF-induced cytokine expression. Mouse peritoneal
macrophages were treated with 40 pM (black bars) or 20 uM (open bars) of indicated
peptides for 30 min prior to stimulation with TNF-a (10 ng/ml). Cells were lysed 1 h after
stimulation.

(C-G) Effect of peptides on cytokine secretion induced in primary macrophages by LPS
(100 ng/ml) (C and D), R848 (2.85 pM) and ODN1668 (1 uM) (E, F), or poly (I:C) (PIC)
(50 pg/ml) (G).

(H) Macrophage extracts were analyzed for STAT1-Y701 phosphorylation by western blot.
CP, Control Peptide. See also Figure S4.
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Figure 3. 2R9 binding specificity

Time (s)

(A) The fractional amplitude of the short lifetime component in FLIM images of cells
transfected with TIRAP-Cer (upper row), TLR1-Cer (middle row), and MyD88 TIR-Cer

(bottom row) and treated with 10 or 50 uM of BTX-2R9.

(B) Distribution of fractional amplitude of the short lifetime component in FLIM images of
BTX-2R9-treated HelL a cells that express TIRAP-Cer, TLR1-Cer, or MyD88-Cer.

(C) Concentration dependence of the apparent molecular fraction of acceptor-bound TIR
domains for TIRAP-Cer-, TLR1-Cer-, or MyD88-Cer-expressing HeLa cells. The molecular
fractions were calculated from characteristic amplitudes of lifetime components in images of

cells incubated with different acceptor concentrations.

(D) Peptide-TIR co-immunoprecipitation. Lysates of HEK293T cells that express indicated
fusion proteins were incubated with 20 uM of indicated peptides for 1 h and
immunoprecipitated with anti-eCFP Ab. Peptide contents in the immunoprecipitates were
measured by the dot blot assay using Ab to Antennapedia translocating sequence (Antp).
Peptides TR6, MR4, and 4BB were used as a positive binding control for MyD88, TIRAP,

and TLR4 respectively. See also Figure S5.

(E) 2R9 decreases co-immunoprecipitation of activated TLR2 with TLR2 adapters. Primary
peritoneal macrophages were treated with 40 uM of indicated peptide for 30 min prior to
treatment with a TLR2 agonist. 500 pug of cell lysates were immunoprecipitated by anti-
TLR2 Ab, and the immune complex was assessed using anti-TIRAP or anti-MyD88 Ab.

Data represent 3 individual experiments.
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(F) FP analysis of 2R9 protein binding. 2R9 binds TIRAP with high affinity. BT X-labeled
peptides were dissolved in PBS at 50 nM and titrated with recombinant mouse TIRAP or
bovine serum albumin (BSA).

(G) 2RI/TIRAP SPR single cycle sensorgrams. Mouse TIRAP at concentrations of 21, 43,
86, 178, and 344 uM was injected to flow cells with immobilized 2R9 or control
Antennapedia peptide in the presence or absence of BME.
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Figure 4. TIRAP is required for full TLR7- and TLR9-mediated inflammatory response in
iBMDM

(A-C) Wild-type (WT) (open columns), TIRAP-deficient (TIRAP KO) (dashed columns),
or TIRAP KO iBMDMs retrovirally transfected with TIRAP (TIRAP Rescue iBMDM)
(black columns) were pretreated with a 20 uM peptide and stimulated with (A) ODN1668 (1
uM), (B) R848 (2.85 uM), or (C) LPS (100 ng/ml). TNF-q, IL-6, and RANTES were
measured in 24 h supernatants.

(D, E) Cytokine secretion by thioglycollate-elicited peritoneal macrophages from WT (black
columns) or MyD88-deficient (MyD88KO) mice (open columns) pretreated with 20 uM
peptide and stimulated with LPS (100 ng/ml) (D) or R848 (2.85 uM) (E). Cytokine levels
were measured in 24 h supernatants.

(F) STAT-1 phosphorylation in peritoneal macrophages from WT or MyD88KO mice. Cells
were stimulated as described in legend for panel D and E and lysed 5 h after stimulation.

Cell Rep. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Piao et al.

A 200

160+

120+

TNF-o.(pg/mL)
[+
hd

IFN-o. (ng/mL)
b= bid

N
h

o 1 4 8
hours after P3C challenge

0 1 3 6

hours after R848 challenge

E 2,

IL-12-P40 (ng/mL)

N
<

-
o
1

=
o
1

o
1

0-

0 1 2 4 6 8
hours after P3C challenge

0 1 3 6

hours after R848 challenge

(9]

-
o
1

IL-6 (ng/mL)

5]
1

Page 23

- PBS
-+ 2R8
-4~ TR6

01 2 4 6 8
hours after P3C challenge

Figure 5. Effect of inhibitory peptides on TLR2- and TLR7-elicited cytokine activation in mice
C57BL/6J female mice were mock-treated with PBS or treated i.p. with 10 nmol/g of a

peptide 1 h before i.p. administration of P3C (3.3 nmol/g) (A-C) or R-848 (2.5 nmol/g) (D-
E). Plasma samples were obtained from 6 (A—C) or 4 (D-E) animals. See also Figure S6.
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Figure 6. 2R9 suppresses PR8-induced cytokine secretion by macrophages and improves survival

in a mouse model of influenza

(A-C) Primary peritoneal macrophages obtained from C57BL/6J WT (black columns) or
MyD88-deficient (open columns) female mice were kept in cell culture overnight and
challenged with PR8 at 1 MOI for 2 hours. Cytokine content was measured in supernatants

24 hours post infection.

(D) Survival of mice infected with PR8. C57BL/6J female mice received intranasal
inoculate of PR8 (~7500 TCIDsp; ~ LDgg), on day “0”. Starting from day 2, the mice
received 2R9, CP, Eritoran (E5564), or vehicle once daily for the course of 5 successive
days. Peptides were administered i.p. at the dose 200 nmol. Eritoran was administered i.v. at

the dose 200 ug (Shirey et al., 2013).
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Figure 7. Position of regions represented by TLR2 peptides
(A) D helix is located on the side opposite to 2R1. Polymorphic R753 is shown in yellow.

Leu752 (black) has surface exposure less than 2%.
(B) Presumable dimerization interface of TLR2.
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