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TLRS-Derived, TIR-Interacting Decoy Peptides to Inhibit TLR
Signaling

Artur Javmen,* Jun Zou,Jr Shreeram C. Nallar,* Henryk Szmacinski,"t Joseph R. Lakowicz,iE

Andrew T. Gewirtz,T and Vladimir Y. Toshchakov*

TLRS, which is activated by flagellin, plays an important role in initiating immune response to a broad spectrum of motile bacterial
pathogens. TLRs induce intracellular signaling via dimerization of their TIR domains followed by adapter recruitment through multiple
interactions of receptor and adapter TIRs. Here, a library of cell-permeable decoy peptides derived from the TLRS TIR was screened for
TLRS signaling inhibition in the HEK-Blue-mTLRS5 reporter cell line. The peptide demonstrating the strongest inhibition, SR667,
corresponded to the second helix of the region between the third and fourth B-strands (helix C"). In addition to the TLR5-induced cytokine
expression, SR667 inhibited cytokine expression elicited by TLR4, TLR2, and TLR9. SR667 also suppressed the systemic cytokine induction
elicited by LPS administration in mice. SR667 binding specificity was studied by time-resolved fluorescence spectroscopy in a cell-based
assay. SR667 demonstrated a multispecific binding pattern with respect to TIR domains: It bound TIRs of TLR adapters of the MyD88-
dependent pathway, Toll/interleukin-1 receptor domain-containing adapter protein/MyD88 adapter-like (TIRAP) and MyD88, and also the
TIR of TLRS. TR667, the peptide derived from the TIRAP region, which is structurally homologous to SR667, demonstrated binding and
inhibitory properties similar to that of SR667. The surface-exposed residues within TIR regions represented by 5SR667 and TR667 form
motifs, which are nearly 90% conserved in vertebrate evolution and are distinctive of TLR5 and TIRAP TIR domains. Thus, we have
identified an evolutionary conserved adapter recruitment motif within TLRS TIR, the function of which can be inhibited by selective cell-

permeable decoy peptides, which can serve as pan-specific TLR inhibitors.

initiate host immune response critical for infection resolution

(1, 2). TLRS is activated by bacterial protein flagellin and thus
is important for detection of a wide range of motile bacterial pathogens
(3, 4). Flagellin also activates nucleotide-binding, leucine-rich repeat,
and caspase activation and recruitment domain containing protein 4
(NLRC4) inflammasome, a cytoplasmic signaling complex that acti-
vates proinflammatory and proapoptotic caspases (5—7). The TLRS
signaling depends on adapter protein MyD88 (4); it was also
reported that the TLRS signaling is enhanced in the presence of TIR
domain-containing adapter-inducing IFN-3 adapter protein in intesti-
nal epithelial cells (8). Activated TLRs dimerize their Toll/IL-1R resis-
tance (TIR) domains and thereby initiate the formation of intracellular
signaling complexes through multiple, cooperative interactions of TLR
TIR domains with TIR domains of TLR adapters (9-11). Recent studies
have suggested the modes of TIR domain interactions that underlie the
formation of functional signaling complexes (12—14).

Peptides derived from protein interaction sites can often suppress
interactions mediated by corresponding sites and, consequently, down-
stream protein functions. Such peptides (often referred to as “decoy
peptides”) are of growing interest in protein studies and development
of therapeutic interventions (14—16). Small decoy peptides that repre-
sent linear segments of protein—protein interaction sites can be deliv-
ered to intracellular targets by addition of a cell-permeating peptide

T oll-like receptors recognize microbial pattern molecules and
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vector (17, 18). Previous research has characterized many TIR domain-
derived cell-permeating peptides that suppress TLR signaling (14, 19).
Our new study presents results of screening of TLRS TIR-derived
decoy peptides and characterizes new peptides that suppress TLR
signaling.

Materials and Methods

Animals and cells

Cell-permeable peptides were screened for TLRS inhibition using HEK-
Blue-mTLRS cells stably transfected with mouse TLRS (InvivoGen, San
Diego, CA). Peritoneal macrophages were obtained by peritoneal lavage
from C57BL/6J mice ip. administered 3% thioglycolate broth (Remel, San
Diego, CA), 4 d prior to macrophage harvesting. Bone marrow—derived
macrophages (BMDMs) were obtained as described previously (13). Eight-
week-old female wild-type C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). NLRC4-deficient mice on the CS57BL/6J
background were kindly provided by Vishva Dixit (Genentech, South San
Francisco, CA).

TLR agonists and decoy peptides

The FIliC isoform of flagellin was HPLC purified, and purity was verified as
previously described (3, 20-22). Phenol-purified Escherichia coli K235
LPS40 was a kind gift of Dr. Stefanie N. Vogel (University of Maryland
School of Medicine, Baltimore, MD). R848, S-(2,3-bis (palmitoyloxy)-(2R,2S)-
propyl)-N-palmitoyl-(R)-Cys-Ser-Lys,-OH (P3C), and ODN1668 were pur-
chased from InvivoGen (San Diego, CA).
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Decoy peptides were synthesized by Aapptec (Louisville, KY) or GenScript
(Piscataway, NJ). All peptides were supplemented with Antennapedia homeo-
domain sequence RQIKIWFQNRRMKWKK (23) positioned N-terminally.
Cy3-labeled peptides were produced by CPC Scientific (Sunnyvale, CA). The
Cy3 label was placed at the peptide N-terminus. The purity of all peptides
used was =95%. Lyophilized peptides were reconstituted in UltraPure water
to a concentration of 2 mM. Concentrations of reconstituted peptides were
determined spectrophotometrically (24). Peptide stocks were stored at —80°C
or directly added to cell culture medium to a final concentration of 20 or 40 uM
for in vitro experiments or diluted with PBS to final concentration of 400 uM
(200 nmol in 0.5 ml) for administration to mice.

Screening of TLRS peptides

HEK-Blue-mTLRS cells were seeded into 96-well plates. Upon reaching
~80% confluence, the cells were preincubated with 20 or 40 uM TLRS pepti-
des for 30 min and stimulated with FIliC (10 ng/ml) for 5 h. Then, superna-
tants were collected and incubated with QUANTI-Blue for 25 min, followed
by alkaline phosphatase activity measurement at 620 nm using a plate reader.

Quantitative real-time PCR

Mouse BMDM s or peritoneal macrophages were obtained as described before
(13, 19). The harvested cells were plated into 12-well plates at a density of 2 X
10° cells per well and incubated ovemight in 5% CO, atmosphere at 37°C.
After treatment with TLR agonists and antagonists per experimental condi-
tions, the cells were lysed and mRNA was isolated using TRIzol reagent
(Life Technologies, Carlsbad, CA). cDNA was synthesized from 1 pg of
isolated mRNA using the RevertAid RT kit (Thermo Fisher Scientific, Wal-
tham, MA). The obtained cDNA was amplified using gene-specific primers
for mouse HPRT, TNF-a, IL-1P3, keratinocyte chemoattractant (KC), IL-6,
or IL-12p40 and SYBR Green PCR Mix (Applied Biosystems, Foster City,
CA) and quantified as described earlier (25). The statistical significance of
differences in mRNA expression was evaluated by one-way ANOVA com-
bined with Dunnett’s multiple comparison test.

Cytokine detection

Cytokine secretion was measured in cell supernatants or plasma samples
stored at —80°C until measurements. Samples were analyzed by mouse
IL-6, IL-1B, IL-22, and TNF-a ELISA kits from BioLegend (San Diego,
CA) per the manufacturer’s protocols.

Cell viability measurements

Freshly isolated mouse peritoneal macrophages were plated into 96-well plates
and incubated overnight in the RPMI medium supplemented with 2% FBS.
Cells were treated with decoy peptides at 20 or 40 uM for 22, 4, and 2 h and
then incubated for 3 h in the presence of MTT (1.67 mM). Media were aspi-
rated, and cells were lysed in 50 wl of isopropanol supplemented with 0.1%
Nonidet P-40 and HCI to 4 mM. The 595-nm absorbance was read after 15-min
incubation on a shaker. Control treatments were Triton X-100 (0.1%) and
mouse TNF-a (BioLegend, San Diego, CA) together with actinomycin D at
10 ng/ml and 1 pg/ml, respectively. All treatments were set in duplicates.

SDS-PAGE and Western analysis

SDS-PAGE and Western blot analysis were performed as described previously
(26) with minor modifications. Rabbit Abs for detection of activated and total
ERK isoforms and IKK (IkB kinase)-a/ phosphorylated on Ser176/180 were
purchased from Cell Signaling Technology (Danvers, MA).

Fluorescence lifetime imaging (FLIM)

Cell transfection, slide preparation, and image acquisition and analysis were
conducted as described earlier (10, 19, 27). Mammalian expression vectors that
encode TIR domains fused with Cerulean fluorescent protein (MyD88-Cer and
Toll/interleukin-1 receptor domain-containing adapter protein/MyD88 adapter-
like [TIRAP]-Cer) and Cer not fused to a TIR were described previously
(28, 29). The TLR5 TIR coding sequence was PCR amplified from a mouse
macrophage ¢cDNA library using modifying primers to introduce Nhel and
Bsu36I cloning sites. The obtained PCR product was recloned into TLR4-Cer
pcDNA3.1 Zeo™ vector (10) to replace the TLR4 coding sequence, using
Nhel and Bsu36I sites. All expression vectors were verified by sequencing.

Animal experiments

Systemic cytokine activation in wild-type or NLRC4-deficient C57BL/6 mice
was induced by i.p. administration of LPS (10 w.g) or flagellin (20 pg). Pepti-
des were administered i.p. at a dose of 200 nmol per mouse as a 0.5-ml PBS
aliquot 1 h prior to administration of a TLR agonist. The plasma samples
were collected 1, 3, and 5 h after TLR stimulation. Data were collected in
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at least three independent experiments. ELISA kits from BioLegend were
used to measure systemic cytokine levels.

Structural modeling

The three-dimensional structure of human TLRS5 TIR was modeled using
RoseTTAFold software through Robetta server (30). The model of TIRAP TIR
was obtained from the Protein Data Bank (31), Protein Data Bank file Suzb
(12). Structures were analyzed and visualized using the Swiss-Pdb Viewer (32).

Results
Screening of TLRS peptide library

The TLRS peptide library tested comprised 12 peptides. The library
was designed such that peptides SR2—-5R11 corresponded to structural
elements, each of which forms a nonfragmented patch of TIR surface,
whereas peptides SR1 and 5R12 corresponded to presumably unstruc-
tured segments immediately preceding and following the TIR (Fig. 1A).
Peptide sequences are presented in Table I. Each peptide included the
Antennapedia homeodomain cell-permeating vector (Antp), positioned
N-terminally to a TLR5 segment. The initial peptide screening was
conducted using HEK-Blue-mTLRS cells, a human cell line stably
transfected with mouse TLRS and a reporter gene under NF-kB and
AP-1 control. Results of the screening are shown in Fig. 1. Peptides
5R6, 5R7, and 5R11 inhibited the flagellin-induced reporter activation
(Fig. 1B). Two of the active peptides, SR6 and 5R7, represent consec-
utive segments of the TLRS primary sequence that correspond to
juxtaposed TIR surfaces; therefore, we synthesized and tested two
additional peptides, SR667 and 5R67, each of which partially over-
lapped with both active peptides. Peptide SR667 was notably more
potent than 5R6 peptide (Fig. 1C); 5SR67 demonstrated intermediate
results between the two (Fig. 2).

Specificity of TLR inhibition by TLR5-derived peptides

To test the specificity of TLR inhibition by TLRS peptides and ver-
ify inhibitory effects in additional cell lines, SR6 and its derivatives,
SR67 and SR667, were tested in primary peritoneal macrophages
(pMac) and BMDMs. The TLRS-derived peptides were tested along
with a previously identified multispecific TLR inhibitor, peptide
2R9 (29) (a positive control for TLR inhibition), and an inert pep-
tide, 5R12. In addition to positive and negative control peptides, the
series was complemented by TIRAP peptides derived from the
regions that are structurally homologous to the inhibitory active TLRS
peptides. The sequences of TIRAP peptides, TR6, TR67, and TR667,
are presented in Table I. TR6 was described previously as an inhibitor
of TLR4 and TLR2 signaling (25), whereas TR667 corresponded to
the region that is structurally homologous to that represented by
SR667. Notably, TR667 corresponded to one of two evolutionary
conserved TIRAP motifs, which are responsible for receptor—adapter
and adapter—adapter interactions for TIRAP (33).

Peritoneal macrophages responded to the FliC stimulation signifi-
cantly weaker than to LPS, R848, or P3C (Fig. 2A-2D). (Note that
the TLRS-stimulated cytokine expression is scaled by a separate y-axis
[Fig. 2].) All modifications of SR6 and TR6 peptides tested sup-
pressed the FliC-induced activation of TNF-a statistically signifi-
cantly (Fig. 2A), whereas the FliC-induced IL-1p, IL-12p40, and KC
expression was not inhibited significantly. (Note, however, that the
IL-12p40 expression was not induced significantly by FliC at the
1 h early time point [Fig. 2B-2D].) SR6, TR6, and their modifications
potently inhibited the cytokine expression when cells were stimulated
with LPS (Fig. 2A-2D).

The R848-elicited expression of TNF-a, IL-1B3, and KC was not
affected significantly by the assessed TLRS5- and TIRAP-derived
peptides (Fig. 2A, 2B, 2D). In contrast, the R848-induced expres-
sion of IL-12p40 was inhibited by every inhibitory peptide tested
(Fig. 2C); it should be noted, however, that the TLR-dependent
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FIGURE 1. Effects of TLRS-derived pep-
tides on TLRS signaling. HEK-Blue-mTLRS
cells grown to ~80% confluence were pre-
treated with decoy peptides for 30 min and
stimulated with flagellin (FliC). Data are
presented as mean + SE of at least three rep-
licates. (A) Segments of TLR5 TIR back-
bone that correspond to decoy peptides are
shown in different colors. (B) Decoy peptides
were used at 40 pM, FliC at 3.125 ng/ml.
Supernatants for reporter gene expression
quantification were collected 16 h after Flic
stimulation. (C) Decoy peptides were used at
20 and 40 M, FIiC at 10 ng/ml. Superna-
tants for reporter quantification were collected
5 h after cell stimulation. Data are presented
as mean = SE. *p < 0.05; **p < 0.01.

induction of IL-12p40 is delayed compared with induction of TNF-a,
IL-1B, or KC (13, 19, 29, 34), suggesting involvement of generally
different, gene-specific regulatory mechanisms.

Effects of peptides on the P3C-induced cytokine expression were
similar to that on the FliC-induced expression—TNF-a expression was
suppressed significantly (Fig. 2A), whereas peptide effects on the
expression of other genes were less and not statistically significant
(Fig. 2B-2D). Such a pattern may be attributed to a relatively poor
expression of the less affected genes by FliC- or P3C-stimulated
macrophages (Fig. 2B-2D). Similarly to the FliC-induced KC
expression, the TLR4- or TLR2-induced KC expression was less
affected than other cytokines measured (Fig. 2D).

BMDM:s, unlike primary peritoneal macrophages, strongly respond
to TLRO stimulation (13). We used BMDMs to test if the TLRS pepti-
des inhibit TLR9 signaling. 5R6, 5R67, and 5SR667 potently inhibited
the TLR9-dependent cytokine activation, with SR667 apparently being
the most potent of the three (Fig. 2E). FliC activated the cytokine

Table I.  Sequences of TIR-derived decoy peptides
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ODg40 (HEK-TLRS)

expression in BMDMs significantly more weakly than ODN1668.
Peptides did not cause statistically significant changes in the F1iC-
treated BMDMs (not shown).

IL-6 transcription is regulated by multiple transcription factors,
the synergistic action of which is required for maximal expression
(35). Such a complex regulatory mechanism typically manifests in
the delayed activation of IL-6 expression compared with the genes
predominantly regulated by NF-kB (Figs. 3A, 4C, and Reference 28,
for example). To evaluate effects of decoy peptides on the delayed
cytokine expression, we measured the LPS-stimulated IL-6 expres-
sion in peritoneal macrophages over a 5-h time course. All tested
peptides (i.e., SR667, TR667, and 4BB) significantly decreased IL-6
expression over the entire observation period. Notably, in most con-
ditions, the IL-6 expression in decoy peptide-treated cells was less
than 1% of that in LPS-treated macrophages in the absence of an
inhibitory peptide (Fig. 3A and 3B). Peptides SR667 and TR667 also
completely blocked the LPS-induced phosphorylation of ERK and

Peptide Sequence Corresponding TIR region
5R1 DHPQGTEPDMYKYD N-terminal segment
SR2 SKDFTWVQNALLKH AA loop, a-helix A”
S5R3 DTQYSDQNRFNLC a-Helix A, AB loop
5R34-AN RFNLCFEERD AB loop, B-strand B, BB loop
SR4 FEERDFVPGENRIA B-Strand B, BB loop, a-helix B
4BB LHYRDFIPGVAIAA B-Strand B, BB loop, a-helix B
SRS NIQDAIWNSRKI a-Helix B, BC loop
SR6 RHFLRDGWCLEAFS a-Helices C
TR6 PGFLRDPWCKYQML a-Helices C
SR67 CLEAFSYAQGRSLS a-Helix C”
SR667 WCLEAFSYAQGR a-Helix C”
TR667 WCKYQMLQALTE a-Helix C”, CD loop
SR7 YAQGRCLSDLNSA a-Helix C, CD loop, B-strand D
5R8 GSLSQYQLMKH DD loop, a-helix D
5R89 LMKHQSIRGFVQK DD loop, a-helix D, DE loop
S5R9 HQSIRGFVQKQQ a-Helix D, DE loop
5R10 QQYLRWPEDLQDV DE loop, B-strand E, EE loop
SR1011 EDLQDVGWFLHKLS EE loop, a-helix E
SR11 GWFLHKLSQQILKK a-Helix E
5R12 EKEKKKDNNIPLQT C-terminal segment
Antp RQIKIWFNRRMKWKK Antennapedia homeodomain cell-permeating segment

“Secondary structure elements of the TIR domain are indicated by consecutive letters, starting from the most N-terminal element.
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FIGURE 2. Effects of TLRS5-derived peptides on cytokine expression elicited by TLR2, TLR4, TLR7, and TLR9 agonists. Primary peritoneal macrophages
(A-D) or BMDMs (E) were pretreated with decoy peptides for 30 min and stimulated with FLiC, LPS, R848, P3C, or ODN1668 at 1 uM. mRNA was
extracted 1 h after TLR stimulation. Data are presented as mean + SE. p values are calculated for the difference with control peptide (SR12)-treated cells

(A-D) or cells stimulated with ODN1668 but not treated with a peptide (E).

IKK isoforms (Fig. 3C). Notably, the ERK phosphorylation induced
by R848 was not affected by 5SR667 or TR667 (Fig. 3C). The drastic
effect of decoy peptides on IL-6 expression and MAPK activation
cannot be explained by a loss of cell viability—the viability assessed
by the MTT assay was not affected significantly by peptides at 20 uM
(Fig. 3D). A prolonged incubation in the presence of TR667 at 40 uM
and, to a lesser extent, in the presence of SR667, however, led to
decreased viability (Fig. 3D).

Presented data suggest that 5SR6 and its modifications are multi-
specific inhibitors of TLRs—in addition to inhibition of TLRS in
peritoneal macrophages and a reporter cell line, these peptides inhibit
TLR2, TLR4, and TLRY, but not TLR7. Peptides were selective
toward cytokines, because KC expression was not as strongly affected
as the expression of TNF-a, IL-1B, IL-6, or IL-12p40. Effects of
inhibitory peptides were less significant in conditions associated with
a weaker response to TLR stimulation.
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FIGURE 3. Effects of decoy peptides on TLR-induced late cytokine expression, protein phosphorylation, and cell viability. Primary peritoneal macrophages
(A-C) were pretreated with decoy peptides for 30 min and stimulated with LPS (100 ng/ml) or R848 (5 uM). (A, B) mRNA was extracted 1, 3, and 5 h after
LPS stimulation. Data from the same experiments are shown in (A) and (B), except that the y-axis of (B) is 1% of that in (A). (C) Cells were lysed 30 min after
TLR stimulation. 5SR12 served as the control peptide (CP) in these experiments. (D) Viability of primary peritoneal macrophages was measured by MTT assay
after incubation of cells in the presence of decoy peptides for 2, 4, or 22 h. (A, B, D) Data are presented as mean + SE.

In vivo effects of SR667 and TR667

Peptides SR667 and TR667 were further tested for the ability to
inhibit systemic cytokine response elicited in mice by administration
of TLR agonists. In the first series of experiments, cytokine response
was elicited by i.p. administration of FliC to wild-type or NLRC4-
deficient mice. Antp peptide, the cell-permeating segment of Anten-
napedia homeodomain without a TIR-derived decoy sequence
(Table I), was used as a control in these series. Peptides were
administered at a dose of 200 nmol per animal 1 h prior to FliC
administration. Neither of the tested peptides caused a statistically
significant change in the circulating cytokine levels in these experi-
ments (Supplemental Fig. 1). It should be noted that the FIliC-
induced cytokine responses to ip. FliC administration were quite
similar in amplitude and kinetics in the wild-type and NLRC4-
deficient animals (Supplemental Fig. 1), suggesting that the cytokine
activation is mainly through TLRS in these experiments.

S5R667 and TR667 also were tested for the ability to inhibit the
LPS-induced cytokine activation in mice. LPS was used at the high
dose of 10 g per injection in these experiments. Peptide 4BB, a
cell-permeating decoy peptide derived from the BB loop of TLR4
(10, 36), was used as a positive inhibition control in these experi-
ments. LPS elicited a significantly stronger cytokine response than
FliC (Supplemental Figs. 1 and 4). Pretreatment of mice with SR667
or TR667 decreased the LPS-induced TNF-a and IL-12p40 activa-
tion; however, the effect of these peptides was less than that induced
by 4BB (Fig. 4A, 4B). It should be also noted that the peptides selec-
tively affected expression of individual cytokines—unlike in the cell
culture experiments shown in Figs. 3A and 3B, both peptides did not
affect the circulating IL-6 statistically significantly (Fig. 4C). We
explain this discrepancy by the complexity of IL-6 expression control
(35) together with the observed incomplete inhibition of early LPS-
induced cytokine expression in vivo (e.g., Fig. 4A).
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FIGURE 4. Effects of decoy peptides on systemic levels of TNF-a (A), IL-12p40 (B), and IL-6 (C) elicited by LPS administration. C57BL/6J mice were
mock treated or treated with the indicated peptides at a dose of 200 nmol. Cytokine secretion was induced by i.p. administration of LPS (10 wg) 1 h after pep-
tide pretreatment. Data are presented as mean + SE. *p < 0.05; **p < 0.01; ***p < 0.001. p values were calculated for the time-matching differences of
LPS-stimulated cytokine levels in the peptide-treated mice with the levels in mice not pretreated with a peptide.

A cell-based Forster resonance energy transfer (FRET) assay of
peptide—TIR interactions

TIR domains often demonstrate multispecific binding, being able to
interact with similar affinities with a subset of TIRs; a similar binding
pattern was observed for TIR interactions with TIR-derived decoy
peptides (14). We studied interactions of TIR domains with peptides
S5R667 and TR667 using the cell-based FRET/FLIM assay; in this
assay, host cells that ectopically express a TIR domain, which is fused
with Cer, are treated with a decoy peptide labeled with a spectrally
matching Cer fluorescence acceptor (37). In this system, the direct
TIR-peptide binding manifests in a decreased Cer fluorescence life-
time due to FRET (10). Peptides were labeled with Cy3 as reported
previously (19). Fig. S5A and 5B demonstrate corresponding fluores-
cence intensity and fluorescence lifetime images of HeLa cells express-
ing TIRS5-Cer and treated with varied doses of 5R667 or TR667. Both

A B

TLRS-Cer + Cy3-5R667

peptides dose dependently decreased the fluorescence lifetime of
the TLR5-Cer construct (Fig. 5A, 5B, and Table II), whereas the
fluorescence lifetime of Cer not fused to a TIR was not comparably
affected by these peptides (Fig. 5D, Table II). Analogous measure-
ments for the Cer-labeled TIRAP and MyD88 TIR domains dem-
onstrated that SR667 and TR667 also bound TIRAP and MyD&88
TIR (Supplemental Fig. 2 and Table II). It could be noted that
FRET observed for TLRS-, TIRAP-, or MyD88-Cer constructs in
the presence of SR667 or TR667 was significantly lower than that
for TIRAP-Cer in the presence of Cy3-2R9, a previously identified
TIR-peptide pair that binds with a high affinity (29) (Table II,
Supplemental Fig. 2). The presented findings demonstrate that SR667
and TR667 bind several TIR domains (namely TLRS, MyD88, and
TIRAP TIRs) and agree with the multispecific TLR inhibition profile
exhibited by these peptides (Fig. 2).

C

Cer (no peptide)

Donor Amplitude-weighted TLRS5-Cer + Cy3-TR667 Donor Amplitude-weighted
fluorescence average donor : fluorescence average donor
intensity fluorescence lifetime Donor Amplitude-weighted intensity fluorescence lifetime
; fluorescence average donor
intensity fluorescence lifetime

R

no peptide

2.5 uMm

2.5 uM

10 uM

10 uM

40 uM

40 puM

Cer +TR667 (40 uM)

Cer + 5R667 (40 uM)

FIGURE 5. Cerulean fluorescence lifetime images of HeLa cells expressing TLR5 TIR-fused Cer (A and B) or Cer not fused to a TIR (C—E) and treated
with Cy3-labeled 5SR667 or TR667. HeLa cells were transiently transfected with pcDNA3.1 vector encoding either Cer or TIRS-Cer fusion. Two days after
transfection, cells were treated with the indicated peptides for 1 h, washed, and fixed. Images were acquired and analyzed using the Alba 5 FLIM system and
VistaVision Suite software (ISS, Inc., Champagne, IL). Fluorescence was excited using a 443-nm laser and detected through the 485/35 bandpass filter.
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Table II. Effect of Cy3-labeled decoy peptides on amplitude-weighted average fluorescence lifetime of Cer fused or not fused to a TIR domain

A-WAFL [ns] (in the acceptor presence)

Acceptor concentration (M)

Donor A-WAFL [ns] (without acceptor) Acceptor 2.5 10 40

TLR5-Cer 1.88 £ 0.08 Cy3-5R667 1.86 £ 0.16 1.73 £ 011 1.43 £0.33
Cy3-TR667 1.80 = 0.10 1.76 + 0.16 1.51 £ 0.31

TIRAP-Cer 2.03 +£0.08 Cy3-5R667 1.85 £ 0.27 1.72 £ 0.37 1.27 £ 0.30
Cy3-TR667 1.87 £ 0.27 1.64 = 0.35 1.38 £ 0.50

Cy3-2R9 1.83 £ 0.26 1.54 + 0.26 0.64 £0.19

MyD88-Cer 1.96 £ 0.16 Cy3-5R667 1.94 £ 0.21 1.72 £ 0.30 1.60 £ 0.35
Cy3-TR667 1.89 £ 0.20 1.82 £ 0.24 1.69 £ 0.19

Cer 2.07 £0.11 Cy3-5R667 — 1.92 £ 0.08 1.82 £0.14
Cy3-TR667 — 1.86 + 0.06 1.92 £0.11

Cy3-2R9 — — 1.82 £ 0.08

For each condition, A-WAFL values were calculated based on pixel-by-pixel analysis of 2—-3 FLIM images acquired in independent experiments, using VistaVision Suite

software (Vista, version 212, ISS). A-WAFL, amplitude-weighted average fluorescence lifetime.

Structural basis for 5SR667- and TR667-mediated inhibition

Fig. 6 demonstrates the location and most surface-exposed residues
of TLRS5 and TIRAP segments that correspond to 5R667 and
TR667 peptides. Both peptide-corresponding segments form the
second helix (designated as aC") of the region between B-strands C
and D of the cognate TIR domain (Fig. 6A, 6B). Notably, in both
cases, the inhibitory segments formed a large patch of the TIR surface
(Fig. 6C, 6D). Our previous study has determined that the segments
that correspond to both inhibitory peptides are highly conserved
among diverse species of Chordates (33) (Supplemental Fig. 3).
Thus, the evolutionary conserved consensus sequence for the
TLRS region that corresponds to SR667 across species that pre-
sent TLRS was -WgCngEgAgF9(N4/S3)(Y3/L2/F3)A9Q9(S(,/G1)R9-
(the frequencies of occurrence of individual residues are indicated in
subscript in tenth parts), whereas the corresponding TIRAP motif was

-WgCg(Ks/Rz)Y9Q8M9(H5/L4)QgAng(Tz/S3/A3)E8- (Supplemental
F1_g 3). Note that residues, which are located on the surface-exposed
side of aC" helices (underlined in the previous sentence), are highly
conserved (Fig. 6).

Discussion

The initial screening of TLRS-derived, cell-permeable decoy pepti-
des for TLRS signaling inhibition has identified three peptides that
suppress the signaling in a reporter cell line: peptides SR6, SR7, and
5R11 (Fig. 1B). Further studies have localized the inhibitory activity
of 5R6 and 5R7 to their border region: peptide, which included the
C-terminal part of 5R6 and the N-terminal part of the 5SR7 decoy,
inhibited the signaling more potently than prototypes or SR11 (Figs. 1C
and 2). This peptide, termed “5R667,” inhibited several TLRs. In
addition to TLRS, 5R667 suppressed the TLR4- and TLR2-induced
activation of TNF-a in primary peritoneal macrophages; however, the
peptide did not block the TLR7-mediated TNF-a expression or

A . B = MAPK activation (Figs. 2A and 3C). The IL12-p40 mRNA was not
> YN w767 induced significantly by flagellin or P3C at the early time point (1 h
( f after stimulation), whereas IL12-p40 inhibition in conditions when

L 3. E770
ﬁ} \ l)l\ 4 Y774
‘ )

FIGURE 6. Peptides 5R667 and TR667 derive from aC” helices of corre-
sponding TIR domains. (A and B) TLR5 (A) and TIRAP (B) TIR segments
that correspond to decoy peptides SR667 and TR667 form the second helix
of the region between B-strands C and D. Backbone segments that include
B-strands C and D and the helical region between them are shown in ribbon
stile. Side chains are shown only for the evolutionarily conserved surface-
exposed residues. (C and D) TLRS (C) and TIRAP (D) TIR models with
segments that correspond to 5SR667 and TR667 are shown in the space-fill-
ing mode in CPK (Corey-Pauling-Koltun) colors.

the gene was robustly induced by LPS or R848 was profound (Figs.
2C and 4B). KC activation by flagellin, R848, or P3C, unlike the
LPS-induced KC, was not significantly affected by TLRS peptides
(Fig. 2D). The gene-specific differences in sensitivity can be accounted
for by differences in promoter organization; thus, in addition to NF-kB,
the KC promoter is regulated by activating protein 1, CAAT/enhancer-
binding protein 3, C/EBP homologous protein, and CREB and is, in
resting macrophages, repressed by NF-«kB repressing factor (see Refer-
ence 38 for a recent review).

Primary peritoneal macrophages do not robustly respond to TLR9
stimulation (13); therefore, we used BMDMs to evaluate effects of
5R667 on the TLRY signaling. SR667 potently inhibited the ODN1668-
induced expression of TNF-a, IL-12p40, and KC mRNA (Fig. 2E),
whereas effects of SR667 on the FliC-induced cytokine expression
in BMDMs were insignificant due to weak induction. The presented
data suggest that SR667 inhibits NF-kB-, MyD88-dependent cyto-
kines that are strongly induced at the early time points; however,
our observations also indicate the importance of gene-specific expres-
sion regulation mechanisms in determining the outcomes of peptide-
mediated interference with TLR signaling.

Our previous survey of TIR domain sequences (33) has identified
an evolutionarily conserved TIRAP motif that corresponds to one of
four interfaces that are important for the TIRAP-mediated signaling
and self-assembly of TIRAP oligomers in solution (12). Structurally,
this TIRAP motif exactly corresponded to the TLRS sequence seg-
ment represented by SR667 (Fig. 6A, 6B). A peptide derived from
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this TIRAP region, TR667, inhibited induction of TNF-« elicited by
LPS; yet, its effects on KC induction were less. Generally, SR667
and TR667 demonstrated similar properties: both peptides inhibited
multiple TLRs, and the inhibition was more pronounced with respect
to proinflammatory cytokines that are strongly induced by TLR
stimulation (TNF-a, IL-1[3, and IL-12p40). These observations were
further supported by our in vivo experiments. SR667 and TR667
did not significantly affect the FliC-induced cytokine expression in
live mice (Supplemental Fig. 1). The absence of a significant effect
can be accounted for by a relatively weak inhibition of the FliC-
induced signaling in peritoneal macrophages (Fig. 2A-2D). Of note
is that FliC induced similar cytokine levels in wild-type and
NLRC4-deficient mice (Supplemental Fig. 1), indicating that the
TLR-mediated cytokine activation was predominant in this model. LPS
elicited 5—100 times higher levels of circulating cytokines than FliC
(Fig. 4 and Supplemental Fig. 1). The sharp induction of TNF-a and
IL-12p40 by LPS was significantly inhibited by 5SR667 and TR667;
however, the inhibition was less than that by 4BB, a TLR4-derived
peptide previously shown to potently inhibit TLR4 signaling (10, 36).

The observed multispecific TLR inhibition by peptides SR667
and TR667 is in concert with the results of peptide-TIR binding
studies: both inhibitory peptides quenched fluorescence of all TIR-Cer
constructs tested, but not the fluorescence of Cer not fused to a TIR,
with SR667 demonstrating a slightly better quenching (Table II). The
ability of SR667 and TR667 to bind TIRs of common TLR adapters
(Table 1T and Supplemental Fig. 2) accounts for the multispecific TLR
inhibition pattern exhibited by these peptides.

Our previous study—which computationally analyzed 26,414 publicly
available TIR domain sequences and hierarchically classified them into
groups and subgroups, based on algorithmically determined sequence
motifs that best distinguish each group—clustered TLRS and TIRAP
TIR domains into separate groups (33). The results of that computa-
tional study demonstrated that the TIR region represented by SR667
(similarly to the TIRAP TR667 region) is highly conserved among
TLRS orthologs (Supplemental Fig. 3 and Reference 33), with surfa-
ce-exposed residues of TLRS5 and TIRAP C” helices forming following
highly conserved motifs: -W-x (2)-E-x (3)-(Y3/L2/F3)-x(3)-R- and
-W=x (2)-Y-x (3)-Q-x (3)-E-, respectively. Moreover, these evolution-
arily conserved motifs are distinctive for TLRS and TIRAP orthologs
(Supplemental Fig. 3 and Fig. 6A, 6B). The results of our peptide
screenings confirm the four-residue motif identified by analysis of
evolutionary sequence variability. Thus, peptide 5SR67, which includes
three of the four conserved surface-exposed residues, was less active
than 5R667; furthermore, SR6 and 5R7 (each containing two of the
motif residues) were even less active (Figs. 1 and 2).

Locations of conserved motifs, which correspond to inhibitory pep-
tides, overlap with one of four TIR interfaces previously proposed to
mediate the assembly of TLR signaling complexes. The TIR interac-
tion site, which includes the R667 peptides, encompasses C and B heli-
ces and was previously defined as “site 2” (13, 14) or “BC surface”
(12). This site was proposed to interact with site 3 located within or
near D helices of the interaction counterpart (12—14, 39). In conclusion,
this study identifies a new inhibitory decoy peptide, which corresponds
to an evolutionarily conserved adapter binding site of TLRS TIR
domains. This peptide inhibits signaling by multiple TLRs by binding to
and sequestering TLR adapters TIRAP and MyDS88.
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