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Abstract

Toll/IL-1R domain- (TIR-) containing adapter inducing IFN-B-(TRIF-) related adapter molecule
(TRAM) serves as a bridging adapter that enables recruitment of TRIF to activated TLR4 and
thereby mediates the induction of TRIF-dependent cytokines. A library of cell-permeating decoy
peptides derived from TRAM TIR domain has been screened for the ability of individual peptides
to inhibit TLR4 signaling in primary murine macrophages. Peptides derived from TRAM TIR BB
loop (TM4) and C helix (TM®6) inhibited the LPS-induced activation of MyD88-dependent and
TRIF-dependent cytokines, as well as MAPK activation. TM4 and TM6 did not block macrophage
activation induced by TLR2, TLR9, or RIG-I-like receptor agonists. Both TM4 and TM6 blocked
co-immunoprecipitation of TRAM and TLR4 ectopically expressed in HEK293T cells. Both
peptides also blocked the LPS-induced recruitment of MyD88 to TLR4 in primary murine
macrophages. /n vivo examination of TRAM-derived peptides demonstrated that all peptides that
were inhibitory /n vitro, profoundly suppressed systemic inflammatory response elicited in mice
by a sublethal LPS dose, and protected mice against a lethal LPS challenge. This research
identifies novel TLR inhibitors effective /n vitro and /n vivo and validates the approach taken in
this study as a rational way for development of signaling inhibitors and lead therapeutics.

Introduction

Activation of a Toll-like Receptor (TLR) by a TLR agonist induces recruitment of Toll/IL1R
domain- (TIR-) containing adapter proteins. Four adapter proteins participate in TLR4
signaling: MyD88 (1), TIRAP/Mal (2, 3); TRIF (4); and TRAM (5). A targeted mutation of
MyD88 or TRIF results in activation of distinct set of genes in response to TLR4 stimulation
(6, 7); whereas a knockout of MyD88 or TIRAP affects TLR4 responses similarly (7, 8).
Similarly to the MyD88 and TIRAP adapter pair, targeted mutations of TRIF or TRAM
produce a similar phenotype in mice (6, 9). Activated TLR4 dimerizes TIR domains of two
receptor molecules and recruits one or two distinct pairs of adapter proteins, TIRAP and
MyD88, or TRAM and TRIF. TIRAP and TRAM have been referred to as “sorting” or
“bridging” adapters, as these adapters are directly engaged by the receptor. Recruitment of a
bridging adapter stabilizes the receptor dimer and allows for recruitment of a signaling
adapter, MyD88 or TRIF. MyD88 and TIRAP mediate rapid activation of NF-xB and
mitogen-activated protein kinases (MAPKS) and induce MyD88-dependent cytokines, such
as TNF-a and IL-1p (10). TRIF and TRAM activate a different signaling pathway that leads
to activation of IFN regulatory factor 3 (IRF3) and IRF3-dependent genes, such as IFN-p or
RANTES (5, 11). TRAM is required for recruitment of TRIF to endosomal TLR4 and
activation of the TRIF-dependent TLR4 signaling (12).
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The common structural feature of TLRs and TLR adapters is the TIR domain. The TIR
domain is an interaction domain that mediates transient homotypic or heterotypic
interactions of signaling proteins that contain TIR domains, thus enabling the formation of
signaling complexes (13-15). Multiple interactions of TIR domains of TLRs and their
adapters are pivotal in the early stages of TLR signaling as these interactions mediate
adapter recruitment and thereby stabilize the receptor dimer (16-18). Although the critical
role the TIR domains play in formation of initial signaling complex is commonly accepted,
the architecture of the initial signaling complexes assembled after TLR activation remains to
be clarified. It has been proposed that adapter recruitment is achieved through a cooperative
interaction of several TIR domains in which the TIR of a recruited protein binds two (or
more) TIR domains of an initial complex simultaneously (15-18). It also has been
hypothesized that TLR4 activation leads to formation of several compositionally distinct
complexes; e.g., Kagan et al. proposed that TLR4 engages MyD88 and TRIF sequentially
and at distinct cellular locations (12), thus implying that one docking site in the TLR4 TIR
might be sufficient for recruitment of several adapters. We and other groups hypothesized
that TIRAP and TRAM share the same binding site at the TLR4 homodimer (15, 16, 19).
However, it is still unclear which structural regions of TIRAP and TRAM mediate
interaction with TLR4. A typical TIR domain consists of the central five-stranded parallel -
sheet (designated as BA-BE) surrounded by five a-helices (a A-aE). Available
crystallographic and functional data suggest that TIR domains interact through topologically
diverse structural regions (14-18). It has been proposed that TLR10 TIR domain dimerizes
through interaction between BB loop and a.C helix (20), whereas TLR4 TIR homodimerizes
through interaction of BB loop with E helix (18, 21); while TLR1/TLR2 heterodimer is
formed by interaction of TLR1 BB loop and TLR2 DD loop (22).

The mechanism by which a decoy peptide inhibits signaling is presumed to be that the
peptide blocks the docking site of its prototype protein and thereby prevents a functional
protein-protein interaction (17). Therefore, inhibition of signaling by a decoy peptide often
indicates that the inhibitory peptide represents a functional protein interface. In this study we
have screened a library of cell-permeable decoy peptides derived from the TRAM TIR for
the ability of individual peptides to inhibit TLR4 signaling /n vitro and identified two
peptides that potently inhibit LPS signaling. One inhibitory peptide, TM4, represents the BB
loop of TRAM TIR; the other, TM6, was derived from the third helical region of the TIR.
Both peptides effectively inhibit induction of both MyD88-dependent and TRIF-dependent
cytokines and activation of MAPKSs by LPS. In accordance with these functional data, both
peptides prevented co-immunoprecipitation of TLR4 with TRAM or MyD88. TM4 and
TM6 and a truncated version of TM4, TM4-AC, effectively inhibit TLR4-driven
inflammatory response in mice. All inhibitory TRAM peptides significantly diminished
circulating cytokine levels induced by a sublethal dose of LPS, and dramatically improved
survival of mice challenged with a lethal LPS dose.

Materials and Methods

Animals, Cell Culture and Treatment

C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, Maine).
Harvesting, culturing, and stimulation of peritoneal macrophages were described in our
previous publications (17-19). Escherichia coli K235 LPS (23) was used at the final
concentration of 100 ng/ml. P3C and P2C (EMC microcollections GmbH, Tibingen,
Germany) were used at 500 and 50 pg/ml, respectively. ODN 1668 and low molecular
weight poly(1:C) in complex with LyoVec™ were obtained from InvivoGen; these agonists
were used at 2.5 uM and 400 ng/ml, respectively.
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Peptide Synthesis and Reconstitution

Peptides were obtained through the Biopolymer and Genomics Core Facility (UMB). All
lyophilized peptides were of more than 95% purity. Peptide stocks were quantified by
spectrophotometry (24) after reconstitution and stored at —80 C. Peptide sequences are
shown in Table 1.

Expression vectors

The full length murine TRAM or TRIF TIR N-terminally tagged with hemagglutinin (HA)
or Flag tag was cloned into the pEF-BOS vector. TLR4-Cer expression vectors was
described earlier (18).

Cytokine ELISA

Two x 10 cells were plated in 12 well plates and treated with peptides for 30 min prior to
LPS stimulation. TNF-a,, IL-1, IL-6, and IFN-B were measured using ELISA kits from
Biolegend (San Diego, CA) as recommended by the manufacturer.

Immunoblotting and co-immunoprecipitation

HEK?293T cells were transfected with indicated plasmids using Superfect Transfection
Reagent (Qiagen, CA). Twenty four h post-transfection, the cells were lysed using the buffer
containing 20 mM Hepes (pH 7.4), 150 mM NaCl, 10 mM NaF, 2 mM NazVOy4, 1 mM
EDTA, 1 mM EGTA, 0.5% Triton X-100, 0.1 M DTT, 1 mM PMSF and protease inhibitor
cocktail (Roche, Indianapolis, IN). Rabbit antibody against phospho-ERK, phospho-JNK,
MyD88 (D80F5), STAT1-Y701, total STATL, and GAPDH were purchased from Cell
Signaling Technology (Belverly, MA). Rabbit anti-phospho-p38 was purchased from
Promega (Madison, WI). Goat-anti-TLR4 (M-16), rabbit anti-TLR4 (H-80), anti-HA-HRP
(F-7), and rabbit anti-B-actin were purchased from Santa Cruz Biotechnology. Mouse anti-
Flag M2 and rabbit anti-HA antibody were from Sigma-Aldrich. GFP antibody (A1122) was
from Invitrogen. Protein was quantified using Bio-rad protein quantification kit. Equal
amount of protein was loaded and analyzed by 10% SDS-PAGE and immunoblotting. The
cell extracts containing equal amount of protein were incubated with 1 pg of antibody for 2
hours, followed by 4 hour incubation with 25 .l protein G agarose beads (Roche), the beads
were then washed 4 times with lysis buffer, boiled in 1x sample loading buffer, and analyzed
by immunoblotting.

Quantitative real-time RT-PCR

Total RNA was isolated with Nucleospin RNA I1 kits (Macherey-Nagel, Inc. Bethlehem,
PA) followed by DNase digestion. cDNA was synthesized from 1 j1g of RNA using
Goscript transcriptase (Promega), and subjected to real-time PCR with gene-specific primers
for HPRT, TNF-a, IL-1B, IFN-B, RANTES on H7900 ABI system using Fast
SYBR®Green master mix (Applied Biosystems, Foster City, CA).

Cell Viability analysis

Five x10% mouse peritoneal macrophages were plated into 96-well tissue culture plates,
incubated overnight, and treated with peptides for 3 h. After the treatment, cells were
incubated with MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 0.5
mg/ml (Sigma-Aldrich) for 3 h. Fifty .l DMSO was added to cells before reading OD at 540
nm.
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TRAM TIR model

The coordinate file for human TRAM TIR was kindly provided by Dr. Wei (25) (Shandong
University, China). The model was visualized and analyzed using DeepView/Swiss-
pdbViewer (Swiss Institute of Bioinformatics, Switzerland).

Animal experiments

Results

Eight week old C57BL/6J mice were injected with 1 or 17.5 pg/g of animal weight of
Escherichia coli K235 LPS i.p. Peptides reconstituted in PBS were administered i.p. or i.v.
Control groups received equivalent volume of solvent (PBS). The blood samples were
collected 1, 2, 4 and 8 h, or 2, 8, and 24 h after LPS challenge. The plasma samples were
obtained and kept frozen until TNF-a and IL-6 were measured by ELISA. Survival of
animals was monitored every 6 to 16 hours after LPS challenge. All animal experiments
were carried out with institutional approval.

Identification of inhibitory peptides

TRAM TIR decoy peptides were designed similarly to the libraries of TLR4- or TIRAP-
derived peptides described previously (18, 26). Each TRAM peptide represents a structural
element(s) that comprise a non-fragmented patch of TIR surface with all peptides
collectively encompassing the TIR domain. The sequences of the TRAM-derived decoy
peptides and the corresponding structural regions are provided in Table 1. The cell-
permeating 16 amino acid-long sequence of Antennapedia homeodomain
(RQIKIWFQNRRMKWAKK) (27) was placed at the N terminus of each decoy sequence to
render peptides cell-permeable. Two additional peptides, TM8/9 and TM9/10, that represent
the border area between regions 8 and 9, and 9 and 10, respectively, were additionally
tested.

To evaluate peptide inhibitory activities we first measured LPS-induced cytokine mRNA
expression. Murine macrophages were pretreated with peptides (5 or 20 pM) for 30 min and
then the cells were stimulated with LPS (100 ng/mL) for 1 hour. Two peptides, TM4 and
TMS6, potently inhibited the TLR4-mediated cytokine mRNA transcription (Fig. 1A, 1B).
Decoy peptide TM4 is derived from the BB loop of TRAM TIR; we previously identified
this peptide as an effective TLR4 inhibitor (19). TM4, even at the low dose of 5 pM,
significantly decreased mRNA expression of all cytokines examined (Fig. 1A). Another
TRAM-derived peptide that strongly inhibited mMRNA transcription is TM6. TM6 effectively
blocked induction of IFN-B and RANTES, two TRIF-dependent genes, at both
concentrations used (Fig. 1A). However, the effect of TM6 at 5 M on the MyD88-
dependent cytokines, IL-1p and TNF-a., was not statistically significant. Both TM4 and
TMBG potently inhibited expression of all cytokine genes at 20 M (Fig. 1A).

To determine the duration of the inhibitory effect preliminary, we measured cytokine
expression after 5 hour incubation. Two cytokines, RANTES and IL-6, have been selected
for this test because these cytokines are strongly expressed at this time point, whereas
expression of TNF-a and IFN- is more transient and significantly decreased 5 hour post-
stimulation (not shown). Pretreatment of cells with 20 M of TM4 or TM6, but not with
other peptides, profoundly suppressed expression of both cytokines, even at this late time
point (Fig. 1B).

We next examined whether TRAM peptides inhibit the TLR4-mediated p38, ERK, and JNK
MAPK activation. Murine macrophages pretreated with peptides for 30 minutes were
challenged with LPS. Cell lysates were collected 30 minutes post-stimulation and analyzed
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for MAPK phosphorylation by Western analysis. Consistent with peptide effects on steady-
state mMRNA, both TM4 and TM6 inhibited activation of all three MAPKSs (Fig. 1C). The
inhibition of MAPKs by TM4 or TM6 was long-lasting; it persisted for at least 1 hour after
LPS stimulation (Supplemental Fig. 1A). To characterize further the effects of TRAM
peptides on MAPKSs, murine macrophages were treated with TRAM peptides, but not
challenged by LPS. Without LPS stimulation, TM3 weakly activated p38 and ERK MAPK,
whereas effect of other peptides was insignificant compared to the LPS-induced activation
(Supplemental Fig. 1B).

We previously demonstrated that LPS stimulation leads to STAT-1-Y701 phosphorylation
through autocrine activation of type I IFN receptor by IFN-B (28). Figure 1D confirms this
observation and shows that both TM4 and TM6 block LPS-induced STAT-1-Y701
phosphorylation. Inhibition of STAT1 phosphorylation is a consequence of the strong effect
of both peptides on IFN-B transcription (Fig. 1A).

We next measured the effect of peptides on TNF-a, IL-6, IL-1B, IFN-y, RANTES and IFN-
[ secretion. Macrophage supernatants were collected 24 h after LPS stimulation and
cytokine contents measured by ELISA. Figure 2 shows that both TM4 and TM6 exert a
strong and lasting inhibitory effect on secretion of all six cytokines examined (Fig. 2).

TM8, TM9, and TM10 peptides are derived from consecutive segments of TRAM primary
sequence and represent adjacent areas on the TRAM TIR surface. To exclude the possibility
of missing an inhibitory sequence due to arbitrary fragmentation of a peptide, we designed
two additional peptides TM8/9 and TM9/10 that overlaps with TM8 and TM9, and TM9 and
TM10, respectively (Table 1). Neither TM8/9 nor TM9/10 inhibited the TLR4 signaling
significantly (Supplemental Fig. 1D).

TRAM is an adapter protein selectively involved in TLR4 signaling (5, 9). We next studied
if the effects of TM4 and TM6 are specific and examined peptide effects on TLR2, TLR9,
and RIG-I/MDA-5 pathway. Mouse macrophages were stimulated with 500 ng/ml of P3C or
50 ng/ml of P2C, agonists that activate signaling through TLR2/TLR1 or TLR2/TLR6
heterodimers, respectively. In sharp contrast with effect of these two decoy peptides on
TLR4 signaling, TM4 and TM6 (20 M) did not inhibit P3C- or P2C-induced p38, ERK, or
JNK MAPK phosphorylation (Fig. 3A), or IL-1p and TNF-a mRNA induction (Fig. 3B).
Neither peptide blocked cell activation induced by TLR9 or RIG-1/MDA-5 agonists, CpG
oligonucleotide ODN 1668 or intracellularly delivered poly(l:C). The STAT1 Y701 residue
was phosphorylated in macrophages in response to both agonists regardless the presence of
TRAM peptides, albeit the STAT1 activation by poly(1:C) occurred at later time points (Fig.
3C). TRAM peptides did not affect the induction of IFN-B mRNA statistically significantly
(Fig. 3D).

Peptide effects on cell viability were evaluated using the MTT test. Neither inhibitory
peptide affected cell viability in a significant way, even after 3 h incubation in the presence
of TM4 or TM6 (Supplemental Fig. 1C).

Inhibitory activities of peptides derived from the third helical region of TLR adapters

We observed previously that peptides derived from the BB loop of TLRs and TLR adapters
differ markedly in ability to inhibit TLR4 (19, 29). Our new data show that, in addition to
the TRAM BB loop peptide, peptide derived from the third helical region of TRAM, TMS,
strongly inhibits TLR4 signaling (Figs. 1, 2). Interestingly, the sequence of the region
represented by TMBG, is highly similar to the sequence of the structurally homologous region
of TIRAP/Mal ((26) and Fig. 3G). TIRAP/Mal peptide derived from this region, TR6,
inhibited both TLR4 and TLR2 signaling (26). We next compared inhibitory efficiency of
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peptides derived from the homologous structural region of other TLR4 adapters. Both
TRAM and TIRAP region 6 peptides, TM6 and TR6, potently inhibited the LPS-induced
activation of p38 and ERK MAPKSs (Fig. 3E). These peptides also blocked transcriptional
activation of IL-1p and IFN-B genes (Fig. 3F). In contrast, the inhibitory effects of peptides
derived from homologous region of TRIF and MyD88 TIR were less (Fig. 3E, 3F),
especially on MAPK activation. Notably, region 6 in TRAM and TIRAP is the most similar
region in these proteins. TIRAP and TRAM region 6 sequences are
PGELRDPWCKYQML and ENELRDTWCNFQFY, respectively, and have 7 identical
amino acids (underlined). This is by margin the highest degree of local sequence
conservancy that has been found in all four TLR4 adapters. Such a high degree of local
conservancy of the surface exposed residues strongly suggests that this region is functionally
important. It is noteworthy that there is no notable similarity in the homologous regions of
MyD88 and TRIF (Fig. 3G).

Inhibitory properties of truncated TM4 variants

TM4 is a very efficient overall inhibitor of TLR4 (Fig. 1 and our previous publications (17,
19)). We next sought to identify amino acids that are critical for TM4’s inhibitory effects.
We used three groups of modified peptides to address this question. First, three short
peptides each of which contained only 5 amino acids of TM4 were examined. TM4-N
contains five N-terminal amino acids of TM4; TM4-M contains the TM4 middle 5 amino
acid section; and TM4-C contains the 5 C-terminal amino acids (Sequences are shown in
Table 1). The second group is comprised of three modified TM4 peptides that lack TM4-N,
TM4-M, and TM4-C; these peptides are designated as TM4-AN, TM4-AM, and TM4-AC,
respectively (Table 1). Finally, we tested three peptides, TM4-E/A, TM4-P/H, and TM4-C/
H, in which a single amino acid has been replaced (sequences are shown in Table 1).

Among three short peptides, TM4-N was the strongest inhibitor. TM4-M demonstrated
intermediate inhibition, whereas TM4-C was least active (Fig. 4A, 4B and Supplemental
Fig. 2A). Consistently with these data, TM4- AN, peptide that lacks the N-terminus of TM4,
was least inhibitory; whereas deletion of the TM4 C terminus did not affect peptide
inhibitory potency significantly (Fig. 4C, 4D and Supplemental Fig. 2B). The inhibitory
efficiency of TM4-AC is close to that of TM4. TM-AM also retains some inhibitory
properties.

All three single amino acid replacements affected TM4 properties weakly. TM4-E/A, TM4-
P/H, and TM4-C/H inhibited TLR4-induced MAPKSs activation (Fig. 4A) and cytokine
expression (Fig. 4B), although the inhibitory efficacy of TM4-C/H was less than that
observed for other two modified peptides. Collectively, these data demonstrate that the five
N-terminal amino acid of TM4 peptide together with its middle segment are more important
for TLR4 inhibition.

TM4 and TM6 block adapter recruitment to TLR4

We used co-immunoprecipitation assays to study peptide effects on TLR adapter
recruitment. To study effect of peptides on TRAM recruitment, HEK293T cells were co-
transfected with mouse TLR4 tagged with Cerulean fluorescent protein (TLR4-Cer) (18) and
HA-tagged mouse TRAM (HA-TRAM). TM4 or TMB6, but not a non-inhibitory TM3
peptide, blocked TLR4/TRAM co-immunoprecipitation (Fig. 5A). Interestingly, TR6, a
TIRAP-derived inhibitory peptide that has sequence similar to TM®6, also inhibited TLR4/
TRAM association, although less efficiently than TM6 (Fig. 5A).

To study peptide effects on MyD88 recruitment, we used primary mouse peritoneal
macrophages. In this cellular model, MyD88 co-immunoprecipitates with TLR4 in the
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agonist-dependent manner (30) (Fig. 5B). All inhibitory peptides tested, TM4, TM6, and
TR6, efficiently prevented the LPS-induced TLR4/MyD88 association (Fig. 5B). TIRAP/
Mal is necessary for MyD88 recruitment to TLR4 (3), whereas TRAM recruits TRIF and is
not required for MyD88 recruitment and activation of MyD88-dependent genes (11). Yet,
TIRAP- and TRAM-derived peptides cross-reacted in the sense that each peptide blocked
the recruitment of both adapters, TRAM and MyD88. This observation agrees fully with the
fact that the adapter-derived peptides are equally effective inhibitors of MyD88- or TRIF-
dependent cytokines (Figs. 1, 2, and reference (26)). Collectively, these results suggest that
TM4 and TM6 disrupt the assembly of TLR4 signaling complexes by blocking the TIR:TIR
interactions required for adapter recruitment, possibly mediated by a common binding site
for recruitment of TIRAP and TRAM to TLR4 TIR dimer.

Inhibitory peptides blunt LPS-induced cytokine response in mice

We next studied whether peptides identified as inhibitory in in vitrotests are effective /in
vivo. C57BL/6J mice were challenged i.p. with a sublethal LPS dose (1 pg/g of animal
weight) and plasma TNF-a and IL-6 levels were monitored for 8 hours after the challenge.
In the first series of experiments, we injected 10 nmol/g of TM4 or TM6 i.p. 1 hour before
LPS challenge. The 10 nmol/g dose corresponds to 38, 41, and 32 mg/kg of TM4, TM6, and
TMA4-AC, respectively. Pretreatment of mice with either inhibitory peptide dramatically
decreased systemic IL-6 and TNF-a levels measured 2 hours after LPS challenge; after the
treatment, the plasma cytokine levels were only 5 - 15 % of cytokine levels induced in the
PBS-treated group (Fig. 6A). The effect was lasting; TM4 and TM6 significantly decreased
circulating levels of both cytokines at every time point throughout the observation period
(Fig. 6B).

Optimization of peptide dose—When used at a lower dose of 2.5 nmol/g, TM4 appears
to affect the circulating TNF-a equally strongly as it does at 10 nmol/g (Supplemental Fig.
3A). However, the lower dose was less efficacious against the circulating 1L-6 levels,
especially at the later time points (Supplemental Fig. 3C). A similar decrease in the TM6
dose resulted in a less efficient inhibition of both cytokines (Supplemental Figs. 3B, 3D).
Interestingly, these results, obtained in /n vivo experiments, parallel very closely the effects
of low peptide doses on macrophage expression of cytokine mRNA (Fig. 1A, 1B).
Increasing the peptide dose to 25 nmol/g did not augment the efficiency of TM4 and TM4-
AC with respect to circulating IL-6 at 4 or 8 hour time points (Supplemental Figs. 3C, 3C).
Based on these observations, the dose of 10 nmol/g was chosen for all subsequent
experiments.

Effect of injection route—Efficient cellular uptake of cell-permeating peptides is well
established for monolayers of cells in culture; however, the tissue permeability of peptides is
expected to be lower. Diminished peptide permeability through the tissues of the body might
limit their inhibitory efficacy /n vivo. Results of experiments shown in Figure 6B
demonstrate that peptides effectively mitigate the TLR4-driven inflammatory symptoms
when administered via the same route as the TLR agonist, 7.e., i.p. To understand if peptides
might be effective as systemic inhibitors of TLR4, we used separate routes of administration
for the TLR4 agonist and TLR4 antagonists in the next series of experiments. Peptides (10
nmol/g) were injected i.v.; LPS was administered i.p. Intravenous injection of TM4 or TM4-
AC significantly lowered the levels of circulating IL-6 and TNF-a throughout the 8 hour
observation period following the LPS injection (Fig. 6C). However, the inhibitory effect of
i.v. injection was less compared to that after i.p. administration of an inhibitory peptide (Fig.
6C, 6B, respectively). Although a statistically significant difference in cytokine levels after
i.p. versusi.v. treatment was detected only for the effect of TM4 on IL-6 4 hours after LPS
injection (p<0.01, not shown); for all other time points, the p values of the difference
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between the untreated and i.v.-treated group were lower than between the untreated and i.p.-
treated animals for both TM4 and TM4-AC peptides (Fig. 6B, 6C, and data not shown).
These data show that the i.v. injection of decoy peptide is less effective compared to i.p.
administration in this model of inflammation; nevertheless, the results indicate that the
peptides are efficient systemic TLR inhibitors.

Effects of timing of peptide treatment—TLR activation launches a complex chain of
signaling events that ultimately results in production of multiple cytokines. Secreted
cytokines act back on cells and activate a multitude of different signaling pathways, many of
which help to sustain inflammation. In our previously described experiments, mice were
pretreated with inhibitory peptides before activation of TLR signaling by LPS. We next
wanted to determine if the peptides administered after LPS are still effective for mitigation
of TLR4-driven inflammatory symptoms. In this series of experiment, mice were first
challenged i.p. with LPS (1p.g/g); peptides were injected at the dose of 10 nmol/g i.p. 30
minutes after LPS. The administration of inhibitory peptides 30 min after LPS did not affect
levels of circulating TNF-a and IL-6 measured 1 h after LPS administration (7.e., 30 min
after administration of peptides) (Fig. 6E). However, 2 hours after LPS challenge, 7e., 1.5
hour after injection of peptides, the plasma levels of both cytokines were markedly
diminished in mice treated with any of the three inhibitory peptides tested, TM4, TM®, or
TM-AC (Fig. 6D, 6E). The observed diminution in the cytokine levels at 2, 4, and 8 hours
after LPS was less than that in the experiments when mice were pretreated with inhibitory
peptides (Fig. 6A, 6B, 6D, 6E). TM8/9, peptide that did not inhibit macrophage signaling /n
vitro, did not affect the LPS-induced cytokines /n vivo two hours after LPS challenge or
thereafter (Fig. 6E). Our data suggest that both prophylactic and therapeutic administration
of peptides mitigate the inflammatory response to LPS.

Inhibitory peptides protect mice from a lethal LPS challenge

TM4, TM6, and TM4-AC strongly suppress systemic cytokine response induced by a
sublethal LPS dose. We next studied if inhibitory peptides protect mice from a lethal LPS
challenge. TR, a previously described inhibitory peptide derived from the third helical
region of TIRAP (26), was also included in this study as an additional control. C57BL/6J
mice were injected i.p. with 17.519/g of LPS. This dose induced 100% mortality in the
control group (Fig. 6F). Pretreatment of mice with 10 nmol/g of TM4 or TM4-AC rescued
all animals from the lethal LPS dose (Fig. 6F). TM6 also dramatically improves survival
compared to the untreated group; however, three of 13 animals died after LPS challenge in
this group. TR6, an inhibitory TIRAP peptide that share significant sequence similarity with
TM6, improved animal survival comparably to TM6 (Fig. 6F). In an additional control
series of experiments, we used peptide TM8/9 as this peptide did not inhibit TLR4 in in vitro
tests. Although we had one survivor in the group of seven animals injected with 17.5 pg/g of
LPS following pretreatment with TM8/9, the difference in survival rate was highly
significant between each of the control groups and the TM4-, TM6-, or TM4-AC-treated
group (p<0.0012, for all pairs). The peptide-treated survivors appeared active and healthy at
the time the experiments were terminated, 7 days after injection of LPS.

We next studied if the TRAM decoy peptides are effective when administered
therapeutically, 7.e., in our model of the disease, after injection of LPS. TM4-AC was chosen
for these tests. The peptide was administered i.p. 3 hours after i.p. injection of LPS. Five of
seven animals survived the lethal LPS challenge in this group, whereas no animals survived
in the untreated group (0/12) while all animals (10/10) survived in the group pretreated with
TM4-AC (Fig. 6G). These data demonstrate that inhibitory peptides have strong potential as
therapeutics, because the difference in survival rate between the untreated and the group
treated with TM4-AC therapeutically is highly significant (p=0.009 as determined by the
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Gehan-Breslow-Wilcoxon test). The results presented strongly suggest that select decoy
peptides effectively lessen the systemic inflammatory response induced by activation of
TLR4 and, therefore, might be effective for treatment of septic shock.

Discussion

Homotypic or heterotypic interactions of TIR domains mediate the early stages of TLR
signaling complex assembly: agonist-induced dimerization of receptor TIR domains
followed by recruitment of TIR-containing adapters (13, 15, 16, 31). Blockage of any
interface involved in the formation of the initial complex is predicted to abolish the TLR
signaling because the molecular interactions that underlie the initial steps of TLR signaling
complex assembly are highly cooperative (18). Therefore, molecular tools capable of
blocking a specific TIR:TIR interaction potentially have a significant therapeutic value
because excessive TLR signaling is a pathogenic mechanism in many inflammatory
diseases. We previously screened libraries of decoy peptides derived from TIR domains of
TLR4 and TIRAP/Mal (18, 26). This study expands our previous work and tests peptides
derived from TRAM. Although previous studies have identified a number of TLR4
inhibitory peptides (18, 19, 26, 29, 32, 33), due to diversity of sequences that define the
surface exposed area of TIR domains (13, 34), identification of novel peptides would be
valuable as it may yield insight into mechanisms of TLR complex assembly and recognize
novel TLR targets and TLR-targeting agents. The library of TRAM peptides was designed
similarly to TLR4 and TIRAP sets; each TRAM peptide represents a non-fragmented patch
of the TRAM TIR surface with all peptides of the library encompassing the domain. The
approach taken in these 3 studies has been highly successful in that that a unique set of
inhibitory peptides that block TLR4 signaling at low micromolar concentration has been
identified in each TIR-specific library (18, 19, 26). In general, the sequences of identified
inhibitory peptides are dissimilar, as are the surface-exposed residues of TIR domains.
TIRAP and TRAM peptides derived from the third helical region, designated as TR6 (26)
and TM6, were the most similar among identified inhibitors with 50% amino acid
homology. In each set of the TIR peptides tested, the inhibitory peptides represent different
structural regions of the TIRs, as illustrated by the observation that no TIR structural region
would consistently produce an inhibitory decoy in all three TIR domains studied.

Two TRAM-derived peptides, TM4 and TM®6, potently inhibit TLR4 signaling. TM4 is
derived from the BB loop, while TM6 represents the short CC loop, together with the third
helical region of the domain. TM4 and TM®6 regions are located in close proximity on the
TIR surface, although they are not juxtaposed (Fig. 7). The sufficient separation between the
areas, especially if the C terminal part of TM4 is excluded, together with significant
curvature of this part of the TIR (Fig. 7A), suggests that these regions interact with different
TIR domains in the receptor/adapter complex.

Both peptides potently inhibit all manifestations of TLR4 activation we examined in primary
macrophages: the cytokine gene expression and secretion and activation of MAPKs and
STAT-1 were all potently inhibited. Importantly, the TRAM peptides block not only the
induction of cytokines traditionally associated with the TRIF-dependent signaling pathway,
e.g., IFN-B, RANTES, and IL-6 (9), but also the MyD88-dependent cytokines, e.g., TNF-a
and IL-1p. This finding parallels and expands the result of screenings of TLR4- and TIRAP-
derived peptides, that also have not identified an inhibitory peptide that would selectively
block the expression of MyD88-dependent or TRIF-dependent cytokines (18, 26). This
consistent pattern of specificity likely indicates that all inhibitory peptides identified in these
screenings target the very early, cooperative stages of the assembly of multi-TIR complex
and that the adapter recruitment interfaces overlap significantly. Co-immunoprecipitation
assays further confirmed that the inhibitory peptides block recruitment of adapters to TLRA4.
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Importantly, each peptide tested, including TR6, a TIRAP-derived peptide that is similar to
TMS6, blocked recruitment of both adapters, TRAM and MyD88. This observation is also
consistent with the absence of specificity of any of these peptides with respect to blockage
of MyD88-dependent or TRIF-dependent cytokines. Interestingly, VIPER, a TLR4
inhibitory peptide derived from viral protein A46 (33), demonstrates similar pattern of
specificity as it blocks all TLR4 signaling by disrupting both TLR4:TIRAP/Mal and
TLR4:TRAM interactions (35). Although effects of VIPER on TLR4 are similar to the
effect of TRAM peptides, sequences of these peptides are dissimilar. Further studies are
required to understand whether VIPER and TRAM peptides affect TLR4 via similar
mechanism.

The TRAM peptides exerted a lasting inhibitory effect. A significant decrease in cytokine
content was detected in macrophage supernatants collected 24 hours post-stimulation for
every cytokine measured (Fig. 2). This level of stability is sufficient for both tested peptides
to mitigate efficiently the systemic LPS-induced inflammatory response /n vivo after a
single-dose treatment.

While TM4 and TM6 failed to inhibit MyD88-dependent and TRIF-dependent pathways
selectively, they exhibited specificity for TLR4 as neither peptide blocked TLR2-, TLR9-,
and RIG-I-like receptor-mediated activation of cytokine transcription and protein
phosphorylation (Fig. 3A-D). This finding demonstrates that TRAM peptides are specific
inhibitors of TLR4. However, considering that TR6, a TIRAP-derived peptide that is similar
to TMS6, inhibits both TLR4 and TLR2 (26), it is difficult to interpret the observed pattern of
TMG6 specificity at this time. Small differences in the affinity of TR6 and TM6 peptides to
their specific TIR target(s), together with differences in unspecific peptide binding to the
entire cell proteome, could account for this difference in specificity.

It has been previously reported that the replacement of P116 or C117 by histidine negatively
affects the function of the full length TRAM (5, 11). Interestingly, replacement of same
residues in the context of the TM4 peptide affects the peptide inhibitory activity weakly.
Both TM4-P/H and TM4-C/H inhibit LPS-induced cytokines and MAPKSs quite potently
(Fig. 4A, 4B). This observation suggests that while introduction of a larger residue into an
interface of a folded protein is likely to prevent binding by causing a steric hindrance, a
similar replacement introduced into a peptide may not be as critical for a peptide/protein
binding due to the higher conformational flexibility of the peptide. The fact that all 3 single
amino acid replacements did not strongly affect the TM4 inhibitory efficiency also suggests
that a sequence of several amino acids determines the binding behavior of a peptide, while
the contribution of a single amino acid is often minor. Unlike a single amino acid
replacement, deletion of 5 N-terminal amino acids markedly diminished inhibition with
TM4 peptide, whereas deletion of 5 C-terminal amino acids had a minimal impact on
inhibitory efficiency. Both TM4 and its abridged version, TM4-AC, potently inhibited the
TLR4-driven response /in vitroand in vivo. The shorter peptide would be predicted to have a
higher permeability. Yet, even /n vivotests did not reveal a statistically significant
difference in the efficiency of these peptides, although slightly better inhibition of IL-6 at
later time points was observed in the experiments when the peptides and LPS were injected
to animals via different routes (Fig. 6C, upper panel).

This study investigated the inhibitory properties of TIR-derived decoy peptides /n vivoin
much more detail than our previous study (26). The most exciting result of the /n vivo
examination of TRAM peptides is that the inhibitory peptides are very good candidate
therapeutics for mitigation of TLR4-elicited systemic inflammation. Each TLR4 inhibitory
peptide tested effectively lowered the systemic cytokine levels over a relatively long period
of time after a single injection. The peptides were effective systemic TLR inhibitors; this is
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demonstrated by the observation that the significant inhibition of TLR4 signaling was
achieved even when the peptides and LPS were injected to animals via different routes. All
TLR4 inhibitory TRAM peptides performed very well in survival tests; select peptides
rescued 100% of animals injected with an LPS dose that caused 100% mortality in the
untreated group.

In summary, this study identifies TRAM-derived decoy peptides that effectively block
TLR4 signaling /n vitroand in vivo. The results of peptide screening also suggest that
TRAM BB loop and the N-terminal half of the helical region between the third and fourth -
strand of TRAM TIR are protein interfaces important for binding of TRAM to TLR4
signaling complex and activation of the receptor. Finally, this work validates the approach
taken in this and our two prior studies (18, 26) as a rational way to develop novel signaling
inhibitors and lead therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

CP control peptide
ODN oligonucleotide
pP2C S-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-[R]-Cys-Ser-Lyss-OH
P3C 2,3-bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-Ser-
Lys4-OH
poly(l:C) polyinosinic-polycytidylic acid
RIG-I retinoic acid-inducible gene 1
TIR Toll/Interleukin-1 Receptor domain
TIRAP/Mal or TIR domain-containing adapter protein, also known as MyD88-
TIRAP adapter-like
TRAM TRIF-related adapter molecule, also known as TICAM-2
TRIF TIR domain-containing adapter-inducing interferon-p
VIPER viral inhibitory peptide of TLR4
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FIGURE 1.

TRAM decoy peptides derived from BB loop and third helical region, TM4 and TM6,
inhibit LPS-induced cytokine mRNA and activation of MAPKSs and STAT1. Mouse
peritoneal macrophages were pre-incubated with 5 or 20 M (A, B) of control or decoy
peptides for 30 min prior to stimulation with LPS (100 ng/ml). Cells were lysed 1 (panel A)
or 5 h (panel B) after LPS challenge. Cytokine mMRNA expression is normalized to the
expression of the housekeeping gene, Hprt. Data represent the means + s.e.m. of 4
independent experiments. Asterisks indicate data statistically different from the control
group (p < 0.001). Cell lysates for immunoblotting was obtained 30 min (C) or 2 h (D) after
LPS stimulation. GAPDH was used as a loading control. Panels C and D show a
representative blot of 4 separate experiments.
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TM4 and TM6 inhibit LPS-induced cytokine secretion. Mouse peritoneal macrophages were
incubated in the presence of 5 or 20 M of indicated TRAM peptide for 30 min prior to
stimulation with LPS (100 ng/ml). Supernatants were collected 24 h later and analyzed for
TNF-a (A), IL-6 (B), IL-1B (C), IFN-y (D), RANTES (E) and IFN-B (F) contents. Data
represent means £ s.e.m. of 3 independent experiments. * - p < 0.01. b.d. - below detection

limit.
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FIGURE 3.

TM4 and TM6 block TLR4, but not TLR2 (A and B), TLR9, or RIG-I-like receptor (C and
D) signaling. Peptides derived from region 6 of TRAM and TIRAP TIR are strong inhibitors
of TLR4-induced MAPKS activation and cytokine transcription (E, F). Peptides were used
at 20 M. P2C and P3C was used at 50 and 500 ng/ml respectively. Macrophages were
treated with ODN 1668 at 2.5 LM or low molecular weight poly(l:C) in complex with
LyoVec™ at 400 ng/ml. MAPK phosphorylation was measured in whole cell lysates
collected 30 min after stimulation with LPS or P3C (A). To measure STAT1-Y701
phosphorylation cells were stimulated with ODN 1668 for 5 h or with poly(I:C) in complex
with LyoVec™ for 16 h (C). IFN-B mRNA induction by TLR9 and RIG-I-like receptor
agonists was measured 5 h after stimulation (D). Other experimental details are as in Figure
1. Data in panel A and E represent 3 independent experiments. Means + s.e.m. of 3
independent experiments are shown in panels B, D, and F. * p < 0.01. (G) The residues that
are conserved in TRAM and TIRAP peptides are underlined.
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Inhibitory activities of truncated TM4 variants. (A-D). The experimental details are as
described in Figure 1. Peptide sequences are shown in Table 1. Data in panels aand c

represent 4 independent experiments; panels B and D show means + s.e.m. of duplicate
samples obtained in 3 independent experiments. * p < 0.01.

Relative Gene Expression

400 -

= N W
o O ©
o ©o ©

-
[<2]
o

120+

Relative Gene Expression

o

IFN-B

Page 17

m5uM
C20uM

600+

400

200+

1607
1201
80+
40+

O’D
&

J Immunol. Author manuscript; available in PMC 2014 March 01.

Co

IL-1B

My
N
my
4c

~
LPS



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Piao et al.

Page 18

H¥ O O
A Peptides: - - - ,§,§,§,‘$ B
TRAM-HA: + - + + + + + i
TLR4-cer:“ MR - Peptides: - -SSSX
: : LPS: - + + + + + IB:
IP: GFP ;
(TLR4) GFP (TLR4) IP:TLR4

Whole Cell
Lysates

MEEEE S Ha (TRAW)
e Whole Cell

GFP (TLR4) Lysates

-—aeseneses MiyD88

S S TR

FIGURE 5.

TM4, TM6 and TR6 block adapter recruitment to TLR4. (A) Six x 10° HEK293T cells were
transfected with 1 pg pcDNA3.1-mTLR4-Cer and pEF-BOS-mTRAM-HA. Twenty four h
post-transfection the cells were treated with 20 M of each peptide for 1 hour. Cell lysates
were immunoprecipitated with anti-GFP antibody and blotted with anti-HA-HRP. (B) Two
x 10% mouse peritoneal macrophages were pretreated with 20 wM of each peptide for 30 min
prior to stimulation with 100 ng/ml LPS. Cell extracts were obtained 30 min after LPS
treatment, immunoprecipitated with goat anti-TLR4 Ab and blotted with rabbit anti-MyD88
or anti-TLR4 Ab. Data are representative of 3 independent experiments.

J Immunol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Piao et al.

250 - PBSILPS 250

-0~ TM4 (i.p.JILPS

200{ -0-TM6 (i.p.)ILPS

-~ TM4-AC (i.p.)
ILPS

IL-6 (ng/mL)
IL-6 (ng/mL)
IL-6 (ng/mL)

-0~ TM4 (i.v.)PBS

-m- PBS/LPS

-0 TM4 (i.v)ILPS

- TM4-AC (i.v.)
ILPS

>
3

TNF-o. (ng/mL)
TNF-a (ng/mL)
TNF-o (ng/mL)

a

v

ol
& W® P 0 1 H 4 8
|—PBS—}—LPS —| Time after LPS challenge (h)

o
m
2

-n

IL-6 (ng/mL)

IL6 (ng/mL)

W PBSILPS
@ TMB/9ILPS
0 T™™4/LPS
B T™eLPS
TM4-ACILPS

TNF-o: (ng/mL)
Percent survival

TNF-q (ng/mL)
s e

<

04 b AAH Milzes #o
P P 0 1 4 4 8
| PBS—}— LPS —{ Time after LPS challenge (h)

FIGURE 6.

0 1 2 4 8
Time after LPS challenge (h)

-8 PBSILPS (n=12)
- TMAILPS** (n=10)
————— =0 -t TMM-ACILPS*( n=10)
- TMBILPS* (n=13)

o TREILPS* (n=6)

% TMBI9ILPS (n=7)

25 50 75 100 125 150
Time after LPS challenge (h)

& PBSILPS (n=12)
- TVM-AC/LPS™

(3 hafter LPS, n=7)

50 100 150
Time after LPS challenge (h)

Page 19

TM4, TM6 and TM4-AC effectively suppress LPS-induced cytokine induction 7n vivo (A—
E) and protect mice from lethal endotoxemia (F, G). (A—E) C57BL/6J mice were injected
i.p. with purified Escherichia coli K235 LPS (1 ng/g) or PBS. Peptides (10 nmol/g of animal
weight, 7.e., 38, 41, 40, and 32 mg/kg for TM4, TM6, TR6, and TM4-AC, respectively) were

injected i.p. (A, B, D, E) ori.v. (C) 1 h before (A, B, and C) or 30 min after (D, E) i.p.

injection of LPS. Data in panels A and D show plasma IL-6 and TNF-a levels measured 2 h
after LPS challenge. Peptide TM8/9 was used as a non-inhibitory control peptide. Data
represent the means + s.e.m. for 6-12 blood samples obtained in at least three independent
experiments. * p < 0.01. (F, G) C57BL/6J mice were challenged i.p. with a lethal LPS dose
(17.5 po/g). Peptides (10 nmol/g) were injected i.p. 1 h before LPS challenge. Panel G also

shows survival in the group treated with TM4-AC 3 h after LPS challenge (n=7). The

statistical significance of changes in mortality and survival time was determined by the
Mantel Cox log-rank test using GraphPad Prism software (Version 5.04). * p < 0.01.
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FIGURE 7.

Relative positions of TRAM TIR surface regions represented by TM4 and TM6. Regions
represented by TRAM peptides that potently inhibit TLR4 signaling are highlighted in color
(A and B). (C) Ribbon representation of TRAM backbone demonstrates relative positions of
11 TRAM decoy peptides. Images were produced using the DeepView viewer.
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Table 1

Peptidename | Peptide sequence Structural region
™1 GAGAEEQDEEEFLK BAZ
T™M2 AEDDTDEALRVQDL AA & aA
T™3 QNDFGIRPG aA, AB & BB
T™ab IVFAEMPCGRLHLQ BB, & aB
TM4-N IVFAE BB
TM4-M EMPCG BB
TM4-C RLHLQ aB
TM4-AN MPCGRLHLQ BB, & aB
TM4-AM IVFARLHLQ BB, & aB
TM4-AC IVFAEMPCG BB
TM4-E/A IVFAAMPCGRLHLQ BB, & aB
TM4-P/IH IVFAEMHCGRLHLQ BB, & aB
TM4-C/H IVFAEMPHGRLHLQ BB, & aB
TM5 NLDDAVNGSAWT aB, BC, BC, & CC
TM6 ENFLRDTWCNFQFY aC&CD
™7 TSLMNSVSRQHKYNS CD
TM8 RPLNSPL PRE CD, pD & DD
TM8/9 PRERTPLALQTINA DD, DE, & BE
T™M9 RTPLALQTINA DD, DE, & BE
TM9/10 QTINALEEES BE & EE
T™M10 LEEESQGFSTQVE BE, EE, & aE
T™M11 RIFRESVFERQQS aE
CpP SLHGRGDPMEAFII Randomized sequence

a . . . . . . -
- Structural regions of TIR domain are designated as follows: helices are designated by Greek a, fe., aA — helix A, strands are indicated by Greek
B; loops are indicated by two capital letters, fe., AA — loop that connects strand A and helix A.

b This peptide was previously described by authors as TRAM-BP (19).
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