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Summary

The immune receptor expressed on myeloid cells 1 (IREM-1/CD300F) has
been shown to inhibit various inflammatory processes in myeloid cells, such
as macrophages and mast cells. IREM-1 exerts its inhibitory effect through
its intracellular immunoreceptor tyrosine-based inhibition motifs (ITIMs).
In order to generate immunomodulatory molecules that can regulate the
inflammatory activation of macrophages, decapeptides representing each of
the five ITIM-like sequences in the cytoplasmic tail of IREM-1 were synthe-
sized in conjugation with human immunodeficiency virus-transactivator of
transcription (HIV-TAT48–57), which was added to promote internalization of
the peptides. Interestingly, all these TAT–ITIM fusion peptides inhibited
Toll-like receptor (TLR)-mediated production of proinflammatory mol-
ecules, including matrix metalloproteinase (MMP)-9, tumour necrosis factor
(TNF)-a, monocyte chemotactic protein-1 (MCP-1) and interleukin (IL)-8.
When various TLR ligands were used to stimulate the human macrophage-
like cell line human acute monocytic leukaemia cell line (THP)-1, the TAT–
ITIM peptides blocked both myeloid differentiation factor 88 (MyD88)
and Toll-interleukin 1 receptor (TIR)-domain-containing adapter-inducing
interferon-b (TRIF)-mediated TLR signalling pathways. Utilization of spe-
cific inhibitors and detection of the active form of signalling adaptors by
Western blot analysis further demonstrated that the inhibitory effects of
these TAT–ITIM peptides require activation of Src homology 2 (SH2)-
containing tyrosine phosphatase (SHP) and/or phosphoinositide 3-kinase
(PI3K). These data indicate that these synthetic peptides may be used to
regulate immune responses that involve TLR-mediated inflammatory acti-
vation of macrophages.
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Introduction

The immune receptor expressed on myeloid cells-1 (IREM-
1/CD300F/IgSF13/CMRF-35A5 in humans and CLM-1/
LMIR3/MAIR-V/CD300LF in mice) belongs to the CD300
family of receptors and is expressed on a subset of B cells
and myeloid cells, including macrophages, dendritic cells,
granulocytes and mast cells [1–4]. Previous reports on
IREM-1 have demonstrated its inhibitory action both in
vivo and in vitro. IREM-1 expression was detected in inflam-
matory myeloid cells present in demyelinated areas in an
animal model of experimental autoimmune encephalomy-
elitis, and suppression of IREM-1 expression resulted in the
aggravation of clinical symptoms as well as increased pro-

duction of proinflammatory mediators [5]. Over-expression
of IREM-1 inhibited osteoclastogenesis induced by the
receptor activator for nuclear factor kB ligand [RANKL, a
member of the tumour necrosis factor (TNF) superfamily]
in RAW264·7 cells [3]. Due to the lack of a known ligand for
IREM-1, in-vitro analyses of its function have been per-
formed using an agonistic monoclonal antibody (mAb).
Antibody-mediated cross-linking of IREM-1 inhibited mast
cells activation induced by FceR stimulation [1,6]. Trigger-
ing of IREM-1 also inhibited macrophage inflammatory
activation that was induced by the stimulation of B cell-
activating factor (BAFF, another member of the TNF
superfamily) [7], FasL [8] or Toll-like receptors [9]. The
inhibitory activities of IREM-1 appear to be mediated by
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the intracellular immunoreceptor tyrosine-based inhibition
motifs (ITIMs), which can interact with Src homology 2
(SH2)-containing tyrosine phosphatase (SHP)-1 [1–3].

Macrophages express most members of Toll-like receptors
(TLRs) which recognize various pathogen-associated
molecular patterns (PAMPs) [10]. A component of the
Gram-negative bacterial cell wall, lipopolysaccharide (LPS),
can stimulate TLR-4, and signalling from TLR-4 is trans-
mitted through two main pathways: one via a complex
containing myeloid differentiation factor 88 (MyD88) and
Toll-interleukin 1 receptor (TIR) domain containing
adaptor protein (TIRAP) and the other via a complex con-
taining TIR domain containing adapter-inducing interferon
(IFN)-b (TRIF) and TRIF-related adaptor molecule
(TRAM) (reviewed in [11]). Unmethylated deoxytidyl–
phosphate–deoxyguanosine (CpG) motifs found commonly
in viral and bacterial DNA stimulates TLR-9, which initiates
activation signals through MyD88 and then TNF receptor-
associated factor 6 (TRAF6). Conversely, double-stranded
RNA from viral origins activate TLR-3, which initiates acti-
vation signals through TRIF [12–14]. Activation of these
signalling pathways activate various transcription factors
including nuclear factor (NF)-kB, the major transcription
factor involved in the transcriptional activation of proin-
flammatory mediators [15–17].

Previously, IREM-1 was reported to inhibit both MyD88-
and TRIF-mediated TLR signalling pathways through its
association with SHP-1 in cells of the monocyte/macrophage
lineage [9]. In addition, a synthetic peptide (TAT–YADL)
that contains an ITIM-like sequence encompassing Y205 of
IREM-1 cytoplasmic tail has been shown to inhibit inflam-
matory activation of macrophages that were activated
through various signalling pathways initiated from BAFF,
FasL and TLR [7–9]. However, the potential inhibitory
effects of other ITIM-like sequences have not been evaluated.
In order to compare all five ITIM-like sequences of IREM-1,
synthetic peptides each representing one of five ITIM-like
sequences were synthesized and compared with respect to
their inhibitory action as well as downstream mediators that
may be involved in these inhibitory effects. The results from
this analysis led to two unexpected observations: all five
TAT–ITIM peptides inhibited both MyD88 and TRIF-
mediated TLR signalling pathways and the inhibitory action
of these peptides were mediated not only by SHPs, but also
PI3K.

Materials and methods

Antibodies and reagents

IREM-1 specific mAbs were either generated in our labora-
tory (clones 2–3·6D and 2-1·7B), as described previously [7].
Polyclonal antibodies against SHP-2, phospho-SHP-2,
protein kinase B (AKT), phospho-AKT (Ser473) and
phospho-tyrosine (clone P-Tyr-100) were obtained from

Cell Signaling (Danvers, MA, USA); SHP-1-specific mAb
(clone PTY13) was purchased from Abcam (Cambridge,
MA, USA); phospho-SHP-2-specific mAb (clone
82.TYR536) was from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA); and mouse IgG2a was from BD Pharmingen
(San Jose, CA, USA). LY294002 was obtained from Calbio-
chem International Inc. (La Jolla, CA, USA). Protein tyrosine
phosphatase inhibitor (PTP) inhibitor III and PTP inhibitor
IV were purchased from Santa Cruz Biotechnology Inc.
Bacterial LPS was purchased from Sigma (St Louis, MO,
USA); palmitoyl-Cys((R,S)-2,3-di(palmitoyloxy)-propyl)-
Ala-Gly-OH (PAM3-CSK4) was from Bachem AG (Buden-
dorf, Switzerland); poly(I)-poly(C) double-strand RNA
from GE Healthcare (Little Chalfont, Bucks, UK) and CpG
1826 (TLR-9 ligand) from Invivogen (San Diego, CA, USA).
Fusion proteins containing ITIMs and HIV-TAT48–57 and its
negative control containing only HIV-TAT48–57 were custom-
designed and synthesized by Peptron Inc. (Daejeon, Korea).
The human monocytic leukaemia cell line human acute
monocytic leukaemia cell line (THP)-1 and the human
embryonic kidney cell line 293T were obtained from the
American Type Culture Collection (Rockville, MD, USA).

Immunoprecipitation and Western blot analysis

Immunoprecipitation of SHP-1 was conducted as described
previously [7]. Briefly, cells (5 ¥ 106/well in six-well plates)
were incubated with 1 mM sodium pervanadate for 15 min
and then 5 mM of synthetic peptides for 3 to 30 min. Cells
were then lysed with NP-40 buffer (150 mM NaCl, 50 mM
Tris-Cl (pH 7·5), 5 mM ethylenediamine tetraacetic acid
(EDTA), 1% Nonidet P-40, 0·5% sodium deoxycholate and
1% of a protease inhibitor cocktail (Calbiochem). After
removal of cellular debris by centrifugation, the superna-
tants were pre-cleared using protein G-Sepharose beads.
SHP-1 was immunoprecipitated with 1 mg/ml of anti-SHP-1
mAb overnight at 4°C and 50 ml of protein G-Sepharose
beads were added and incubated for 1 h at 4°C. The immu-
noprecipitates were mixed with 50 ml of sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer. Western blot analysis was performed as
described previously [7,8].

Gelatin zymogram and enzyme-linked immunosorbent
assay (ELISA)

The cells were activated by TLR ligands that were added to
medium containing 1 ¥ 106/ml THP-1 cells in RPMI-1640
supplemented with 0·1% fetal bovine serum (FBS). Matrix
metalloproteinase (MMP) activity in the culture supernatant
was determined via substrate gel electrophoresis, as
described previously [18]. A sandwich ELISA (R&D Systems,
Inc., MN, USA) was used to measure the concentrations of
interleukin (IL)-8 in the supernatants. The detection limit
was <10 pg/ml.

ITIM peptides modulate TLR signalling
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Statistical analysis

Statistical analysis of the data was performed using analysis
of variance (anova) or Student’s t-test, as appropriate. All
data are presented as mean values � standard deviation
(s.d.), with the number of independent experiments indi-
cated in the figure legends. Differences between experimen-
tal groups were considered significant for P < 0·05.

Results

All the synthetic peptides representing the ITIM-like
sequences of IREM-1 exhibited inhibitory effect on
TLR-mediated induction of IL-8 and MMP-9
expression

In order to test whether synthetic peptides representing each
of the ITIM-like sequences exhibit a similar inhibitory effect,
decapeptides encompassing ITIM-like sequences were syn-
thesized in conjugation with HIV-TAT48–57 (Table 1). As a
control, a peptide containing only the TAT sequence was also
synthesized. Treatment of THP-1 cells with these peptides
resulted in internalization of the peptides into the cells
within 10 min [7–9]. When THP-1 cells were stimulated
with LPS in the presence of these peptides, LPS-induced
expression of IL-8 was blocked in all cases (Fig. 1a). The
inhibitory effect of these peptides against other proinflam-
matory mediators was then tested. LPS-induced expression
of MMP-9, which was tested using gelatin zymogram, was
also inhibited by all of the synthetic peptides but not by TAT
(Fig. 1b). The TAT–FADL peptide, which has a tyrosine-to-
phenylalanine substitution in TAT–YADL, was synthesized as
another control. TAT–FADL failed to inhibit LPS-induced
expression of MMP-9. The expression levels of MMP-2,
whose expression is independent of the activation status in
macrophages, were neither induced by LPS nor affected by
synthetic peptides. The expression of other LPS-induced
proinflammatory cytokines such as TNF-a and monocyte
chemotactic protein-1 (MCP-1) was also affected by all the
synthetic peptides (Fig. 1b).

The inhibitory action of the ITIM-peptides was then
evaluated in cells treated with different TLR ligands. When

Table 1. Synthetic peptides used in the experiments.

Name Sequence Source

TAT–YADL GRKKRRQRRR-GDLCYADLTL IREM-1 (AA 201 -210)

TAT–FADL GRKKRRQRRR-GDLCFADLTL IREM-1 (AA 201 -210 , Y205F)

TAT–YVTM GRKKRRQRRR-VEVEYVTMAS IREM-1 (AA 232 -241)

TAT–YASL GRKKRRQRRR-EDISYASLTL IREM-1 (AA 245 -254)

TAT–YCNM GRKKRRQRRR-QEPTYCNMGH IREM-1 (AA 259 -268)

TAT–YSTI GRKKRRQRRR-EPTEYSTISR IREM-1 (AA 280 -289)

TAT–YMNM GRKKRRQRRR-LHSDYMNMTP CD28 (AA 187–196)

TAT GRKKRRQRRR –

IREM: immune receptor expressed on myeloid cells; TAT: transactivator of transcription.
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Fig. 1. All five transactivator of transcription–immunoreceptor

tyrosine-based inhibition motif (TAT–ITIM) peptides contain

inhibitory potential against LPS stimulation in THP-1 cells. (a) Cells

were pre-treated with 5 mM of TAT, TAT–YADL, TAT–YVTM,

TAT–YASL, TAT–YCNM or TAT–YSTI for 30 min before

stimulation with 1 mg/ml of lipopolysaccharide (LPS) for 24 h.

Culture supernatants were then collected and interleukin (IL)-8

concentrations were measured using double-sandwich enzyme-linked

immunosorbent assay (ELISA). (b) Cells were pretreated with 5 mM

of synthetic peptides for 30 min before stimulation with 1 mg/ml of

LPS for 24 h. Culture supernatants were then collected and matrix

metalloproteinase (MMP) activity was analysed using gelatin

zymogram and cytokine concentrations were measured using

double-sandwich ELISA (n = 3, *P < 0·05, ** <0·01 and # <0·001 when

compared with LPS-treated positive control).
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poly(I:C) was used for the ligation of TLR-3, the expression
of IL-8 was blocked by all the ITIM-representing peptides,
but not by TAT or TAT–FADL (Fig. 2). This demonstrates
the importance of the tyrosine residue on the inhibitory
action of the peptides. When the cells were stimulated with
CpG oligodeoxynucleotide (ODN), a TLR-9 ligand, in the
presence of TAT–ITIM peptides, induction of IL-8 expres-
sion was also blocked while TAT and TAT–FADL were not
inhibitory (Fig. 2). In all cases, the inhibitory action of TAT–
YADL tended to be the strongest of all peptides.

In order to determine whether the inhibitory action of
these peptides required the presence of specific amino acid
sequences other than tyrosine, another tyrosine-containing
peptide (TAT–YMNM) was synthesized. YMNM represents
a sequence motif associated with the co-stimulatory action
in the cytoplasmic tail of CD28 [19]. When TAT–YCNM was
compared with TAT–YMNM, only TAT–YCNM exhibited an
inhibitory effect, while TAT–YMNM did not. Furthermore,
the addition of TAT–YMNM alone to the culture medium
resulted in the stimulation of MMP-9 and IL-8 expression
(Fig. 3). These data indicate that the inhibitory action of the
ITIM-representing peptides is a specific process requiring
not only the presence of tyrosine but also the presence of
certain sequences that accompany the tyrosine residue.

Synthetic peptides exert their inhibitory effects
through activation of SHP-1, SHP-2 and/or PI3K

Inhibitors of signalling adaptors were used to identify the
signalling adaptors that are responsible for the inhibitory
actions of the synthetic peptides. Because SHP-1 and PI3K
have been reported to interact with IREM-1 [20], PTP
inhibitor III (a SHP-1-specific inhibitor) and LY294002
(a well known PI3K-specific inhibitor) were used. PTP

inhibitor IV, which is a SHP-2-specific inhibitor, was also
included, as SHP-2 is known to have inhibitory activity
similar to SHP-1 [21,22]. PTP inhibitors III and IV have been
shown to interact with the catalytic domain of SHP-1 and
SHP-2 and suppress their phosphatase activities, respectively
[23]. When THP-1 cells were stimulated with TLR ligands in
the presence of anti-IREM-1 mAb, the expression of IL-8
was inhibited. As reported previously [9], the addition of
PTP inhibitor III blocked the inhibitory action of anti-
IREM-1 mAb in cells stimulated with LPS, CpG ODN or
poly(I:C). The addition of PTP inhibitor IV or LY294002
also blocked the IREM-1 inhibitory activity (Fig. 4). The
addition of inhibitor alone did not affect the induction of
IL-8 by TLR ligands. These data indicate that multiple sig-
nalling adapters are involved in the inhibitory action of
IREM-1.

The involvement of SHP or PI3K in the inhibitory action
of the synthetic peptides was then tested. As shown in Fig. 5,
PTP inhibitor III blocked the inhibitory action of TAT–
YADL, TAT–YVTM and TAT–YASL, but not that of TAT–
YCNM and TAT–YSTI. PTP inhibitor IV blocked inhibitory
action of all the peptides with statistical significance. The
blocking effect was more prominent against TAT–YADL,
TAT–YASL and TAT–YSTI than other peptides. LY294002
exhibited strong blocking activity against TAT–TVTM, TAT–
YCNM and TAT–YSTI. These data indicate that each
synthetic peptide uses different combination of signalling
adapters to exert its inhibitory activity.

The catalytic activity of SHP-1 is regulated by the phos-
phorylation of its tyrosine residues (Y536 and Y564) by
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Fig. 2. All five transactivator of transcription–immunoreceptor

tyrosine-based inhibition motif (TAT–ITIM) peptides

contain inhibitory potential against stimulation with

deoxytidyl–phosphate–deoxyguanosine (CpG) and poly(I:C) in

THP-1 cells. Cells were pre-treated with 5 mM of TAT (T), TAT–YADL

(1), TAT–YVTM (2), TAT–YASL (3), TAT–YCNM (4), TAT–YSTI (5)

or TAT–FADL (F) for 30 min before stimulation with 1 mg/ml of

CpG oligodeoxynucleotide (ODN) or poly(I:C) for 24 h. Culture

supernatants were then collected and interleukin (IL)-8

concentrations were measured using enzyme-linked immunosorbent

assay (ELISA) (n = 3, #P < 0·001 when compared with corresponding

positive control samples).
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Fig. 3. Transactivator of transcription (TAT)–YCNM, but not

TAT–YMNM, has inhibitory potential against lipopolysaccharide

(LPS) stimulation in human acute monocytic leukaemia cell line

(THP)-1cells. Cells were pre-treated with 5 mM of TAT, TAT–YCNM

or TAT–YMNM for 30 min before stimulation with 1 mg/ml of LPS

for 24 h. Culture supernatants were then collected and matrix

metalloproteinase (MMP)-9 and MMP-2 activity was analysed using

gelatin zymogram and interleukin (IL-8) concentrations were

measured using enzyme-linked immunosorbent assay (ELISA)

(n = 3, #P < 0·001).
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kinases such as Lyn, and phosphorylation of SHP-1 causes an
increase in its activity [24,25]. Similarly, SHP-2 is phospho-
rylated at Y542 residues by src kinases [21,22]. Conversely,
the activation of PI3K leads to the phosphorylation of its
main substrate AKT at its S473 residue [26]. Blockage of the
inhibitory action of the peptides by PTP inhibitor III, PTP
inhibitor IV and LY294002 indicates that treatment with
these peptides induces activation of SHPs and PI3K. Phos-
phorylation levels of SHP-1 and AKT were then tested. Phos-
phorylation of SHP-1 was tested by precipitating the cell

lysates with anti-SHP-1 mAb and then analysing the phos-
photyrosine levels of the SHP-1 in the precipitates using
Western blot analysis. Phosphorylation levels of AKT were
analysed using Western blot analysis of the cell lysates. As
shown in Fig. 6, treatment of THP-1 cells with TAT–YASL
induced phosphorylation of SHP-1 and did not affect the
phosphorylation levels of AKT. In contrast, TAT–YCNM
induced phosphorylation of AKT without affecting the
phosphorylation levels of SHP-1.

Signalling adapter usage may change depending upon
the stimuli

Previous experiments (Fig. 5) indicated that the inhibitory
effects of the synthetic peptide were mediated through a
combination of SHP-1, SHP-2 and PI3K. In order to dissect
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Fig. 4. Inhibitory action of immune receptor expressed on myeloid

cells 1 (IREM-1) requires Src homology 2 (SH2)-containing tyrosine

phosphatase (SHP) and/or phosphoinositide 3-kinase (PI3K) activity.

(a) Human acute monocytic leukaemia cell line (THP)-1cells were

pre-treated with 1 mM of protein tyrosine phosphatase (PTP)

inhibitor III (PI-III) and PTP inhibitor IV (PI-IV) for 30 min or

20 mM of LY294002 (LY) for 60 min. Cells were then treated

with 1 mg/ml of anti-IREM-1 monoclonal antibody (mAb) or

isotype-matching mouse immunoglobulin (Ig)G for 30 min, after

which the cells were stimulated with 1 mg/ml of lipopolysaccharide

(LPS), deoxytidyl–phosphate–deoxyguanosine (CpG)

oligodeoxynucleotide (ODN) or poly(I:C). Dimethylsulphoxide

(DMSO) (0·1%) was used as a vehicle control (VC). Culture

supernatants were collected after 24 h for the measurement of

interleukin (IL)-8 concentrations which were represented in

percentages of the corresponding positive control samples. For

LPS-, CpG- and poly(I:C)-treated positive controls, the measured

concentrations were 1850 � 35, 1024 � 25 and 950 � 18 pg/ml,

respectively (mean � standard deviation) (n = 3, #P < 0·001 when

compared with corresponding positive control samples).
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the inhibitory action of TAT–ITIM peptides with regard to
MyD88 and TRIF-mediated pathways, the blocking effects of
PTP inhibitor III, PTP inhibitor IV or LY294002 against
TAT–ITIMs were tested in cells stimulated with LPS, CpG
ODN or poly(I:C). As shown in Fig. 7, PTP inhibitor III
blocked the inhibitory activity of TAT–YADL, TAT–YVTM
and TAT–YASL after LPS stimulation, which is in agreement
with the results obtained in Fig. 5. Interestingly, PTP inhibi-
tor III blocked the inhibitory activity of a different set of
peptides (TAT–YADL, TAT–YASL and TAT–YSTI) after
stimulation with CpG ODN or poly(I:C). This indicates that
the usage of SHP-1 by TAT–IRIM peptides changes accord-
ing to the stimuli.

When the PTP inhibitor IV was used to test its blocking
effect against TAT–ITIMs in the context of LPS, CpG ODN
or poly(I:C)-mediated cellular activation, similar results
were obtained. TAT–YADL-, TAT–YASL- or TAT–YSTI-
mediated suppression of LPS-induced expression of IL-8 was
severely blocked by PTP inhibitor IV. TAT–YVTM and TAT–
YCNM-mediated blockage was only slightly affected, which
is in agreement with results described in Fig. 5. Conversely,
the PTP-inhibitor IV blocked the inhibitory effects of TAT–
YADL and TAT–YVTM against CpG ODN and poly(I:C)-
induced IL-8 expression (Fig. 7). Low levels of suppressive
effect were also observed against TAT–YASL and TAT–
YCNM in cells stimulated with poly(I:C). This indicates that
the involvement of SHP-2 in peptide-mediated inhibition
also changes according to the TLR ligands.

The utilization of PI3K was then tested using LY294002.
When the cells were stimulated with LPS, LY294002 blocked
the inhibitory effects of TAT–YVTM, TAT–YCNM and TAT–
YSTI. When cells were stimulated with CpG-ODN or
poly(I:C), only TAT–YADL and TAT–YVTM-mediated inhi-
bition was blocked by LY294002 (Fig. 7). This also indicates
that usage of PI3K by synthetic peptide changes depending
upon the stimuli. All inhibitors failed to affect LPS-, CpG
ODN- or poly(I:C)-induced expression of IL-8 when treated
in the absence of synthetic peptides (data not shown). In
addition, LPS-, CpG ODN- or poly(I:C)-induced expression
of IL-8 was not suppressed by 0·1% dimethylsulphoxide
(DMSO), which was used as a vehicle control (data not
shown).

Another interesting observation was that the inhibitory
effect of TAT–YCNM against CpG ODN-induced IL-8
expression was not blocked by any of the three inhibitors
used in the experiments. This raises the possibility that TAT–
YCNM may use another yet unidentified signalling adapter
for the suppression of CpG ODN-induced IL-8 expression.

The experimental results shown in Fig. 7 indicates that
TAT–YADL uses SHP-1 to suppress LPS-, CpG ODN- and
poly poly(I:C)-induced expression of IL-8, while TAT–
YVTM uses SHP-1 to suppress LPS- but not CpG ODN- or
poly(I:C)-induced expression of IL-8. To verify this hypoth-
esis, Western blot analysis was performed for the detection
of phospho-SHP-1 in cells treated with TAT–YADL (or
TAT–YVTM) and stimulated with LPS, CpG ODN or
poly(I:C). As shown in Fig. 8, phosphorylation of SHP-1
was detected in cells treated with TAT–YADL and stimu-
lated with any of the three stimuli. In contrast, phospho-
rylation of SHP-1 was detected in cells treated with
TAT–YVTM and stimulated with LPS but not in cells
treated with TAT–YVTM and stimulated with CpG ODN
or poly(I:C). The results of the Western blot supports those
reported in Fig. 7.

SHP-2 is used by TAT–YADL in cells stimulated with any
of the three stimuli. In contrast, SHP-2 is used by TAT–
YVTM in cells stimulated with CpG ODN or poly(I:C), but
not with LPS (Fig. 7). Western blot analysis was also per-
formed to evaluate the phosphorylation of SHP-2 in cells
treated with TAT–YADL (or TAT–YVTM) and stimulated
with LPS, CpG ODN or poly(I:C). As expected, phosphory-
lation pattern of SHP-2 (Fig. 7) correlated with the inhibi-
tion by the PTP inhibitor IV (Fig. 8).

PI3K appeared to be used by TAT–YVTM in cells stimu-
lated with any of the three stimuli. In contrast, PI3K is used
for TAT–YCNM in cells stimulated with LPS but not with
CpG ODN or poly(I:C). Western blot analysis was also per-
formed to evealuate the phosphorylation of AKT in cells
treated with TAT–YYTM (or TAT–YCNM) and stimulated
with LPS, CpG ODN or poly(I:C). The phosphorylation
pattern of AKT was also correlated with inhibition by
LY294002 (Figs 7 and 8). These results further support the
notion that utilization of signalling adapters by the synthetic

100 PTP Inh III
75
50
25
0

100 PTP Inh IV
75
50
25
0

100
LY294002

75

50

25

0
Peptides 21 4

LPS CpG Poly-I:C

3 5 21 43 5 21 43 5

In
h
ib

it
io

n
 (

%
)

Fig. 7. The usage of signalling adapter may change depending upon

the stimuli. Human acute monocytic leukaemia cell line (THP)-1 cells

were pre-treated with 1 mM of the protein tyrosine phosphatase

(PTP) inhibitor III or PTP inhibitor IV for 30 min or 20 mM of

LY294002 for 60 min. Five mM of transactivator of transcription

(TAT)–YADL (1), TAT–YVTM (2), TAT–YASL (3), TAT–YCNM (4)

and TAT–YSTI (5) were then added for 30 min, after which cells

were stimulated with 1 mg/ml of LPS, deoxytidyl–phosphate–

deoxyguanosine (CpG) oligodeoxynucleotide (ODN) or poly(I:C).

Culture supernatants were collected after 24 h for the measurement of

interleukin (IL)-8 concentrations. The inhibitory activities of the

inhibitors were calculated as a percentage of complete reversion. The

data are representative of three independent experiments.
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peptides can somehow change depending upon the TLR
ligand that has been used for the stimulation of cells.

Discussion

Current data indicate that synthetic peptides containing the
ITIM-like sequences of IREM-1 can block the MyD88 or
TRIF-mediated TLR signalling through activation of SHP-1,
SHP-2 and/or PI3K. Similar to SHP-1/2, the p85 subunit of
PI3K also contains an SH2 domain [27,28]. Thus, it is highly
likely that these molecules interact directly with the synthetic
peptides.

Five putative ITIMs encompassing Y205, Y236, Y249, Y284
and Y263 have been identified, and substitution (tyrosine
into phenylalanine) analysis revealed that two of them (Y205
and Y249 corresponding to YADL and YASL, respectively)
were required for the IREM-1-mediated inhibitory effects,
while the other two (Y236 and Y263 corresponding to YVTM
and YCNM, respectively) were responsible for the interac-
tion with PI3K and subsequent induction of degranulation
in rat basophilic leukaemia cells [20]. In this regard, it was
expected that the inhibitory action of the some of the pep-
tides will be mediated by SHP-1. SHP-1 is a protein tyrosine
phosphatase (PTP) that is expressed mainly in lymphocytes
and myeloid cells. SHP-1 is composed of two SH2
N-terminal domains and a C-terminal protein-tyrosine
phosphatase domain. SHP-1 has been shown to modulate
various cellular signals that involve PI3K, Janus kinase 2,
signal transducers and activators of transcription (STATs),
mitogen-activated protein kinases (MAPKs), extracellular
regulated kinase (ERK) and NF-kB [21,22]. Moreover, LPS-
induced expression of proinflammatory mediators was
inhibited by the over-expression of SHP-1 in murine mac-
rophages [29] and depletion of SHP-1 expression resulted in
enhanced macrophage activities in clinical cases and experi-
mental models [30–32]. Furthermore, studies using SHP-1-

deficient mice demonstrated that SHP-1 inhibits the
production of TLR-mediated proinflammatory cytokines
through binding and subsequent inactivation of IL-1
receptor-associated kinase 1 (IRAK1), which is a key signal-
ling molecule in TLR signalling [33].

The relationship between SHP-2 and IREM-1 has not yet
been reported. SHP-2 is believed to interact with IREM-1 or
ITIM-containing synthetic peptides through its SH2 domain
and exert inhibitory activity in a manner similar to SHP-1.

PI3K is another signalling adapter molecule that mediates
the inhibitory activities of IREM-1 and ITIM-containing
peptides. Although PI3K is involved in cellular activation in
most cases, PI3K has a dual role and it may also function as an
inhibitory molecule in certain cases. Signalling involving
PI3K/AKT has been shown to inhibit certain signalling events
that mediate inflammation. Activation of the PI3K/AKT
pathway limited TLR-4 or TLR-2-mediated inflammatory
activation of human monocytes and neutrophils through
modulation of MAPK activity [34,35]. PI3K activity has been
shown to be associated with inhibition of LPS- or cytokine-
induced expression of inducible nitric oxide synthase (iNOS)
through suppression of NF-kB activity in macrophages, glial
cells and endothelial cells [36–38]. Co-immunoprecipitation
analysis demonstrated the physical interaction between TRIF
and PI3K and inhibition of PI3K activity enhanced TRIF-
dependent NF-kB activity in dendritic cells [39]. These pre-
vious observations are in agreement with the findings of this
study, where ITIMs encompassing Y236, Y263, and Y284 of
IREM-1 were shown to inhibit TLR-mediated signalling
through activation of PI3K activity.

It is interesting that the usage of SHP-1, SHP-2 and PI3K
by the synthetic peptides differed depending upon the TLR
ligands used for cell stimulation. Overall, the pattern of
adaptor usage by synthetic peptide for the inhibition of LPS-
induced IL-8 expression differed from those for the inhibi-
tion of CpG ODN (or poly-I:C)-induced IL-8 expression

Fig. 8. The usage of signalling adapter may change depending upon the stimuli. Human acute monocytic leukaemia cell line (THP)-1 cells were

treated with 5 mM of transactivator of transcription–immunoreceptor tyrosine-based inhibition motif (TAT–ITIM) peptides for 30 min and then

stimulated with 1 mg/ml of lipopolysaccharide (LPS), deoxytidyl–phosphate–deoxyguanosine (CpG) oligodeoxynucleotide (ODN) or poly(I:C). Cell

lysates were then collected after 30 min and the levels of Src homology 2 (SH2)-containing tyrosine phosphatase (SHP), phospho-SHP-1, SHP-2,

phospho-SHP-2, protein kinase B (AKT) and phospho-AKT were measured using Western blot analysis. These data are representative of three

independent experiments.
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(Fig. 7). TLR-4, which is the receptor for LPS, is expressed
mainly on the cell surface while TLR-3 (the receptor for
poly-I:C) and TLR-9 (the receptor for CpG ODN) interacts
with their ligand in internal vesicles such as endosomes. It
appears likely that the interaction of TLR ligands with cell
surface TLR may alter the arrangement or distribution of
signalling adapters or signalling regulators which is different
from that induced by interaction of TLR ligands with inter-
nal receptors. In that case, the signalling adapters interacting
with TAT–ITIM could be affected, resulting in different
adapter usage patterns between cells stimulated with LPS
and CpG ODN (or poly-I:C). In agreement with this inter-
pretation, Wu et al. have demonstrated recently that CLM-3
(a novel murine molecule belonging to CD300/IREM/CLM
superfamily) affects TLR-9-induced/MyD88-mediated
expression of TNF-a without affecting TLR-4-induced
expression of TNF-a [40]. Further analysis is required to
identify the underlining mechanism responsible for the dif-
ferential usage of signalling adapters by synthetic peptides
under the influence of different TLRs.

All the ITIM-containing synthetic peptides have 10 AAs
derived from the intracellular domain of IREM-1. ITIM
sequences are characterized by the presence of S/I/V/LxYxxI/
V/L [41]. The presence of tyrosine is essential for the ITIM
activity, as this residue is phosphorylated and interacts with
downstream mediators containing the SH2 domain [6]. It
was also unexpected that all the sequences containing the
ITIM-like sequence exerted inhibitory activity. It is likely
that the inhibitory activity of individual ITIM-like sequence
was masked by YADL, which appears to have strongest
inhibitory activity both in vivo and in vitro, due to either
steric hindrance or competition between ITIMs. When the
ITIMs were used separateli and in isolation from each other,
their hidden functions were manifested.

In order to assess the importance of the AA sequence
around the essential tyrosine for the ITIM activity, another
tyrosine-containing peptide (TAT–YMNM) derived from
CD28 was used. YMNM represents a sequence motif associ-
ated with the co-stimulatory action in the cytoplasmic tail of
CD28 [19]. Unlike TAT–YCNM, TAT–YMNM failed to show
any inhibitory activity. This indicates that the flanking
sequence, in addition to the essential tyrosine, is important
for ITIM activity. It is likely that TAT–YMNM interacts with
other SH2-containing proteins with activating potential.
Preliminary data indicate that TAT–YMNM-induced activa-
tion was blocked by MAPK inhibitors (our unpublished
observation), indicating that MAPK are the signalling
mediators activated (probably through an indirect manner)
by TAT–YMNM.

In conclusion, synthetic peptides representing the ITIM
domains of IREM-1 blocked both MyD88- and TRIF-
mediated TLR-signalling pathways through activation of
SHP-1, SHP-2 and/or PI3K. Thus, synthetic peptides that
mimic the inhibitory action of IREM-1 could be used to
regulate inflammatory activation of macrophages, which are

closely associated with the pathogenesis of chronic inflam-
matory diseases such as atherosclerosis, rheumatoid arthritis
and cancer.
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